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Abstract

Background—Androgen deprivation therapy improves the survival of castration-resistant 

prostate cancer (CRPC) patients, yet ultimately fails with debilitating side effects. 
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Supraphysiological testosterone (SPT)-based therapy produces clinical responses with improved 

quality of life in a subset of patients. Currently, no information defines a durable response to SPT.

Objective—To identify key molecular phenotypes underlying SPT response to improve patient 

selection and guide combination treatment to achieve a durable response.

Design, setting, and participants—A patient-derived xenograft (PDX) preclinical trial was 

performed with 13 CRPC PDXs to identify molecular features associated with SPT response. 

Comprehensive intratumoral androgen, tumor growth, and integrated transcriptomic and protein 

analyses were performed in three PDXs resistant to the newer androgen receptor (AR) pathway 

inhibitor enzalutamide (ENZ) to define SPT response and resistance.

Intervention—Testosterone cypionate.

Outcome measurements and statistical analysis—SPT efficacy was evaluated by PDX 

growth, prostate-specific antigen (PSA) change, and survival. Intratumoral androgens were 

analyzed using mass spectrometry. Global transcriptome analysis was performed using RNA 

sequencing, and confirmed by quantitative real-time polymerase chain reaction and 

immunohistochemistry. Log-rank and Mann-Whitney tests were used for survival and molecular 

analyses, respectively.

Results and limitations—A durable SPT responder was identified, presenting robust 

repressions of ARv7 and E2F transcriptional outputs and a DNA damage response (DDR) 

transcriptomic program, which were altogether restored upon SPT resistance in the transient 

responder. ENZ rechallenge of SPT-relapsed PDXs resulted in PSA decreases but tumor 

progression.

Conclusions—SPT produces a durable response in AR pathway inhibitor ENZ CRPC 

associated with sustained suppression of ARv7 and E2F transcriptional outputs, and the DDR 

transcriptome, highlighting the potential of combination treatments that maintain suppression of 

these programs to drive a durable response to SPT.

Patient summary—Patients with enzalutamide-resistant prostate cancer have very limited 

treatment options. Supraphysiological testosterone presents a prominent option for improved 

quality of life and a potential durable response in patients with sustained suppression on 

ARv7/E2F transcriptional outputs and DNA repair program.

Abstract

Supraphysiological testosterone (SPT) produces clinical and quality-of-life benefits in subsets of 

castration-resistant prostate cancer patients. Molecular characteristics associated with a response 

were not identified. This study indicated sustained repressions of ARv7 and E2F transcriptional 

outputs, and the DNA damage response program as hallmarks of a durable SPT response.

Keywords

Supraphysiological testosterone; Testosterone; Androgen deprivation therapy; Enzalutamide; 
Androgen receptor; Castration-resistant prostate cancer; Patient-derived xenografts

Lam et al. Page 2

Eur Urol. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Introduction

Men with castration-resistant prostate cancer (CRPC) who progress on androgen deprivation 

therapy (ADT) and newer androgen receptor (AR) pathway inhibitors (ARIs) abiraterone 

acetate (AA) and enzalutamide (ENZ) have poor outcomes and quality of life (QoL), and 

limited treatment options. As CRPC develops, AR and AR variants (eg, ARv7) are often 

adaptively upregulated [1,2], and androgen signaling remains active even upon resistance to 

ARIs [2–4]. While upregulation of AR signaling supports CRPC growth, it paradoxically 

creates new therapeutic vulnerabilities. Supraphysiological testosterone (SPT) has shown 

efficacy in prostate cancer cell models [5] and in a subset of patients with improved QoL 

after ADT [6–8]. However, not all patients respond, and SPT resistance inevitably develops. 

Currently, there is no information defining a durable response to SPT.

The objectives of this study are to (1) identify molecular features associated with SPT 

response using a CRPC patient-derived xenograft (PDX) preclinical trial and (2) characterize 

SPT durable response phenotype using PDX models that exhibit de novo resistance to the 

newer ARI ENZ (ENZR, representing ~40% of CRPC patients [9,10]). We identified high 

AR and ARv7 expression, and a positive ARv7 correlation with E2F score–directed SPT 

response; the SPT durable response was associated with sustained repressions of the 

ARv7/E2F transcriptional outputs and the DNA damage response (DDR) transcriptome. 

Together, this work supports SPT therapy in currently incurable ENZR CRPC and highlights 

the opportunity for SPT-based combination therapies to achieve a durable response.

Patients and methods

2.1. Patient-derived xenografts

Animal procedures were performed in accordance with NIH guidelines and approved by 

University of Washington Institutional Animal Care and Use Committee. The CRPC PDX 

preclinical trial, ENZR PDX studies, and the ENZ rechallenge study were performed in 

castrated male CB17 SCID mice (Supplementary material). Testosterone (T) cypionate (1 

mg) or vehicle was administered every 2 wk via intramuscular injection. Animals were 

sacrificed 5 d after SPT (D5) and at the end of study (EOS) for molecular analyses.

2.2. Steroid measurement

Steroids were measured using liquid chromatography-mass spectrometry as described 

previously [3,11]. Serum and tumors harvested at D5 and EOS were used.

2.3. RNA sequencing and analyses

RNA was sequenced using Illumina HiSeq 2500 system, and reads were aligned to the 

human hg38 and the mouse mm10 genome (Supplementary material). Ingenuity pathway 

analysis was performed on the differentially expressed genes between control and SPT-

treated PDXs to identify molecular functions and upstream regulator pathways involved in 

the SPT response [3,12,13]. Gene set enrichment analysis (GSEA) [14] was conducted to 

evaluate enrichment of SPT-induced differential expression patterns in canonical signaling 
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pathways (Supplementary material). RNA sequencing (RNA-seq) data are deposited in the 

GEO (GSE124704).

2.4. Quantitative real-time polymerase chain reaction

Total RNA was reverse transcribed to cDNA using the Advantage RT-for-PCR Kit 

(Clontech, Mountain View, CA, USA). Quantitative real-time polymerase chain reaction 

(qPCR) was performed with Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen, 

Carlsbad, CA, USA) in a 7900HT Fast Real-time PCR System (Applied Biosystems, Foster 

City, CA, USA) [3]. Species-specific primers are presented in Supplementary Table 1. 

Expression levels of the genes were normalized to human ACTB.

Flow cytometry—PDXs were dissociated using the Miltenyi human tumor dissociation 

kit. Cell cycle was analyzed using the BD LSR II Flow Cytometer System (Supplementary 

material).

2.6. Immunohistochemistry

Formalin-fixed paraffin-embedded PDXs were used for immunohistochemistry analyses 

(Supplementary material). All evaluations were performed in a blinded fashion using H 

score or percentage of cells stained.

2.7. Statistical analyses

Growth rates and serum prostate-specific antigen (PSA) levels were estimated by fitting log-

linear mixed-effect models to each PDX model as described [3,15]. Kaplan-Meier survival 

curves were estimated and log-rank tests were used to compare survival between treatment 

groups [16]. Mann-Whitney tests were performed on androgen measurements and molecular 

analyses.

Results

3.1. SPT preclinical trial using CRPC PDXs

We have developed a large series of CRPC PDXs representing heterogeneity of clinical 

specimens [3,13,17–19]. Here, we conducted a preclinical trial of SPT using 13 CRPC 

PDXs (Fig. 1A and Supplementary Table 2, PDX information). Thirty-one percent of PDXs 

(four of 13) responded to SPT (Fig. 1B). At baseline, SPT responders exhibited lower 

proliferation and E2F signaling scores (Fig. 1C and 1D), and higher AR expression and AR 

activity score (Fig. 1E and 1F [20]). Responders also expressed higher levels of ARv7 (Fig. 

1G). Notably, this E2F low/ARv7 high phenotype is characterized by a strong correlation 

between ARv7 and the low E2F score (Fig. 1H), suggesting that ARv7 is involved in the 

SPT response through cells that are slow proliferating and E2F dependent.

3.2. SPT-induced growth inhibition in ENZR CRPC PDXs

To address whether SPT is effective in CRPC failing the aggressive AR pathway repression 

with ARIs, we next treated CRPC PDXs with ENZ to resistance and assessed SPT efficacy 

in ENZR PDXs (Fig. 2A). LuCaP 35CR, LuCaP 96CR, and LuCaP 77CR were minimally 

responsive to both ARIs ENZ (Supplementary Fig. 1A) and AA [3]. SPT significantly 
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suppressed LuCaP 35CR-ENZR and LuCaP 96CR-ENZR (responders), but not LuCaP 

77CR-ENZR tumor growth (nonresponder; Fig. 2B and 2C, and Supplementary Fig. 1B) 

without apparent toxicity (Supplementary Fig. 1C and 1D). LuCaP 35CR-ENZR responded 

transiently to SPT, followed by the development of SPT resistance (transient responder; 30–

50% increase in mean tumor volume from week 5 onwards), while LuCaP 96CR-ENZR 

growth suppression was durable (durable responder; Fig. 2B and 2C). SPT produced a spike 

in the PSA followed by a decline (Fig. 2D) and improved overall survival in responders, 

while no PSA decline and survival advantage were observed in the nonresponder (Fig. 2D 

and 2E).

3.3. Effective delivery of T to the tumor

Serum T level has been the mainstay indicator of T delivery in preclinical and clinical 

studies [6–8,21–23]; however, the bioavailability of T in the tumor has not been examined. 

We confirmed that serum T and dihydrotestosterone (DHT, a potent metabolite of T) were 

markedly elevated upon SPT administration (Fig. 3A). Intratumorally, we detected a 

significant elevation of T, but a constant level of DHT, in all PDXs regardless of SPT 

responses (Fig. 3B), resembling stable tissue DHT in preclinical models [24] and patients 

receiving transdermal DHT [25].

To delineate the steroidogenic environment upon SPT therapy, we measured a 

comprehensive panel of steroid precursors. Intratumoral androstenedione (Fig. 3C), 

androsterone (Fig. 3D), pregnenolone, progesterone, but not dehydroepiandrosterone, were 

substantially elevated in all PDXs (Supplementary Fig. 2A), consistent with accumulation of 

T limiting its conversion from steroid precursors (Fig. 3F). Interestingly, SPT robustly 

induced androgen-regulated cholesterol processing and synthesis genes [26] exclusively in 

responders (Fig. 3E and 3F). The profound induction was quickly resolved upon SPT 

resistance in the transient responder, whereas it was sustained in the durable responder (Fig. 

3E and Supplementary Fig. 2B). Despite upregulation of DHT converting enzymes SRD5A1 

and SRD5A2 (Fig. 3E), upregulation of DHT catabolizing enzymes HSD17B2 and AKR1C2 

(Fig. 3E–G), and downregulation of steroidogenesis enzymes in the backdoor pathway 

reconstituting DHT (Fig. 3D and 3F) potentially contributed to fast clearance of DHT and 

accumulation of androsterone in PDXs. Together, SPT administration resulted in marked 

upregulation of intratumoral T and steroid precursors independent of responses, but robust 

upregulation of cholesterol synthesis and processing genes exclusively in responders.

3.4. SPT repressed ARv7 transcriptional output in ENZR PDXs

Increased levels of AR and ARv7 are evident in CRPC [27–29], promoting resistance to 

ENZ [2,28]. We showed that SPT downregulated both AR and ARv7 (Fig. 4A), but 

upregulated the AR target gene KLK3, independent of SPT responses (Fig. 4A). The 

elevated KLK3 expression was corroborated by abundant AR protein nuclear localization in 

all SPT-treated PDXs (Fig. 4B), presumably due to AR protein stabilization by the ligand. In 

contrast, the mean ARv7 nuclear localization H score was reduced in both responders and 

the nonresponder by SPT (Fig. 4B). We next examined AR full-length (AR-FL) and ARv7 

transcriptional outputs [30]. Consistent with the ligand activation of AR-FL, SPT 

upregulated the expression of AR-FL gene set (Fig. 4C) and canonical AR gene set 
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(Supplementary Fig. 3A) in all PDXs. In contrast, SPT induced a remarkable repression of 

the ARv7 program [30] only in the responders LuCaP 35CR-ENZR and LuCaP 96CR-

ENZR, with a much weaker alteration in the nonresponder LuCaP 77CR-ENZR (Fig. 4D). 

This SPT-induced repression of the ARv7 program was mirrored by a decreased cell 

proliferation program (Supplementary Fig. 3B). Notably, the repressed ARv7 and 

proliferation programs were completely restored upon SPT resistance in the transient 

responder LuCaP 35CR-ENZR (Fig. 4D and Supplementary Fig. 3B), highlighting the role 

of ARv7 signaling underlying the SPT response.

3.5. SPT treatment impaired cell cycle via robust downregulation of Myc-E2F pathway in 
ENZR PDXs

We next performed an unbiased pathway analysis of the global gene expression alterations at 

D5 to determine molecular mechanisms associated with the SPT response. SPT induced 

differential expression of 2998 genes in LuCaP 35CR-ENZR (false discovery rate [FDR] 0.5 

and ≥2-fold SPT vs control) and significant downregulation of the Myc-E2F pathway (Fig. 

5A). Proto-oncogene Myc promotes, whereas p21 inhibits, cell cycle progression [31]. SPT 

downregulated MYC universally and upregulated CDKN1A/p21 and p27 regardless of 

responses (Fig. 5B and 5C). However, downstream cell cycle activators E2F1, E2F2, and 

MYBL2 [32,33] were downregulated exclusively in responders (Fig. 5B), resulting in a 

repressed E2F program (Fig. 5D). Importantly, upon SPT resistance, repression of E2F and 

its transcriptional program were resolved in the transient responder (Fig. 5B and 5D) along 

with restored tumor proliferation (Fig. 5C). Despite the common association of MYC 
upregulation and cancer proliferation [34], our studies showed that upon SPT treatment, 

E2F1 and E2F2 were more strongly correlated with proliferation than MYC (Fig. 5E, and 

Supplementary Fig. 4A and 4B). Further, SPT induced G1 arrest and necrosis (Fig. 5F and 

Supplementary Fig. 4C). Collectively, these results provide molecular evidence to support 

the inhibition of Myc-E2F pathway in SPT-induced growth suppression.

3.6. DNA replication and damage response programs were suppressed in ENZR PDXs

AR activation creates dsDNA breaks [35–37]. GSEA analyses of genes altered by SPT at D5 

confirmed that SPT induced negative enrichment of genes involved in DNA repair, DNA 

replication, and cell cycle progression (FDR <0.0001; Fig. 6A). Exclusively in responders, 

SPT resulted in robust suppression of DNA replication and DDR programs at D5 (p < 0.05; 

Fig. 6B), including genes that are directly regulated by AR [38]. This suppression was 

largely resolved in the transient responder LuCaP 35CR-ENZR at EOS, whereas the 

suppression was sustained in the durable responder LuCaP 96CR-ENZR (Fig. 6B and 6C). 

These results indicated that SPT impaired the DNA replication and DDR programs, 

contributing to SPT-induced cell growth inhibition. Molecular analysis of two additional 

SPT nonresponders LuCaP 147CR and LuCaP 167CR (Fig. 1A) confirmed the absence of 

repression of DDR and E2F1 by SPT (Supplementary Fig. 4D). A summary of SPT-induced 

molecular alterations is illustrated in Figure 6D.

3.7. ENZ rechallenge upon SPT resistance triggered divergent PSA and tumor responses

We showed that SPT upregulated androgen signaling; therefore, we rechallenged SPT-

relapsed LuCaP 35CR-ENZR PDXs with ENZ to evaluate whether SPT resensitized tumors 
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to ENZ (Fig. 7A). Notably, serum PSA rapidly declined, but the tumor growth was 

significantly faster when compared with continued SPT treatment (Fig. 7B–D). Consistent 

with AR antagonism of ENZ, AR and ARv7 were upregulated, whereas KLK3 was 

suppressed (Fig. 7E). Moreover, ENZ rechallenge significantly increased MYC and 

downregulated the cell cycle inhibitor p21, resulting in increased proliferation (Fig. 7E and 

7F). Together, our model demonstrated that ENZ rechallenge produced a favorable serum 

PSA response without evident tumor growth inhibition.

Discussion

This study provides evidence of the preclinical efficacy of continuous SPT, and demonstrates 

that high AR and ARv7 signaling, and the positive association of ARv7 with the E2F score 

underlie SPT responsiveness. For the first time, we identify a durable response phenotype 

associated with sustained repressions of ARv7 and E2F transcriptional outputs, and the DDR 

transcriptomic program. The robust repression of ARv7/E2F/DDR transcriptional programs 

highlights the clinical opportunity of noninvasive monitoring of SPT early relapse and 

potential combination therapies for a durable SPT response.

Targeting ARv7 provides a new therapeutic angle to suppress tumor growth [39]. Despite 

our study and a clinical study testing cycling SPT (termed bipolar ADT [BAT]) showing no 

association between AR/ARv7 transcripts and SPT responses [40], we demonstrated that 

rather than ARv7 transcripts, repression of ARv7/E2F transcriptional outputs offer a more 

consistent functional readout to monitor SPT response and early relapse. While an amplified 

AR may indicate an SPT response [5], we argue that an amplified AR is important but not 

sufficient to direct an SPT response; SPT-elicited cell growth inhibition relies on the 

dependency of ARv7 signaling, relevant cell cycle signaling effectors such as E2F½, and the 

ability of a cell to repair SPT-induced DNA damage.

SPT induces dsDNA breaks [21,35], and we further demonstrate that SPT suppresses a 

comprehensive DDR transcriptional program involving homologous recombination (HR), 

nonhomologous end joining (NHEJ), and Fanconi pathways, resulting in cell cycle 

inhibition. HR deficiencies, such as BRCA2 and CHEK2 mutations, can shift the repair of 

the dsDNA breaks toward error-prone NHEJ, thereby enhancing genomic instability [41,42]. 

Recently, an extreme response to BAT was reported in a patient with inactivating ATM and 

BRCA2 mutations [43]. Similarly, LuCaP 96CR PDXs harbor inactivating BRCA2 and 

CHEK2 mutations, and exhibit a pronounced and sustained response to SPT. The transient 

responder LuCaP 35CR-ENZR has an intact DDR program, allowing the suppressed DDR 

program to resolve quickly. Our results along with the clinical case report provide molecular 

evidence to nominate patients with DDR deficiency, particularly with HR repair deficiency, 

to be remarkable and durable SPT responders [43]. Furthermore, our results highlight the 

potential inhibition of the backup DNA repair pathway, such as NHEJ, using PARP 

inhibitors as an unprecedented opportunity to augment SPT efficacy.

This study is based on a limited number of PDXs that exhibit de novo resistance to ENZ, 

and each PDX represents a different phenotype (durable vs transient vs nonresponder). 

Whether the ARv7, DDR, and cell cycle programs will be downregulated similarly in tumors 
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that showed a durable response to ENZ will require further investigation. Additionally, while 

the study describes a molecular phenotype associated with the SPT response, corroborating 

studies on the detection of dsDNA breaks or ARv7/E2F knockdown warrant further 

investigation in other models due to the technical limitations of PDXs.

Cycling SPT produces clinical responses in a subset of patients with transient improved QoL 

[21,40]; QoL diminishes over the course of a cycle, presumably due to T levels falling below 

normal [23,44]. We demonstrated remarkable suppression of tumor growth without apparent 

toxicity by continuous SPT. So far, clinical trials on continuous SPT have not been 

conducted; whether such trials will offer superior QoL and treatment efficacy over cycling 

SPT warrant timely investigation.

Conclusions

We provided preclinical evidence highlighting ENZR CRPC addicted to ARv7- and E2F-

regulated growth and/or DDR deficiency as SPT responders. We further provide tissue-based 

evidence for the bioavailability of intratumoral T, and identified that the SPT durable 

response was associated with sustained repressions of ARv7 and E2F transcriptional 

outputs, and an impaired DDR program. This study also provides the first-in-field rationale 

to support potential combination treatment with ARv7-targeting agents or DDR inhibitors to 

achieve a durable SPT response.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 –. 
SPT preclinical trial in CRPC PDX models. (A) Linear model analyses of tumor progression 

of 13 CRPC PDX models in the presence or absence of SPT treatment. (B) Percentage 

growth inhibition of SPT-treated tumors in comparison with the control tumors, based on 

linear model analysis of tumor volume as depicted in Figure 1A. Responders were defined 

as >50% inhibition of tumor growth by SPT. SPT responders demonstrated (C) lower 

endogenous proliferation based on CCP31 GSVA enrichment score and (D) lower E2F 

GSVA enrichment score, but (E) higher AR mRNA level, (F) higher AR-regulated gene set 

GSVA enrichment score (ARG10), and (G) higher ARv7 junction reads when compared 

with SPT nonresponders. (H) ARv7 expression was positively correlated with E2F GSVA 

enrichment score in SPT responders but not in nonresponders. N = 2–10/group. AR = 
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androgen receptor; CI = confidence interval; CRPC = castration-resistant prostate cancer; 

GSVA = gene set variation analysis; PDX = patient-derived xenograft; SPT = 

supraphysiological testosterone.
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Fig. 2 –. 
SPT response in ENZR PDX models. (A) A schema showing SPT study design and time 

points of tumor collection for histological and molecular analyses. (B) Linear model 

analyses of tumor responses of ENZR CRPC PDX in the presence and absence of SPT. (C) 

SPT effects on individual tumors in each arm showing heterogeneity of responses. (D) 

Serum PSA level upon SPT treatment in individual animals. (E) Kaplan-Meier curves 

showing survival benefits of SPT in the responders. N = 9–21/group. CI = confidence 

interval; CR = castration resistant; CRPC = castration-resistant prostate cancer; D5 = day 5 
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after SPT; ENZ = enzalutamide; ENZR = androgen receptor pathway inhibitor 

enzalutamide; EOS = end of study; PDX = patient-derived xenograft; PSA = prostate-

specific antigen; Ref. = reference; SPT = supraphysiological testosterone.
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Fig. 3 –. 
Effective delivery of T to the tumor. (A) Serum T and DHT levels were increased at D5 and 

EOS in animals bearing LuCaP 35CR-ENZR treated with SPT. (B) In all models, 

intratumoral T increased at D5 and EOS, while intratumoral DHT did not increase in 

animals treated with SPT. (C) Intratumoral AED and (D) androsterone were increased in all 

PDXs in comparison with levels in control tumors. (E) RNA-seq analysis of enzymes 

involved in steroidogenesis showing cholesterol synthesis increased upon SPT 

administration at D5 in responders LuCaP 35CR-ENZR and LuCaP 96CR-ENZR. Numbers 
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in bold represent statistically significant upregulation (red) and downregulation (green) in 

fold change (FC) of SPT in comparison with control (p < 0.05; N = 4–7/group). (F) A 

summary of SPT alterations of androgen synthesis and catabolism pathways in responders 

LuCaP 35CR-ENZR and/or LuCaP 96CR-ENZR. Box denotes steroids and bold font 

represents steroids that were measured intratumorally. Steroidogenesis enzymes that showed 

statistically significant difference upon SPT administration (vs control) in Figure 3E are 

illustrated in red (upregulation) or green (downregulation). Red upward triangles represent 

upregulation upon SPT administration (vs control), through either intratumoral androgens or 

gene expression by RNA-seq analysis; green downward triangles represent downregulation. 

(G) Real-time PCR analysis confirmed alterations of representative steroidogenesis enzymes 

by SPT shown in panel F. N = 4–7/group. Mean ± SEM. AED = androstenedione; allo-preg 

= allopregnanolone; CR = castration resistant; D5 = day 5; DHEA = 

dehydroepiandrosterone; DHT = dihydrotestosterone; ENZR = androgen receptor pathway 

inhibitor enzalutamide; EOS = end of study; PCR = polymerase chain reaction; PDX = 

patient-derived xenograft; SEM = standard error of the mean; SPT = supraphysiological 

testosterone; T = testosterone; 5α-DHP = 5α-dihydroprogesterone. * p < 0.05 versus control 

unless otherwise specified. ** p < 0.01 versus control unless otherwise specified. *** p < 

0.001 versus control unless otherwise specified. **** p < 0.0001 versus control unless 

otherwise specified.
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Fig. 4 –. 
SPT-induced cell growth inhibition is associated with a suppressed ARv7 transcriptional 

program in ENZR PDXs. (A) qPCR analysis of AR, ARv7, and KLK3 at D5 and EOS in 

SPT-treated ENZR PDX. (B) IHC analyses of nuclear AR and ARv7 protein in SPT-treated 

ENZR PDX at D5 and EOS. (C) Upregulation of AR-FL target genes upon SPT treatment 

was independent of SPT response. (D) Marked SPT-induced downregulation of ARv7 

transcriptional program at D5 was observed in responders LuCaP 35CR-ENZR and LuCaP 

96CR-ENZR, but a much lesser extent of downregulation was observed in the nonresponder 

LuCaP 77CR-ENZR. The downregulation of genes was sustained in the durable responder 

LuCaP 96CR-ENZR until EOS, but was restored in the transient responder LuCaP 35CR-

ENZR upon SPT resistance at EOS. N = 4–7/group. Mean ± SEM. AR = androgen receptor; 

AR-FL = AR full-length; D5 = day 5 after SPT; ENZR = androgen receptor pathway 

inhibitor enzalutamide; EOS = end of study; IHC = immunohistochemistry; PDX = patient-

derived xenograft; qPCR = quantitative real-time polymerase chain reaction; SEM = 

standard error of the mean; SPT = supraphysiological testosterone. * p < 0.05 versus control 

unless otherwise specified. ** p < 0.01 versus control unless otherwise specified. *** p < 

0.001 versus control unless otherwise specified. **** p < 0.0001 versus control unless 

otherwise specified.
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Fig. 5 –. 
SPT-induced inhibition of proliferation via robust downregulation of MYC/p21/E2F. (A) 

Ingenuity pathway analysis showed SPT downregulated upstream cell cycle regulators 

including MYC, driving upregulation of CDKN1A (p21) and downregulation of E2F½ in 

LuCaP 35CR-ENZR at D5. (B) qPCR confirmed genes altered in responders LuCaP 35CR-

ENZR and LuCaP 96CR-ENZR. The deregulation of genes was sustained in the durable 

responder LuCaP 96CR-ENZR until EOS, but was largely abolished in the transient 

responder LuCaP 35CR-ENZR at EOS. (C) Representative IHC images (left panel) showing 
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reduced proliferation and increased p21 and p27 protein expression upon SPT in the 

responder LuCaP 35CR-ENZR, but not in the nonresponder LuCaP 77CR-ENZR at D5. 

Magnification: 200×, bar = 50 μm. Quantitative analyses of IHC results (right panel) 

demonstrated that the changes were sustained in the durable responder LuCaP 96CR-ENZR 

until the EOS, but were abolished in the transient responder LuCaP 35CR-ENZR at EOS. 

(D) E2F hallmark genes were robustly downregulated by SPT in both responders but to a 

much lesser extent in the nonresponder LuCaP 77CR-ENZR, and the downregulation was 

restored upon SPT resistance in the transient responder LuCaP 35CR-ENZ at EOS, as shown 

by RNA-seq analysis. (E) E2F1 gene expression was strongly correlated with the 

proliferation score (CCP31) in LuCaP ENZR PDXs. (F) Cell cycle analysis illustrated G1 

arrest upon SPT treatment in the responder LuCaP 35CR-ENZR. N = 4–7/group. Mean ± 

SEM. D5 = day 5 after SPT; ENZR = androgen receptor pathway inhibitor enzalutamide; 

EOS = end of study; IHC = immunohistochemistry; PDX = patient-derived xenograft; qPCR 

= quantitative real-time polymerase chain reaction; SEM = standard error of the mean; SPT 

= supraphysiological testosterone. * p < 0.05 versus control unless otherwise specified. ** p 
< 0.01 versus control unless otherwise specified. *** p < 0.001 versus control unless 

otherwise specified. **** p < 0.0001 versus control unless otherwise specified.

Lam et al. Page 19

Eur Urol. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6 –. 
DNA replication and DNA damage response genes were repressed exclusively in SPT 

responders. (A) GSEA bar plots showing SPT-induced negative enrichment of genes 

involved in DNA replication and repair, cell cycle, and cell division (orange bars) in LuCaP 

35CR-ENZR at D5. FDR < 0.0001. (B) SPT-induced downregulation of DNA replication 

and DDR associated genes at D5 in responders LuCaP 35CR-ENZR and LuCaP 96CR-

ENZR, but not in the nonresponder LuCaP 77CR-ENZR. The downregulation of genes was 

sustained in the durable responder LuCaP 96CR-ENZR until EOS, but was abolished in the 

transient responder LuCaP 35CR-ENZR at EOS. (C) Real-time PCR confirmation of DDR 

genes at D5 and the EOS. N = 4–7/group. Mean ± SEM. (D) A summary of molecular 

alterations underlying SPT response in ENZR CRPC PDX. AR = androgen receptor; CRPC 

= castration-resistant prostate cancer; D5 = day 5 after SPT; DDR = DNA damage response; 

EJ = end joining; ENZR = androgen receptor pathway inhibitor enzalutamide; EOS = end of 

study; FDR = false discovery rate; GSEA = gene set enrichment analysis; HR = homologous 
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recombination; NH = nonhomologous; PCR = polymerase chain reaction; PDX = patient-

derived xenograft; SEM = standard error of the mean; SPT = supraphysiological 

testosterone. * p < 0.05 versus control unless otherwise specified. ** p < 0.01 versus control 

unless otherwise specified. *** p < 0.001 versus control unless otherwise specified. **** p 
< 0.0001 versus control unless otherwise specified.
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Fig. 7 –. 
ENZ rechallenge upon SPT resistance triggered divergent PSA and tumor response in 

LuCaP 35CR-ENZR. (A) Treatment schema of ENZ rechallenge upon SPT resistance. (B) 

Serum PSA levels were decreased in animals upon ENZ rechallenge. (C) Linear model 

analyses of tumor responses demonstrated a significant increase in tumor volume upon ENZ 

rechallenge than on continued SPT treatment. (D) A positive tumor growth was associated 

with a negative PSA growth upon ENZ rechallenge (purple data points) in LuCaP 35CR-

ENZR. (E) qPCR analysis of AR, ARv7, KLK3, and cell cycle–associated MYC and 

CDKN1A, comparing levels in tumors upon ENZ rechallenge with those on continued SPT. 

(F) Representative IHC images (left panel) and scores (right panel) of p21 and Ki67 of 

tumors continued with SPT or upon ENZ rechallenge. Magnification: 200×, bar = 50 μm. N 
= 4/group. Mean ± SEM. ENZ = enzalutamide; IHC = immunohistochemistry; PSA = 

prostate-specific antigen; qPCR = quantitative real-time polymerase chain reaction; SEM = 

standard error of the mean; SPT = supraphysiological testosterone; TV = tumor volume. * p 
< 0.05 versus continued SPT. ** p < 0.01 versus continued SPT. *** p < 0.001 versus 

continued SPT.
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