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Abstract

Background—Enzalutamide is a novel antiandrogen with proven efficacy in metastatic 

castration-resistant prostate cancer (mCRPC).

Objective—To evaluate enzalutamide’s effects on cancer and on androgens in blood and bone 

marrow, and associate these with clinical observations.
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Design, setting, and participants—In this prospective phase 2 study, 60 patients with bone 

mCRPC received enzalutamide 160 mg orally daily and had transilial bone marrow biopsies 

before treatment and at 8 wk of treatment.

Outcome measurements and statistical analysis—Androgen signaling components 

(androgen receptor [AR], ARV7, v-ets avian erythroblastosis virus E26 oncogene homolog 

[ERG], cytochrome P450, family 17, subfamily A, polypeptide 1 [CYP17]) and molecules 

implicated in mCRPC progression (phospho-Met, phospho-Src, glucocorticoid receptor, Ki67) 

were assessed by immunohistochemistry; testosterone, cortisol, and androstenedione 

concentrations were assessed by liquid chromatography–tandem mass spectrometry; and AR copy 

number was assessed by real-time polymerase chain reaction. Descriptive statistics were applied.

Results and limitations—Median time to treatment discontinuation was 22 wk (95% 

confidence interval, 19.9–29.6). Twenty-two (37%) patients exhibited primary resistance to 

enzalutamide, discontinuing treatment within 4 mo. Maximal prostate-specific antigen (PSA) 

decline ≥50% and ≥90% occurred in 27 (45%) and 13 (22%) patients, respectively. Following 8 

wk of treatment, bone marrow and circulating testosterone levels increased. Pretreatment tumor 

nuclear AR overexpression (>75%) and CYP17 (>10%) expression were associated with benefit 

(p = 0.018). AR subcellular localization shift from the nucleus was confirmed in eight paired 

samples (with PSA decline) of 23 evaluable paired samples. Presence of an ARV7 variant was 

associated with primary resistance to enzalutamide (p = 0.018). Limited patient numbers warrant 

further validation.

Conclusions—The observed subcellular shift of AR from the nucleus and increased testosterone 

concentration provide the first evidence in humans that enzalutamide suppresses AR signaling 

while inducing an adaptive feedback. Persistent androgen signaling in mCRPC was predictive of 

benefit and ARV7 was associated with primary resistance.

Patient summary—We report a first bone biopsy study in metastatic prostate cancer in humans 

that searched for predictors of outcome of enzalutamide therapy. Benefit is linked to a 

pretreatment androgen-signaling signature.
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1. Introduction

Persistent androgen signaling is a validated therapeutic target in metastatic castration-

resistant prostate cancer (mCRPC) [1–4]. Preclinical and clinical findings confirm that 

transition from endocrine-dependent to intracrine androgen signaling progression is a 

milestone in the lethal progression of prostate cancer and resistance to standard androgen 

deprivation therapy [1–5]. The role of tumor-associated androgen biosynthesis and its 

therapeutic relevance is established [1,4,6–9]. Moreover, over the course of mCRPC 

progression, androgen receptor (AR) changes ensue. These include overexpression, 
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mutation, alternate splicing, post-translational modifications, or interactions with other 

pathways (nonclassical AR signaling) [10–14]. The report that enzalutamide prolongs the 

survival of men with mCRPC demonstrates the central role of persistent AR signaling in 

mCRPC progression [3].

Enzalutamide is a second-generation nonsteroidal antiandrogen selected for clinical 

development based on unique properties [15]. Experimentally, it inhibits androgen signaling 

by binding to the receptor, inhibiting nuclear translocation, and by binding to androgen 

response elements and recruitment of coactivators [15].

We aimed to determine if the AR signaling modulation by enzalutamide in human mCRPC 

is in line with experimental predictions and to identify candidate predictors of benefit and 

resistance. The objective of this open-label, single-center, prospective, translational, phase 2 

study was to assess expression of molecular components of AR signaling in bone marrow–

infiltrating CRPC and associate this with clinical findings. Secondary objectives included 

assessing treatment efficacy, safety, and levels of circulating and bone marrow aspirate 

(BMA) androgens before and during treatment.

2. Methods

The M.D. Anderson Cancer Center (MDACC) institutional review board approved this 

prospective study. Sixty patients enrolled in the study from February 2009 to June 2011, 

meeting the accrual goal.

Patients had histologically confirmed prostate adenocarcinoma and castrate-resistant bone 

mCRPC disease progression. Patients provided informed consent and were required to have 

an Eastern Cooperative Oncology Group performance status (ECOG PS) ≤2, serum 

testosterone ≤50 ng/dl (sustained by medical or surgical castration), and adequate adrenal, 

renal, hepatic, and bone marrow function.

2.1. Treatment and evaluation

Patients were treated with enzalutamide 160 mg daily. Screening and pretreatment 

evaluations included complete medical history, physical examination, complete blood count, 

serum electrolytes and chemistry, prostate-specific antigen (PSA) levels, testosterone 

concentration, radionuclide bone scan, and tumor imaging (chest x-ray or computed 

tomography [CT] scans, and pelvic and abdominal CT scans). Safety assessments, using 

National Cancer Institute-Common Terminology Criteria for Adverse Events (NCI-CTCAE) 

v.3, were completed every 8 wk, along with physical examination; selected serum 

chemistry; and electrolyte, PSA, and testosterone evaluations. Transilial bone marrow 

biopsy (BMB) and BMA (≤5 ml) was performed before treatment and at week 8. Blood was 

collected within 2 h of BMB. Abdominal and pelvic CT and radionuclide bone scans were 

performed upon clinical suspicion of progression or at 6-mo intervals, whichever occurred 

first. Therapy was discontinued on symptomatic progression and/or imaging progression by 

standard Prostate Cancer Working Group 2 (PCWG2) criteria [16] at the discretion of the 

attending physician or if the patient revoked consent. The approach was adapted from a trial 

with a similar design [5]. Primary resistance was defined as treatment discontinuation within 
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4 mo of initiation, as a result of overt clinical progression with or without imaging 

progression [5].

2.2. Assay methodologies

2.2.1. Tissue and derivatives banking and immunohistochemistry—Bone 

marrow specimens were obtained by transilial BMB and samples were processed according 

to MDACC decalcification and fixation procedures. Following pathologic evaluation, 

samples were stored in the MDACC Prostate Cancer Tissue Bank with matching BMA. 

Immunohistochemistry was performed on formalin-fixed, paraffin-embedded sections for N-

terminal AR (dilution 1:50) and Ki67 (dilution 1:50) (Dako, Carpinteria, CA, USA); 

cytochrome P450, family 17, subfamily A, polypeptide 1 (CYP17) (dilution 1:175) (Novus, 

Littleton, CO, USA); phospho-Src (dilution 1:50) (Novus, Littleton, CO, USA); phospho-

Met (dilution 1:175) (Novus, Littleton, CO, USA); glucocorticoid receptor [GR] (dilution 

1:300) (BD Biosciences, San Jose, CA, USA); v-ets avian erythroblastosis virus E26 

oncogene homolog [ERG] (dilution 1:50) (Biocare Medical, Concord, CA, USA); and 

ARV7 (dilution 1:200) (A&G Pharmaceutical, Columbia, MD, USA). AR and Ki67 

antibodies are standard diagnostics validated for clinical use; accepted quality control 

measures were used (Supplement 1) [17]. Marker expression was assessed by scoring two or 

more fields containing ≥100 tumor cells (marker heterogeneity dependent) and expressed as 

a percentage. Pathologists were blind to outcome. We applied involvement scoring per 

standard proliferation index (Ki67) assessment methodology previously described [5], 

providing a continuous variable for statistical analysis purposes. Involvement cut-offs for 

AR overexpression (>75%, high intensity) and CYP17 expression (>10%) were prespecified 

based on prior findings. Intensity was scored as low, intermediate, or high. Subcellular 

distribution of biomarker expression was recorded.

2.2.2. Androgen receptor copy numbers—AR copy number methods were assessed 

as previously described [5].

2.2.3. Mass spectrometry—Liquid chromatography–tandem mass spectrometry (LCMS) 

analysis of androgens was performed as described previously [18].

2.3. Statistical considerations

This study was designed to enroll 60 patients anticipating (baseline and week 8) adequate 

BMB and BMA harvest from ≥40% of patients for endpoint evaluation. Descriptive 

statistics were used. The Wilcoxon signed-rank test was used to assess biomarker change. 

The Wilcoxon rank-sum test was used to assess treatment duration between samples with 

and without CYP17 expression and AR overexpression, and BMA testosterone levels 

between samples with and without CYP17 expression. A sample size of 30 paired BMAs 

would provide 82% power to detect at least a 0.55 change in standard deviation in BMA 

testosterone levels using a two-sided Wilcoxon signed-rank test at a 0.05 significance level. 

Correlations between blood and BMA testosterone by mass spectrometry were assessed 

using Spearman methods. The Fisher exact test was used to assess significance of 

associations between two categorical variables. Overall survival and time to treatment 

discontinuation from treatment initiation were estimated by the Kaplan-Meier method.
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3. Results

3.1. Clinical outcomes

Table 1 summarizes demographic, clinical, and tumor characteristics. The median age of the 

patients was 71 yr (range: 40–89 yr).

All patients had bone mCRPC, 20 (33%) patients had lymph node metastases, and 7 (12%) 

had visceral metastases. All patients were evaluable for safety and benefit. Most had 

received prior chemotherapy and several lines of hormonal manipulation. Median ECOG PS 

was 1 (range: 0–2).

Enzalutamide was received for a median of 22 wk (95% confidence interval [CI], 19.9–29.6 

wk) (Fig. 1). Therapy was well tolerated, with most adverse events categorized as grade 1/2 

(NCI-CTCAE) and a safety profile consistent with that previously reported [3]. Seven grade 

3 events, possibly related to the study drug, occurred. All but two patients have discontinued 

treatment; 33 had evidence of clinical/symptomatic progression. Sixteen patients 

discontinued treatment as a result of imaging progression by PCWG2 criteria. Four patients 

discontinued based on investigator decision and one progressed to small cell/neuroendocrine 

differentiated cancer. Two patients discontinued treatment as a result of adverse events 

(grade 3 depression and facial swelling, respectively). Of the remaining three patients who 

discontinued therapy, one withdrew consent and two withdrew due to progression of 

preexisting comorbidities unrelated to the study drug.

Twenty patients experienced prolonged benefit (on treatment >6 mo). The remainder had 

moderate benefit by clinical criteria.

A maximal decline in PSA level ≥50% occurred in 27 of 60 (45%) evaluable patients, with 

13 (22%) having ≥90% decline. A decline in PSA level ≥30% occurred in 31 (52%) patients.

Twenty-two patients exhibited primary resistance to enzalutamide, determined by 

symptomatic and/or imaging progression within 4 mo of study entry.

Median overall survival for the entire cohort was 21.7 mo (95% CI, 16.6 to ≥35 mo). 

Median survival for primarily resistant patients was 11.3 mo (95% CI, 9.1–16.7 mo) and 

≥35 mo for the remaining patients (95% CI, 29.5 to ≥35 mo).

3.2. Clinical/tumor characteristics and outcome

Table 2 depicts post hoc univariate analyses of BMB infiltration status and outcome with 

select clinical/tumor characteristics. Extensive bone metastases (>20) were associated with 

bone marrow infiltration.

3.3. Tissue and aspirate harvest

Twenty-eight (47%) patients had pretreatment tumor-infiltrated bone marrow and 32 (53%) 

had infiltration at any time point. Paired samples were available for 23 (38%) patients, 11 

from men with cancers exhibiting primary resistance to enzalutamide.
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BMAs were harvested from 56 (93%) patients pretreatment and 48 (80%) patients at week 8. 

Four patients did not yield BMAs at either time point, as a result of extensive bone marrow 

infiltration (so-called dry tap). Paired BMAs were available for measurements from 44 

(73%) patients. Blood samples were taken from 59 (98%) patients before treatment and from 

56 (93%) patients at week 8.

3.4. Molecular characterization of bone marrow metastases

3.4.1. Androgen signaling—Table 3 depicts AR overexpression (>75%), CYP17 

expression >10%, and presence of ARV7 and ERG in bone marrow metastases at 

pretreatment, at 8 wk, and at either time point in the overall study population and according 

to benefit and resistance.

Nuclear AR expression was invariably present, but varied in involvement within and among 

samples in pretreatment BMBs (range: 50–100% involvement) and was of moderate to high 

intensity. Cytoplasmic CYP17 expression in tumor cells was heterogeneous in involvement 

and intensity. CYP17 tumor expression >10% in the background of intense homogeneous 

nuclear AR expression (expression in >75% of tumor cells and high intensity) was 

associated with longer time to treatment discontinuation (Wilcoxon signed-rank test, p = 

0.012). The combined expression (named the androgen signaling signature) was more 

prominent in patients with prolonged benefit versus primarily resistant to enzalutamide (p = 

0.009) (Table 2). Pretreatment CYP17 expression in the tumor correlated with increased 

BMA plasma testosterone concentration (Spearman ρ: 0.59; p = 0.018) in evaluable, paired 

BMB and BMA samples, as previously reported [5].

A shift from dominantly nuclear to cytoplasmic AR subcellular localization following 8 wk 

of treatment was confirmed in eight paired specimens (Fig. 2), seven of which pertained to 

patients with benefit, and all were associated with PSA decline.

Splice variant ARV7 presence at any time point was more common in patients with primary 

resistance to enzalutamide (p = 0.018) (Fig. 3, Table 2). ARV7 expression was not found in 

tumor specimens from patients with prolonged benefit (>6 mo).

AR copy numbers were assessed in 14 evaluable paired samples, eight from tumors 

primarily resistant to enzalutamide. No associations with outcome were identified (data not 

shown).

3.4.2. Assessment of non–androgen-receptor candidate markers of primary 
resistance—Table 3 depicts presence of GR and expression >30% of phospho-Met, 

phospho-Src, and Ki67. Increased proliferation index (Ki67 >30%) was more prominent in 

tumors primarily resistant to enzalutamide.

3.5. Bone marrow aspirate and blood androgen and steroid measurements

Figure 4 depicts changes in cortisol, androstenedione, and testosterone assessed by LCMS. 

Testosterone increased following 8 wk of treatment in the majority of patients with 

evaluable paired samples in both blood (40 of 51, 78%) and BMA plasma (34 of 44, 77%). 
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There is a correlation in metabolite concentrations between the two compartments, as 

previously reported [5] (Supplemental Table 1, Supplemental Fig. 1).

4. Discussion

Our findings provide the first evidence in human tumors that the therapeutic benefit of 

enzalutamide can be attributed to AR inhibition manifested by relocalization of the nuclear 

N-terminal AR to the cytoplasm. The results confirm AR as a driver of bone mCRPC and an 

important therapy target, even in the presence of biologically meaningful tissue androgen 

concentration. Furthermore, the results point to a feedback loop between AR and androgen 

biosynthesis in men with mCRPC analogous to, yet more consistent than, that reported with 

first-generation antiandrogens [19].

Estimating the benefit of any therapy in men with bone mCRPC is challenging because of 

largely nonmeasurable metastases and the absence of validated surrogate markers. 

Therefore, we applied clinical criteria and PCWG2 imaging criteria [16] to determine 

treatment discontinuation, and used duration of therapy as a measure of benefit. We 

dichotomized patients based on duration of therapy and linked this to the characterization of 

signaling pathways and steroid hormones in contemporaneously collected tissues, as 

described previously [5]. Serial tumor biopsying in this context presents well-documented 

difficulties. We previously established the feasibility of bone marrow sampling, although it 

comes with limitations concerning yield of specimens, application of multiple 

characterization approaches, and enrichment for patients who may have a larger disease 

volume. Tumors do not respond and hence show no regression of tumor in marrow or, 

alternatively, may stay on treatment for a protracted period of time. Tumors with nuclear AR 

overexpression (>75% involvement and high intensity) and presence of CYP17 are likely to 

respond to enzalutamide, as was the case for abiraterone acetate (Table 3). We confirmed 

the reported correlation between BMA testosterone levels and CYP17 expression [5]. These 

results support the idea that therapeutically relevant androgen signaling persists in men with 

mCRPC and ascribe functionality to CYP17 expression. The association between duration 

of therapy and the androgen signaling signature previously presented [5] indirectly supports 

optimal enzalutamide treatment outcome in the presence of wild-type natural ligand-binding 

AR. The absence of ARV7 expression in any tumors with prolonged response to 

enzalutamide is in line with recent preclinical reports suggesting that alterations in AR-

mediated androgen signaling may account for resistance to enzalutamide in some cancers 

[20–22]. Given a small sample size and a p value of limited relevance due to multiple 

comparisons, these findings are hypothesis generating but consistent with experimental and 

clinical observations reported [1,2,23]. We screened for associations with clinical and tumor 

characteristics depicted in Table 1 and 2 and were unable to identify trends of importance 

[5]. A prospective study in larger numbers is warranted to determine the significance of 

these observations.

In contrast to the effects of androgen biosynthesis inhibition on mCRPC [5], we observed an 

increase in testosterone levels in blood and bone marrow and a nuclear-to-cytoplasmic shift 

of the AR following 8 wk of enzalutamide therapy (Fig. 2 and 4), which is consistent with 

the anticipated mechanism of action and has subsequently been observed in hormone-
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sensitive disease [19,24]. This increase suggests a physiologic feedback mechanism. It is 

unknown whether this androgen signaling adaptive effort may contribute to treatment 

resistance and, if so, to what extent.

We also screened for candidate predictors of outcome with enzalutamide, based on available 

data in the literature. The association observed between increased proliferation index (Ki67) 

and primary resistance, along with trends for increased phospho-Met and phospho-Src in 

this context are consistent with reports that altered cell cycle is inherent to androgen 

signaling inhibition resistance [13,14,23,25]. GR expression was not associated with 

primary resistance, although patients progressing in ≤6 mo are enriched for GR tumor 

expression, as noted in our recent collaborative report [26]. The screen for resistance in this 

small sample is limited to distinguishing the extremes of benefit from primary resistance; 

further study is required to elucidate the roles of phospho-Src, phospho-Met, and GR in 

enzalutamide-treated CRPC.

5. Conclusions

Our findings build on studies with androgen biosynthesis inhibitors in this setting [5,27] and 

provide the first clinical data on the mechanism of action of enzalutamide. Although patient 

and tumor characteristics, overall benefit, duration of treatment, and survival are similar in 

both studies, the inverse androgen receptor and biosynthesis alterations following treatment 

with the two respective reagents point to a two-compartment adaptive system driven by 

altered androgen biosynthesis and AR. Increased testosterone following enzalutamide AR 

inhibition and increased AR copy numbers following abiraterone acetate androgen depletion 

[5] suggest combined AR and androgen biosynthesis inhibition may block the feedback and 

improve efficacy in a subset of mCRPC patients [5]. This hypothesis is being explored 

(NCT01650194) [27]. The candidate androgen-signaling predictive signature comprised of 

but not limited to AR overexpression and CYP17 presence warrants further enhancement 

and is currently being pursued (NCT01254864).

Our tissue-based research contributes to the effort to identify, test, and validate predictors of 

outcome that will allow refinement of current clinical practice in advanced prostate cancer. 

The plethora of reagents with different mechanisms of actions provides a unique opportunity 

to optimize benefit through appropriate selection timing and address concerns with regard to 

sequencing and potential negative interactions [28,29]. Despite limitations, serial biopsy is 

an approach that allows for tumor microenvironment molecular characterization and that 

accounts for temporal heterogeneity of prostate cancer [30].
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Take-home message

This bone biopsy study confirms the experimentally defined enzalutamide mechanism in 

human metastatic castrate-resistant prostate cancer. We provide the first evidence in 

humans associating wild-type androgen receptor (AR) signaling with benefit and ARV7 

with primary resistance, and we identify adaptive feedback between AR and androgen 

biosynthesis.
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Fig. 1. 
Proportion of patients progressing to treatment discontinuation over time.
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Fig. 2. 
Androgen receptor subcellular localization at pretreatment and following 8 wk of treatment 

in four patients (paired specimens).
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Fig. 3. 
(a, b) Nuclear ARV7 expression in bone marrow-infiltrating tumor cells, with corresponding 

hematoxylin and eosin (H&E) staining, primarily resistant to enzalutamide versus (c, d) 

absence of ARV7 expression in bone marrow–infiltrating tumor cells, with corresponding 

H&E staining, sensitive to enzalutamide treatment.
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Fig. 4. 
Changes in blood and bone marrow aspirate (BMA) following 8 wk of enzalutamide 

treatment: (a) blood cortisol (n = 48); (b) BMA cortisol (n = 44); (c) blood androstenedione 

(n = 51); (d) BMA androstenedione (n = 43); (e) blood testosterone (n = 51), increase 

observed in 40 of 51 samples (78%); (f) BMA testosterone (n = 44), increase observed in 34 

of 44 (77%) paired samples.

Efstathiou et al. Page 15

Eur Urol. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Efstathiou et al. Page 16

Table 1

Patient and tumor characteristics

No. (%)*

Evaluable patients 60

Race

  White 53

  Black 4

  Hispanic 2

  Asian 1

Age, yr, median (range) 71 (40–89)

Performance status

0 15 (25)

1 40 (67)

2 5 (8)

Gleason score at diagnosis

    ≥8 36 (68)

    7 16 (30)

    6 1 (2)

    Not available 7

Metastatic disease at diagnosis (data not available for two patients) 19 (33)

Prior radical prostatectomy or/and prostatic bed radiation therapy 39 (65)

Time to CRPC >1 yr 39 (65)

Time to CRPC >2 yr 28 (47)

Prior therapies for prostate cancer

  Chemotherapy 48 (80)

    Two or more regimens 16 (27)

    Docetaxel-based regimen(s) 47 (78)

  Radiopharmaceuticals 6 (10)

  Salvage hormonal therapies 37 (62)

    Ketoconazole 21 (35)

  Abiraterone acetate 2 (3)

    Estrogens and/or ketoconazole and/or abiraterone acetate 29 (48)

  Prior experimental treatments/novel agents 7 (12)

  (Thalidomide [n = 2], tasquinimod [n = 1]

  dasatinib [n = 1],

  sunitinib [n = 1], experimental vaccine [n = 2])

Tumor characteristics

Median PSA level, ng/d (25th–75th percentile) 57.1 (16.1–140.3)

>20 bone metastases 43 (72)

Lymph nodes 20 (33)

Visceral metastases 7 (12)

Bone marrow involvement (any time point) 32 (53)

Eur Urol. Author manuscript; available in PMC 2016 January 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Efstathiou et al. Page 17

No. (%)*

  At baseline 28 (47)

  At week 8 27 (45)

  Both time points 23 (38)

CRPC = castration-resistant prostate cancer; PSA = prostate-specific antigen.

*
Data given as no. (%) unless otherwise indicated.
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