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Abstract

Purpose—The majority of prostate cancer mortality can be attributed to metastatic castration-
resistant prostate cancer, an advanced stage which remains incurable despite recent advances. The
androgen receptor (AR) signaling axis remains active in CRPC. Recent studies suggest that the
expression of an AR splice variant, AR-V7, may underlie resistance to abiraterone and
enzalutamide. However, controversy exists over the optimal assay. The objective of this study is to
develop a fast and sensitive assay for AR splice variants (AR-Vs) in patients.

Materials and Methods—Two approaches were assessed in this study. The first was based on
depletion of leukocytes and the second used RNA purified directly from whole blood preserved in
PAXgene tubes. Transcript expression was analyzed by quantitative RT-PCR.

Results—Through side-by-side comparison, we concluded that the whole-blood approach was
suitable for the detection of AR-Vs. The specificity of the assay was corroborated in a cancer-free
cohort. Using the PAXgene assay, samples from a cohort of 46 CRPC patients were analyzed.
Overall, AR-V7 and ARV°67¢s were detected in 67.53% and 29.87% of the samples, respectively.
Statistical analysis revealed a strong association of AR-V positivity with a history of second-line
hormonal therapies.

Conclusions—To our knowledge, this study is the first to demonstrate PAXgene-preserved
whole blood can be used to obtain clinically relevant information regarding the expression of two
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AR-Vs. The data from a CRPC cohort support a role of AR-Vs in resistance to therapies targeting
the AR ligand-binding domain.

androgen receptor splice variants; castration-resistant prostate cancer; enzalutamide; abiraterone;
whole-blood assay

Introduction

Prostate cancer is the second leading cause of cancer mortality in men in the United States.
The majority of disease-related deaths can be attributed to metastatic castration-resistant
prostate cancer (MCRPC), which is marked by rising serum prostate-specific antigen (PSA)
levels approximately 16 months after initial androgen deprivation therapy (ADT). Despite
recent advances, mCRPC remains the most critical challenge in the clinical management of
prostate cancer.

It is well-accepted that the AR signaling axis plays a critical role in CRPC. Through a
number of ligand-dependent and —independent mechanisms, cancer cells adapt to low
circulating androgens and maintain activation of AR. Particularly, a number of AR splice
variants (AR-Vs) that are devoid of a functional ligand-binding domain (LBD) have been
identified~4. Two major variants, AR-V7 and ARV°67€S have been shown to be capable of
regulating target gene expression independent of full-length AR (AR-FL)2°. Recent studies
suggest the expression of these AR-Vs underlie resistance to second-line hormonal
therapies®’.

Circulating tumor cells (CTCs) are shed from solid tumors into the circulation. A number of
CTC detection technologies have been developed in recent years. To date, the most widely
adopted is surface marker-based CTC capturing, which relies on cell surface antigens such
as EpCAM, cytokeratin, PSMA, or a combination of these markers®. Alternatively, CTCs
can be enriched by depleting hematopoietic cells. For this purpose, CD45, expressed on the
surface of all leukocytes and their progenitors?, is commonly used!0:11, Yet other studies
have demonstrated the validity of using whole-blood-derived RNA from patients for RT-
PCR analyses, without CTC selection or enrichment2-14, These studies focused on genes
highly expressed in prostate cancer; the results were clinically relevant and highly
concordant with CTC enumeration analyses3:14,

In this study, we set out to detect the expression of AR-V7 and ARV567€S in the circulation.
We evaluated the CD45-based negative selection approach and the whole blood approach.
Based on the results, we chose the whole blood approach and analyzed blood samples
obtained from a cohort of CRPC patients.

Materials and Methods

RNA extraction from whole blood

From each patient, 5-mL blood was collected into 2 PAXgene Blood RNA Tubes
(PreAnalytiX). The tubes were gently inverted and incubated at room temperature for 2-24 h
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or stored at -20°C before processing. Prior to RNA i solation, frozen samples were brought
to room temperature for 2 h and centrifuged at 3,000g for 10 min. RNA isolation was
performed using the PAXgene Blood RNA Kit (Qiagen).

Leukocyte depletion

CTC enrichment was performed by using a two-step procedure as described!! with
modifications.

Lysis of red blood cells (RBCs)—~Patient blood (10 mL) was collected in sodium
citrate tubes (Becton Dickinson) for immediate processing. RBCs were removed by adding a
lysis buffer (154 mM NH4CI, 10 mM KHCOg, 0.1 mM EDTA) at 25 mL buffer/mL blood.
After 5 min at room temperature, remaining cells were collected by centrifugation at 300g
for 5 min. The pellet was washed twice with the labeling buffer (PBS with 2 mM EDTA,
0.5% bovine serum albumin, Ca2*/Mg?2* free) and resuspended. Cells were counted and the
concentration was adjusted to 1 x 108 cells/mL.

Removal of leukocytes—Following RBC lysis, cell suspension was transferred to a
round-bottom tube (Becton Dickinson). To every 108 cells, 200 pL of FcR Blocking Reagent
(Miltenyi Biotec) and 50 pL of EasySep® CD45 Depletion Cocktail (StemCell) were added
and incubated at room temperature for 30 minutes. For immunomagnetic labelling,
EasySep® Magnetic Nanoparticles (StemCell) was added at 100 pL/mL and mixed by
pipetting. The suspension was incubated at room temperature for 15 minutes and the volume
was adjusted to 2.5 mL. The tube was placed into an EasySep® magnet (StemCell) for 10
minutes. Labeled cells (CD45+) were separated by decanting the supernatant (CD45-) into a
new tube. RNA was extracted from the CD45+ and CD45- fractions using the RNeasy Mini
Kit (Qiagen).

Quantitative reverse-transcription polymerase chain reaction (QRT-PCR)

Subjects

RNA samples were quantitated by a Nanodrop 2000 spectrophotometer (Thermo Fisher).
Subsequently, 0.5 pg of RNA was reverse-transcribed using SuperScript 111 (Life
Technologies) and random hexamers. The Tagman assay was chosen as the quantitative PCR
technology to ensure the specificity of detection. PCR reactions were performed on a CFX96
Real-Time PCR Detection System (Bio-Rad). The primers for AR-FL and AR-V7 are
published? and those for ARV567€s are: forward, 5°-
CTACTCCGGACCTTACGGGGACATGCG-3’; reverse, 5°-
TTGGGCACTTGCACAGAGAT-3’. The probe for all three amplicons was designed in our
lab: 5’-AAGAGCCGCTGAAGGGAAACAGAAGTACTTG-3’. Ribosomal protein L30
(RPL30) was used as the housekeeping gene and the assay for RPL30 was from Applied
Biosystems. Forty cycles was used as detection limit. The expression levels of the same
transcript measured by two approaches were compared by using the 2"2CT method?® and
adjusted for the difference in starting blood volume.

Forty-six CRPC patients were selected and consented via Tulane Cancer Center and/or
Urology clinic at Tulane University Hospital. For each patient, 5 mL of blood were collected
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in PAXgene tubes; when feasible serial samples were collected. A total of 73 blood samples
were collected and clinically annotated. A summary of the patient demographics is presented
in Table 1. The history of treatment with abiraterone acetate and enzalutamide is
summarized in Supplementary Table S1 and the complete treatment history in
Supplementary Table S2. Additionally, blood samples from 21 post-radical prostatectomy
(post-RP) patients with undetectable PSA (<0.01 ng/mL) were analyzed.

Statistical analysis

Results

All statistical analyses including descriptive statistics, Student’s T-test and Fischer’s Exact
Test were performed with SAS v9.4 (SAS Institute, Cary, NC). All tests are two-tailed with
p-values less than the alpha (p<0.05) were considered statistically significant. Medians and
ranges were reported for all continuous variables. Percentages were reported for all
categorical variables.

Selection of the whole blood approach for AR-V detection

To identify a protocol for detecting AR-Vs in the blood, we evaluated the whole-blood
approach (i.e. the PAXgene approach) and the CTC enrichment approach based on depletion
of leukocytes (i.e. the CD45-depletion approach). Ten mCRPC patients who have progressed
taxane chemotherapy and have received multiple rounds of abiraterone and/or enzalutamide
were identified for this purpose. Blood samples obtained from the same patient were
analyzed side-by-side (Supplementary Fig. S1). As shown in Supplementary Table S3, AR-
V7 transcripts were detected in 9 out of 10 samples by both methods. However, two samples
were found to be positive for ARV567€s by the PAXgene approach, but only 1 by the CD45-
depletion approach, suggesting that the leukocyte depletion process may lead to a loss of
sensitivity. Indeed, the AR-V transcript levels measured by the CD45-depletion approach
were consistently lower than those by the PAXgene approach: the estimated decrease for
AR-V7 was ~40% (Supplementary Table S4).

The separation of CD45- and CD45+ cells during leukocyte depletion provides an
opportunity to investigate the sources of AR transcripts. As shown in Table 2, in the majority
of the samples (7 out of 9), the AR-V7 signal was exclusively from the CD45- fraction. In
the remaining samples, the levels of AR-V7 measured in the CD45+ fraction were markedly
lower than in the CD45- fraction. Similarly, the vast majority of ARV267€s transcript was
found in the CD45- fraction. In contrast, AR-FL is abundantly expressed in both fractions
(Table 2). The presence of AR-FL transcripts in CD45+ cells is consistent with studies
documenting AR expression in lymphocytes and macrophages16:17.

Collectively, these results suggest that the AR-Vs transcripts in the CD45+ fraction are
barely detectable, suggesting that depleting the hematopoietic cells offers little improvement
in specificity for the detection of AR-Vs. Furthermore, performing this procedure could lead
to a loss of sensitivity.
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Sensitivity and specificity of the whole-blood assay

To assess the sensitivity of this assay, 22Rv1 cells (express AR-V7) were spiked into 5 ml
blood from a healthy donor. Fig. 1 shows that this assay could detect 5-50 AR-V7+ cells in
5 ml of blood, or 1-10 cells per ml.

To evaluate the specificity, we analyzed blood samples from post-RP patients with
undetectable PSA. Neither AR-V7 nor ARY267€S was detected in this cohort (Table 3).
Similarly, neither AR-V was detected in blood from healthy donors (n=5, data not shown).
These results suggest that this assay specifically detects AR-Vs expressed in cancer cells.

Correlation of AR-Vs expression with prior treatments with abiraterone and enzalutamide

To investigate the clinical relevance of AR-Vs expression in whole blood, we analyzed 73
samples from 46 CRPC patients. In this cohort, 69 (94.52%) were positive for AR-FL, 50
(68.49%) for AR-V7, and 23 (31.51%) for ARV267€s (Taple 3). More than 70% (53/73) of
samples expressed at least one variant, and 27.40% (20/73) expressed both. Notably, the
majority of samples expressing ARV>67€s were also positive for AR-V7 (20/23).

Based on the history of second-line hormonal therapies, viz. abiraterone, ketoconazole, and
enzalutamide, the CRPC cohort was categorized into naive and treated groups. Due to a
recent report demonstrating an association of AR-V7 expression with prior treatment with
docetaxell8, patients who have received docetaxel or cabazitaxel were excluded. The
expression levels of both variants, but not that of AR-FL, were higher in the treated than in
the naive group (Fig. 2). In the treated group, AR-V7 transcripts was expressed in 68% of
samples (17/25), as compared to 23.08% (3/13) in the naive group. Fisher’s Exact Test
revealed a strong association of AR-V7 positivity with a history of second-line hormonal
therapies (Table 4). Similarly, ARV267€s positivity is associated with a history of these
therapies (9/25 in treated, 0/13 in naive). Additionally, patients who have been treated with
second-line hormonal therapies are more likely to express one (AR-V+) or both isoforms of
AR-Vs (AR-V7+/ARV267€s+),

Discussion

As noted by many, development of predictive biomarkers are critical to optimal clinical
decision-making. The study by Antonarakis et al’ clearly represents a step forward in this
direction. Based on this ground-breaking study, the AR-V7 transcript in CTCs predicts
resistance to both abiraterone and enzalutamide. However, a potential shortcoming of this
assay is the dependence on the selection of EpCAM+ or Her2+ CTCs19, which likely
represent only a fraction of the entire CTC population. In addition, the use of an epithelial
marker (EpCAM) may exclude the population that have undergone epithelial-to-
mesenchymal transition (EMT). This is particularly relevant since studies have shown AR-
V7 and ARV567€S promote EMT29-23 in prostate cancer cells, raising the concern that AR-V-
expressing CTCs may not be captured efficiently by epithelial markers. Furthermore, it is
clear from studies of CTCs using immuno-detection methodologies that not all patients have
detectable CTCs?4, thus limiting the number of patients that can have these AR-V7 assays
performed.
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To avoid the problems associated with CTC positive selection, we tested a whole-blood-
based approach and a negative selection approach by depleting lymphocytes. A comparison
of these approaches led us to conclude that the whole blood approach performed at least as
well as the CD45-depletion approach, with regard to the sensitivity of AR-V detection
(Supplementary Table S3). The expression of AR-Vs was found predominantly in the CD45-
population (Table 2), suggesting that depleting CD45+ cells is unnecessary. Furthermore, the
variants were detected at lower levels by the CTC-enrichment protocol (Supplementary
Table S4), possibly due to the lack of RNA preservation during the enrichment process. In a
few cases, we did detect variants in the CD45+ fraction (Table 2). This was most likely a
result of cross contamination, rather than expression of the variants by CD45+ cells per se.
This is supported by data from the post-RP cohort that neither AR-V was detectable in
whole-blood-derived RNA (Table 3). Cross contamination could be caused by non-specific
binding of the CD45 antibodies, aberrant expression of CD45 by cancer cells2>26, or the
formation of lymphocytes/cancer cells microemboli2’. Regardless, this observation suggests
the CTCs could be lost during negative selection.

Recently, Steinestel and colleagues reported using AR-V7 and AR mutations in CTCs to
guide therapy-switch in patients8. The estimated overall benefit of the molecularly-
informed treatment decision was 27% over the uninformed?8. This study, along with that of
Antonarakis’, highlights the importance of incorporating AR-V profiling into individualized
treatment decision-making. Despite that our assay is not CDC-based, the findings are in line
with these CDC-based studies, supporting a role of AR-V7 expression in resistance to
second-line hormonal therapies.

The findings presented herein have several limitations. First, this is a cross-sectional study,
rather than a prospective study. A prospective study with longitudinal evaluation of patients
is needed to establish expression of AR-Vs in whole blood as a biomarker of treatment
responsiveness. Second, the cells expressing the AR transcripts are not assessable by this
assay. As a result, questions such as whether AR-FL and AR-Vs are co-expressed in the
same cells could not be properly addressed. These questions are clinically significant as AR-
Vs have been shown to heterodimerize with AR-FL28 and facilitate its nuclear
translocation?®. Third, there is no tissue confirmation using direct biopsies of tumors.

Despite the shortcomings, the study presented herein is novel. To the best of our knowledge,
this is the first report of AR-V7 detection using a whole-blood assay, which also detected
ARV5678s jn 4 significant proportion of patients. Eliminating the CTC selection process
reduces the hands-on time and improves the sensitivity of the assay, allowing more patients
to benefit from such assays. Indeed, the percentage of AR-V7+ patients in this study was
higher than both CTC-based assays (68.49% here vs 50%/49%)":18, The small volume of
blood needed and the stability of RNA in PAXgene tubes make it practical to incorporate
this assay into routine patient monitoring. In view of the potential benefits, it is necessary to
further evaluate and refine this assay by a prospective study with an adequate cohort.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

J Urol. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal. Page 7

Acknowledgments

Grant support: ACS RSG-07-218-01-TBE, DOD W81XWH-12-1-0275 and W81XWH-14-1-0480, Louisiana
BoR LEQSF(2012-15)-RD-A-25, NIH/NIGMS 5P20GM103518-10, Oliver Sartor Prostate Cancer Research Fund.

Glossary

AR-FL full-length androgen receptor

CRPC castration-resistant prostate cancer

CTC circulating tumor cells

mCRPC metastatic castration-resistant prostate cancer

gRT-PCR quantitative reverse-transcription polymerase chain reaction
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Figure 1. Sensitivity of the PAXgene assay for AR-V7 detection
22RV1 cells were spiked into 5 ml blood from a healthy donor and transferred to PAXgene

tubes. RNA extraction and gRT-PCR analysis were performed as described in Materials and

Methods.
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Figure 2. Elevated expression of AR-Vs in mCRPC patients that have been treated with second-
line hormonal therapies

The naive group are defined as patients who have never received treatments with abiraterone
acetate, ketoconazole, or enzalutamide, and the treated group are patients who have received
these treatments and progressed. Statistics analysis was performed using the Student’s t-test
(2-tail).
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Table 1
Patient demographics.
Overall Caucasians African Americans
Patients n= 46 41 5

Age at diagnosis

60 (range 43-77)

61.1 (range 46-77) 57.8 (range 43-66)

Total Gleason score

8 (range 6-9)

Yes
Family history No

Unknown

26% (n=12)
72% (n=33)
2% (n=1)

8 (range 6-9) 7
27% (n=11) 20% (n=1)
71% (n=29) 80% (n=4)

2% (n=1)

Median PSA(ng/mL) at sampling

60.8 (range <0.01->3000)

59.7 (range <0.01-3000)  184.4 (range 48.9-2050)

Median time from diagnosis to sampling
(days)

1877.5 (range 230-7781)

1877.5 (range 230-7781) 2424 (range 691-7080)
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Table 3
Detection of AR transcripts in two cohorts.

Post-RP mMCRPC P value®

Age at sampling 65.05 (range 53-76)  68.52 (range 47-86)  0.1559

AR-FL+ 17/21 (80.95%) 69/73 (94.52%) 0.0712
AR-V7+ 0/21 (0%) 50/73 (68.49%)  <0.0001

ARVEETeS 4 0/21 (0%) 23/73 (31.51%) 0.0014
AR-V+ 0/21 (0%) 53/73 (72.60%)  <0.0001

AR-V/7+, ARVS67es 0/21 (0%) 20/73 (27.40%) 0.0051

*
For dichotomous variables, P-values were calculated by Fisher’s Exact Test. For Age at Sampling, P-value was by the Student’s t-test.
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AR-V positivity correlates with prior history of second-line hormonal treatments.

Table 4

Naive Treated P-value by Fisher’s Exact Test
AR-FL+ 12/13 24/25 1.0000
AR-VT7+ 3/13 17/25 0.0156
ARVY567es 4 0/13 9/25 0.0159
AR-V+ 3/13 18/25 0.0062
AR-V7+/ARV367es+  0/13 8/25 0.0335
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