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Abstract

Background: Prostate cancer (PRCA) is an androgen-driven disease, where androgens act 

through the androgen receptor (AR) to induce proliferation and survival of tumor cells. Recently, 

AR splice variant 7 (ARv7) has been implicated in advanced stages of PRCA and clinical 

recurrence. With the widespread use of AR-targeted therapies, there has been a rising interest in 

the expression of full-length AR and ARv7 in PRCA progression and how these receptors, both 

independently and together, contribute to adverse clinicopathologic outcomes.

Methods: Despite a multitude of studies measuring the expression levels of AR and ARv7 in 

PRCA progression, the results have been inconsistent and sometimes contradictory due to 

technical and analytical discrepancies. To circumvent these inconsistencies, we used an automated 

multiplexed immunostaining platform for full-length AR and ARv7 in human PRCA samples, and 

objectively quantified expression changes with machine-learning based software. With this 

technology, we can assess receptor prevalence both independently, and co-expressed, within 

specific tissue and cellular compartments.
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Results: Full-length AR and ARv7 expression increased in epithelial nuclei of metastatic 

samples compared to benign. Interestingly, a population of cells with undetectable AR persisted 

though all stages of PRCA progression. Co-expression analyses showed an increase of the double 

positive (AR+/ARv7+) population in metastases compared to benign, and an increase of the double 

negative population in PRCA samples compared to benign. Importantly, analysis of 

clinicopathologic outcomes associated with AR/ARv7 co-expression showed a significant 

decrease of the double positive population with higher Gleason score, as well as in samples with 

recurrence in under 5 years. Conversely, the double negative population was significantly 

increased in samples with higher Gleason score and in samples with recurrence in under 5 years.

Conclusions: Changes in AR and ARv7 co-expression may have prognostic value in PRCA 

progression and recurrence. A better understanding of the prevalence and clinicopathologic 

outcomes associated with changes in these receptors’ co-expression may provide a foundation for 

improved diagnosis and therapy for men with PRCA.
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INTRODUCTION

Prostate cancer (PRCA) is an androgen-driven disease, where proliferation of epithelial cells 

occurs primarily through downstream signaling of the androgen receptor (AR)1. When AR is 

bound by ligand, it dimerizes and translocates to the nucleus, where it acts as a transcription 

factor for targets genes involved in growth and proliferation2. This androgen driven signaling 

pathway is the target for PRCA therapies (i.e. luteinizing hormone-releasing hormone 

agonists, androgen receptor antagonists) which reduce tumor burden and serum biomarker 

expression3. Despite initial success, however, androgen deprivation therapies inevitably fail, 

resulting in disease recurrence4. Importantly, our current knowledge of biomarkers for 

PRCAs that will progress to recurrence is inadequate. A thorough understanding of the 

androgen pathway in advanced disease and recurrence may allow improved diagnosis and 

treatment of patients that will develop recurrent disease.

There are several proposed models for the development of disease recurrence, including 

androgen-dependent and -independent mechanisms5. Androgen-dependent processes 

contributing to recurrence include AR amplification, intra-tumoral androgen synthesis, 

altered AR co-factor expression, or AR mutation leading to ligand promiscuity6–9. 

Alternatively, recurrence can occur through androgen-independent mechanisms including 

growth factor mediated AR signaling and the expansion of AR negative cell types (i.e. 

prostate cancer stem-like cells, neuroendocrine prostate cancer cells, double negative 

prostate cancer)10–14. Recent evidence has supported the emergence of AR splice variant 7 

(ARv7) expression in advanced disease and recurrence15–17. ARv7 lacks the ligand-binding 

domain of full-length AR, and thus does not require ligand to translocate to the nucleus18. 

Interestingly, both AR and ARv7 require dimerization for nuclear translocation, and have 

been shown to interact as heterodimers that translocate to the nucleus together19, 20. This 

interaction between AR and ARv7 is not well understood.
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Because the androgen pathway is critical for the proliferation, cell survival, and growth of 

prostate tumors, many studies have sought to identify the prevalence and significance of AR 

and ARv7 expression in PRCA progression with inconsistent results. It is generally 

recognized that transcriptionally active full-length AR is expressed in nuclei of both stromal 

and epithelial prostate cells; however, while some studies show AR expression increasing in 

PRCA progression and recurrence21–23, others show a decrease of receptor expression in 

advanced disease24–26. Similarly, while ARv7 expression has been shown to increase 

through PRCA progression, particularly in recurrence27, 28, little is known about ARv7 

expression early in PRCA progression. This partial understanding of AR expression in 

PRCA could be due to: 1) variability of protocol procedures (i.e. fixation, antigen retrieval, 

chromogen), 2) subjective analysis techniques, 3) insufficient reagents such as a lack of full 

length AR-specific (AR C-terminal)/AR variant-specific (ARv7) antibodies, or 4) AR 

expression heterogeneity leading to analysis of hot spots for AR expression. Given the 

important role of AR and its variants in PRCA, it is imperative that we as a field assess the 

expression of these receptors objectively to accurately determine the incidence, stage 

specificity, and clinical relevance of AR and ARv7 expression, both independently and co-

expressed.

In this study, we objectively quantified AR and ARv7 expression in human prostate samples 

using multiplexed immunohistochemistry (IHC), multispectral imaging, and machine-

learning based analysis software. With this method, it is possible to quantify receptor co-

expression providing insight into the potential interaction of these two receptors in PRCA 

progression, and its clinical significance. A better understanding of AR and ARv7 

expression in PRCA progression may serve as a platform for better diagnosis and treatment 

in patients with PRCA.

MATERIALS AND METHODS

Prostate Tissue Microarrays (TMAs)

To assess AR and ARv7 protein localization and abundance during PRCA progression, we 

used a previously described “progression” tissue microarray (pTMA) composed of duplicate 

6mm tissue cores from patients at varying stages of PRCA progression29, 30. Tissue cores 

consisted of benign prostate tissue (BPT; n=101 cores, 52 patients), high-grade prostatic 

intraepithelial neoplasia (HGPIN; n=50 cores, 25 patients), primary prostate cancer tumor 

(PRCA; n=141 cores, 73 patients) and metastases (METS; n=44 cores, 22 patients). To 

ensure high quality analysis, the pathologist chose PRCA cores containing none or <5 

percent of intermixed benign prostate glands. A second “outcomes” TMA (oTMA) 

containing duplicate PRCA cores with associated clinical data was also stained30. Sample 

sizes for Gleason score (GS) groups from the oTMA are: GS 5–6 n=48, GS7 n=104, GS8–9 

n=31. Sample sizes for disease free recurrence (DFS) are: DFS>5 n=136, DFS<5 n=32. 

Both TMAs were constructed in a single institution over the years 1998–2006, and the age 

range for specimens on the TMAs are from 37–86 years.
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Immunohistochemistry (IHC)

Tissue sections from TMA were used in accordance to the Translational Research Initiatives 

in Pathology core’s standard operating procedures. Briefly, sections were cut at 5μm and 

stored at −80 degrees Celsius until used for staining to minimize the loss of antigenicity for 

AR31. Importantly, all samples compared in this experiment are on a single slide, preventing 

potential sectioning variability between samples. Multiplexed immunohistochemistry (IHC) 

was performed using the VENTANA BenchMark automated slide staining instrument 

(Roche Diagnostics, Basel, CHE) to detect AR (Discovery Purple chromogen), ARv7 (DAB 

chromogen), and smooth muscle alpha-actin (SMA, Vina Green chromogen) as previously 

described23. Antibodies (AR: Spring Bioscience 1:100; ARv7: Precision Antibodies 1:100, 

Abcam 1:200) were validated during optimization (Supplemental Figure S1). SMA was used 

for tissue segmentation (stroma vs. epithelium) analysis, and hematoxylin was used for cell 

segmentation (nuclear vs. cytoplasmic) analysis as previously described32. The protocol for 

this multiplexed IHC is detailed in Supplemental Figure S2. To address the potential 

interference between single and double stains, a comparison of intensities between single 

and double stains were quantified in Supplemental Figure S3.

Image Analysis

The Vectra platform (Perkin Elmer, Waltham, MA, USA) was used for automatic image 

acquisition. inForm™ 1.4 software, (Perkin Elmer, Waltham, MA, USA) was used for image 

analysis, where genitourinary pathologist (WH) trained 18% of the total images (rendering 

97% accuracy) to segment nucleus from cytoplasm and epithelium from stroma. To account 

for cells or tissue not already identified, we established a compartment designated as 

“other”, which included artifact, luminal space, and non-prostate cells (i.e. nerves, red blood 

cells, inflammatory cells). This machine learning-based analysis created an algorithm 

enabling automated cell and tissue segmentation for each core sample as previously 

described30, 32. When this algorithm was applied to the TMAs (pTMA, oTMA), AR and 

ARv7 staining was objectively quantified, specifically in the nucleus of epithelial cells, 

through PRCA progression. To ensure tissue quality, the TMA was reviewed by a 

genitourinary pathologist every 10 sections confirming diagnosis of the tissue core and 

excluding any samples that have compromised tissue quality (i.e. tissue folding, tissue loss). 

Additionally, any core that contained less than 100 cells was excluded from analysis. Finally, 

the OD values for the 2 cores from the same patient were averaged; if one of the cores for a 

single patient was compromised, both cores from that patient were removed from analysis

Staining Quantification

Spectral libraries were created for each chromogen, producing a unique optical spectrum for 

each stain. Using these standards, the staining for each antibody was optically isolated and 

quantified using inForm v1.4 software. Raw segmentation data from inForm v1.4 yielded 

mean optical density (mean OD) values for AR and ARv7, which were calculated as the 

staining intensity per pixel in each core, followed by averaging the two cores from the same 

patient for a single mean OD per patient. AR and ARv7 “percent positivity” was quantified 

as the percentage of positive nuclei per core divided by the total number of nuclei in the 

epithelial compartment of that core. Integrating raw segmentation data from inForm v1.4 

Vellky et al. Page 4

Prostate. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and manual thresholding of AR (mean OD threshold=0.03), ARv7 (mean OD 

threshold=0.155), and SMA (mean OD threshold=0.08), we calculated the proportion of 

each core that expressed the AR+/ARv7+ cell population. To establish the threshold for 

positivity, the subset of images used for software training was optically separated into 

individual chromogens, and visually assessed by the pathologist to determine the lower limit 

of positivity for select individual nuclei. This analysis of OD in individual nuclei is achieved 

using the “view component data” function of inForm software by hovering the cursor over 

an individual nucleus, which displays 1) a table of all signal intensities found at that pixel 

and 2) average signal intensity for each component (i.e nucleus, cytoplasm, or membrane) 

found. Because the optical intensity is dependent on the color of the chromogen, the 

thresholds for each chromogen were determined separately. Using these thresholds, we also 

quantified the percentage of the AR+/ARv7−, AR−/ARv7+, and AR−/ARv7− cell 

populations. Similarly, application of increasing positivity thresholds allowed stratification 

of staining intensity into AR not detected (mean OD threshold<0.02), AR low (mean OD 

threshold>0.02, <0.03), and AR high (mean OD threshold>0.03).

Statistical Analysis

Graphpad Prism 5.04 (Graphpad Software, La Jolla, CA, USA) was used for statistical 

analysis. We assessed differences among continuous variables with one-way ANOVA. 

Tukey’s Multiple Comparison Test was used to determine mean differences of HGPIN, 

PRCA, and METS compared to BPT, and difference between GS5–6, GS7, GS8–9. A 

Student’s T-test was used to determine differences between DFS<5 and DFS>5. Data in bar 

graphs and tables show mean +/− standard error of the mean. For all analyses, p< 0.05 was 

considered statistically significant, with * p<0.05, ** p<0.01, *** p<0.001, and **** 

p<0.0001.

RESULTS

Multiplexing Immunohistochemistry to Assess Expression and Localization in situ

To assess the expression of AR and ARv7 in the same tissue samples, we co-stained a tissue 

microarray containing 394 human prostate samples from four stages of PRCA progression: 

benign prostatic tissue, high grade intraepithelial neoplasia (HGPIN), PRCA, and metastases 

(METS). Using a multispectral imaging system, we optically isolated chromogens to view 

the staining pattern for both targets (AR and ARv7) from within the multiplexed core 

(Figure 1A–B). Additionally, we used hematoxylin as a nuclear inclusion dye to segment the 

nuclear subcellular compartment (Figure 1C–D). Using this segmentation technology, we 

further assessed AR and ARv7 expression in prostate nuclei, where regulatory activities of 

these transcription factors occur. Finally, we used smooth muscle alpha actin staining (data 

not shown) to train the software to segment tissue types (stroma, epithelium) within each 

prostate core (Figure 1E). Because androgen receptor elicits effects from both the epithelial 

and stromal cells, this tissue segmentation allows us to assess each of these compartments 

independently to ensure robust and specific co-expression data with ARv7. These 

multispectral imaging and segmentation techniques serve as a proof of principle for the 

accuracy and sensitivity of the software that will be utilized to objectively assess AR and 

ARv7 expression and localization in human prostate samples.
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Independent expression and localization of AR and ARv7 in prostate cancer progression

To quantify independent expression of AR and ARv7 in prostate cancer progression, we 

measured the optical density and percent positivity of AR and ARv7 positive cells within 

each prostate tissue core. Visual representation of the AR expression pattern in 

representative cores show strong nuclear staining at all stages of PRCA progression, 

supporting previously published data (Figure 2A). Importantly, to ensure quantification of 

the full-length AR alone, the AR antibody used for this study is specific for the C-terminus 

of the full-length AR protein, which does not detect AR variants. Quantification of full-

length AR, shows nuclear AR expression significantly increased in PRCA and METS 

compared to benign (p<0.05) (Figure 2B). This increase was seen with two types of 

analysis: 1) mean optical density, which objectively measures the absolute expression of AR 

in each core, and 2) percent positivity, which is based on an algorithm to determine a 

threshold for differentiation of positivity and negativity for full-length AR expression. 

Notably, the trend for each type of analysis is the same; this supports the validity of the 

threshold used to determine percent positivity, which will be used in subsequent analysis of 

AR/ARv7 co-localization. Concurrent with full-length AR staining, the same tissue sections 

were also stained for ARv7 and quantified using the same analysis techniques. Visual 

representation of the ARv7 expression pattern in representative cores showed nuclear 

staining at all stages of PRCA progression including early stages, which has only been 

partially previously described (Figure 2C). When ARv7 expression was quantified, both the 

absolute expression and percent positivity of ARv7 is increased in METS compared to 

benign prostate, as expected (Figure 2D). Interestingly, there was also an increase of ARv7 

in HGPIN samples compared to benign prostate, which has not been previously described 

(Figure 2D). Taken together, these data indicate that both AR and ARv7 exhibit expression 

changes through PRCA progression, where both are significantly increased in METS 

compared to benign prostate.

Inter- and intra-tumoral AR Heterogeneity in Prostate Cancer

Despite the overall increase of AR and ARv7 expression in PRCA progression, cell 

populations that were not considered AR-positive persisted at each stage of PRCA 

progression, suggesting both intra- and inter-tumoral variability of AR expression. This 

phenomenon, known as AR heterogeneity, has recently been implicated as a predictor for 

clinical outcomes and therapy resistance33, 34. In this study, we objectively assessed the 

incidence of inter-tumoral AR heterogeneity by categorizing PRCA samples into “AR high”, 

“AR low”, or “AR not detected” based on increasing thresholds applied to mean optical 

density of each core as a whole. Visual representation of these three categories of AR 

expression are shown in Figure 3A. Quantification of inter-tumoral heterogeneity showed 

57.35% of PRCA samples express high AR, 27.94% express low AR, and 14.71% express 

AR below the limit of detection (Figure 3B). The threshold used for “high AR” was the 

same as the threshold for percent positivity in Figure 2B, resulting in consistency of 

positivity between the two analyses. Interestingly, within the subset of PRCA cores that are 

not considered AR positive in Figure 2, there are two distinct expression patterns that we 

observed: 1) low AR, representing cores that express AR below the threshold considered to 

be positive, and 2) AR not detected, where AR protein was not identified. In addition to 

inter-tumoral heterogeneity, we also observed intra-tumoral heterogeneity of AR expression 
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within individual nuclei of select PRCA cores using the “view component data” function on 

inForm. Here we saw varying levels of AR expression within a single core (Figure 3C). 

Taken together, these data show that with objective quantification of AR expression, we can 

categorize AR expression into three distinct levels providing evidence for AR heterogeneity 

in PRCA.

AR and ARv7 Co-expression in Prostate Cancer Progression

AR and ARv7 have been shown to interact as a heterodimer in PRCA, yet the incidence and 

stage specificity of these receptors’ co-expression has not been determined or quantified on a 

per cell basis. To assess the co-expression of AR and ARv7 in PRCA progression, we used a 

machine-learning software (inForm) to quantify the percent of each core that expressed 1) 

AR, but not ARv7 (AR+/ARv7−), 2) ARv7, but not AR (AR−/ARv7+), 3) both AR and 

ARv7 (AR+/ARv7+), or 4) neither AR nor ARv7 (AR−/ARv7−). Representative images 

show each of these cell populations pseudo-colored (red: AR+/ARv7−, green: AR/ARv7+, 

yellow: AR+/ARv7+, blue: AR−/ARv7−) in PRCA progression tissue cores (Figure 4A). 

Here, we saw a significant increase of AR+/ARv7− in PRCA and AR−/ARv7+ in METS 

compared to benign (p<0.01 and p<0.001, respectively) (Figure 4B–C). The AR+/ARv7+ 

population significantly increased in METS compared to benign (p<0.05), and was trending 

toward a significant increase in HGPIN compared to benign (p=0.07) (Figure 4D). 

Interestingly, the population that lacked both receptors, AR−/ARv7−, was also increased in 

PRCA compared to benign (p<0.05) (Figure 4E). Taken together, these data provide 

evidence of four distinct PRCA cell populations in terms of AR expression: double positive, 

AR only, ARv7 only, and double negative. Additionally, the incidences of AR/ARv7 co-

expressing and ARv7 only cells were increased in METS, suggesting these populations 

could contribute to metastatic cell growth. Likewise, the incidence of AR only and double 

negative cells increased in PRCA, suggesting these populations may play a role in the 

progression of PRCA.

AR and ARv7 co-expression predicts advanced Gleason scores and disease recurrence

To assess clinical implications of AR/ARv7 co-expression, we co-stained a TMA containing 

samples with associated patient data for clinical outcomes (oTMA). Using the same 

multispectral imaging and machine learning software that was used to analyze the pTMA, 

we quantified AR and ARv7 expression in the oTMA. Two endpoints assessed showed 

significant changes in AR/ARv7 expression that may be clinically relevant: Gleason score 

(GS) and disease-free survival time (DFS). Gleason grading is a histology-based system for 

PRCA tumors where higher Gleason score (GS) represents more advanced tumors (i.e. 

decreased glandular differentiation, increased infiltration)35. Representative images show 

cores from tumors with Gleason score 5–6 (GS5–6), 7 (GS7), and 8–9 (GS8–9) at the time 

of tissue collection (Figure 5A). Similar to the co-expression analysis for the pTMA, these 

images were pseudo-colored to represent cell populations that express AR+/ARv7− (red), 

AR−/ARv7+ (green), AR+/ARv7+ (yellow), and AR−/ARv7− (blue) (Figure 5A). We 

observed no differences in AR+/ARv7− and AR−/ARv7+ populations in GS8–9 tumors 

compared to lower GS tumors (Figure 5B). However, AR+/ARv7+ double positive cells 

significantly decreased in GS8–9 relative to GS7 (p<0.05), yet they were not different 

compared to GS5–6 (p=0.11) (Figure 5B). Strikingly, the double negative, AR−/ARv7−, 
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population was significantly increased in GS8–9 compared to both GS5–6 and GS7 

subgroups (p<0.01) (Figure 5B). Recently, an updated version of this classification system, 

Grade Grouping, has been established based on overall survival36; with analysis using this 

grading system, we observed similar results to analysis with GS (Supplemental Table 1). 

Next, we assessed disease-free survival time, which was measured as the number of years 

post-collection before the cancer was considered recurrent. This endpoint is of particular 

importance because it represents the staining pattern in tissues that will become recurrent, 

rather than biopsies from recurrent tissue, suggesting any expression changes may serve as a 

predictor of recurrence. Representative images show example cores from recurrence that 

occurred within 5 years (DFS<5) and recurrence that occurred more than 5 years (DFS>5) 

after tissue collection, with cell populations pseudo-colored as described above (Figure 5C). 

Here, we saw no change in expression of AR or ARv7 alone between DFS<5 and DFS>5 

years (Figure 5D). Interestingly, we saw a significant decrease in the AR+/ARv7+ population 

(p<0.01) and a significant increase in the AR−/ARv7− population (p<0.05) in DFS<5 

compared to DFS>5 (Figure 5D). These data support the concept that PRCAs that lack 

protein expression of both AR and ARv7 become recurrent earlier than PRCAs that co-

express AR and ARv7. Taken together, these clinical outcomes data suggest that assessing 

AR or its variants alone may not have prognostic value; however, assessing the receptor co-

expression, or lack thereof, may be 1) an indicator of advanced cancer, corroborated by 

higher GS, and 2) a predictor for cancers that will become recurrent.

DISCUSSION

Prostate cancer is known to be driven by androgen signaling, yet the incidence of AR 

expression in PRCA progression and disease recurrence is still controversial. With the 

discovery of AR splice variants, there has been a growing interest in expression patterns of 

full-length AR and its variants in disease progression, and how these receptors, 

independently and together, contribute to adverse clinicopathologic outcomes. To objectively 

quantify AR and ARv7 in human PRCA samples, we used multiplexed IHC to co-stain with 

AR and ARv7 and analyzed expression changes with a machine-learning based software; 

understanding the prevalence and clinicopathologic outcomes associated with changes in 

these receptors’ expression may improve diagnosis and ultimately treatment for men with 

PRCA.

This study is strengthened by the use of techniques and reagents that have only recently 

become available. Technical advances include the use of multiplexed IHC, multispectral 

imaging, and machine-learning software to objectively quantify expression of multiple 

proteins in the same sample (Figure 1). Co-expression studies using immunostaining on 

fixed tissue has historically been difficult; however, this study was able to overcome these 

technical challenges by using an automated multiplexing technique that supports data 

reproducibility30, 32. Moreover, the analysis software used in this study allows the 

segmentation of tissue compartments into epithelium and stroma, and the segmentation of 

the cellular compartments into nuclear and cytoplasmic (Figure 1)23. This is significant 

because the regulatory effects of AR and ARv7 occur in the nucleus and PRCA is primarily 

composed of epithelial cells37. Using this analysis platform, we can focus on 

transcriptionally active epithelial AR at the exclusion of stromal and cytoplasmic AR. 
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Additionally, advancement of reagents include ARv7-specific antibodies, and AR C-terminal 

antibodies that specifically detect the full-length protein but not AR variants. All the 

antibodies used in this study are commercially available and validated by the experiments 

herein, the manufacturers, and in peer-reviewed literature18, 20, 38. With these advancements 

in techniques and reagents, it is possible to 1) objectively quantify receptor expression trends 

in PRCA progression, potentially mitigating interexperimental variability and increase 

reproducibility, 2) specifically assess expression in the tissue/cell compartment of interest to 

increase specificity, and 3) distinguish full-length AR expression from AR variant 

expression to accurately quantify each individually.

Using these techniques and reagents, we founds several interesting expression changes in 

AR and ARv7 in PRCA progression. First, we were able to repeat the previously published 

expression trends for AR and ARv7, where both were increased in METS compared to 

benign (Figure 2)22, 23, 28. This data reproduction serves as a validation for the antibodies 

chosen in this study, and for the efficacy of the techniques. Second, we noted a persistence 

of cells that expressed low or undetectable AR at each stage of PRCA progression, which 

has previously been shown23 (Figure 3). While it is generally accepted that there are cell 

populations within the normal prostate that do not express AR37, this AR-low cell 

population in the later stages of PRCA progression may be of interest in terms of anti-

androgen therapy resistance39. This concept of AR heterogeneity has previously been 

associated with poor outcomes in patient survival, and this study provides evidence that 

these cell populations are present in human PRCA33, 34. Finally, this study showed an 

increase of ARv7 in metastatic PRCA, as expected28. Interestingly, we detected ARv7 

positivity at every stage of PRCA progression, in contrast to others27. This inconsistency 

could be due to differing reagents and/or analysis techniques. Though low in abundance at 

earlier stages of PRCA progression, these ARv7-positive cells may represent a cell 

population that contributes to disease recurrence. Taken together, perhaps the cell 

populations identified in this study that lack AR expression or express ARv7 at earlier stages 

of PRCA progression are intrinsically resistant to AR-targeted therapeutics, and further 

investigation of these populations could provide insight into therapeutically targetable 

proteins or pathways that could reduce disease recurrence.

Another analysis technique that became available with the use of machine-learning based 

software is quantification of AR and ARv7 co-expression (Figure 4). This expression pattern 

is of interest due to the discovery of AR/ARv7 interaction as heterodimers19. Importantly, 

steroid hormone receptor heterodimers have been shown to transcriptionally activate a 

distinct subset of downstream targets, which may affect the efficacy of certain 

therapies20, 40, 41. In this study, we showed AR/ARv7 double positivity increasing in 

metastatic PRCA (Figure 4), suggesting there may be heterodimerization in advanced stages 

of PRCA progression - this interaction could be a topic of interest in future studies. 

Additionally, this analysis technique allowed quantification of the cell population that lacked 

both AR and ARv7. This double negative population could be of importance due to the 

implications of antiandrogen therapy resistance mentioned previously. Our data showed an 

increase in this population in PRCA compared to benign, perhaps suggesting a clonal 

expansion of this population in PRCA progression (Figure 4). To our knowledge, this is the 

first study to quantify AR and ARv7 simultaneously in the same cell through PRCA 
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progression in this manner. Results from this study may offer a better understanding of the 

role of AR and ARv7 in PRCA progression, and how co-expression of these receptors may 

alter the efficacy of AR-targeted therapeutics.

To specifically address the role AR/ARv7 co-expression in the context of patient outcomes, 

we quantified AR and ARv7 expression in PRCA samples with associated patient data 

(Figure 5). These results suggest that analysis of AR and ARv7 expression independently is 

not sufficient to predict Gleason grade or time to recurrence (i.e. disease-free survival). This 

contradicts previous studies, where ARv7 positivity predicts reduced PSA-progression free 

survival17; this inconsistency could be due to different measures of 1) recurrence (PSA-

progression free survival vs. disease-free survival) or 2) ARv7 positivity (mRNA vs. 

protein). Interestingly, in this study, receptor co-expression exhibited significant changes 

with adverse clinical outcomes. The AR+/ARv7+ cell population is significantly decreased 

with increased Gleason grade, while the AR−/ARv7− population is significantly increased 

(Figure 5). This suggests that more aggressive tumors express lower levels of AR and ARv7 

than tumors that are considered less aggressive, perhaps supporting the idea of AR 

heterogeneity and AR-negative clonal expansion as tumors progress42. Additionally, the AR
+/ARv7+ cell population is significantly decreased in tumors that become recurrent in under 

5 years, while the AR−/ARv7− population is significantly increased (Figure 5). This suggests 

the level of AR expression is an indicator of time to recurrence, perhaps due to the 

widespread use of therapies that directly target AR (i.e. bicalutamide, enzalutamide, 

apalutamide)43–45. It is conceivable that under ADT conditions, the AR−/ARv7− population 

would not respond to therapy due to the lack of targetable AR protein. Therefore, it may be 

important to identify therapeutically targetable agents in this AR−/ARv7− population to 

prevent recurrent tumor growth.

The advantages of machine-learning based analysis of immunogenic co-staining are 

multiple; however, there are some potential weaknesses to this emerging technique. First, the 

efficacy of the automated tissue and cell segmentation relies on an algorithm that is created 

from a subset of the cores. While it is unlikely that this subset of cores use for software 

“training” is not a representative sample set, it is possible that the algorithm is not accurate 

in every core in the TMAs. Second, the associations between stage, Gleason score, 

recurrence and protein expression are correlative. Therefore, significant changes in overall 

expression may not be functionally relevant to disease progression or recurrence, and further 

experimentation would be needed to investigate these functional implications. Third, AR 

positivity in this study was assessed using thresholds that were determined based off optical 

density in individual nuclei; because there is no consensus for the expression levels of AR 

necessary for biological activity, these thresholds are subjective and may not represent AR 

activity. Additionally, the staining patterns may have been affected by the fixation, 

sectioning, or staining protocols used for this study (i.e antigenicity of epitopes), which 

should be addressed in future studies. Fourth, normalization of epithelial staining intensity 

for these types of studies is frequently compared to the stromal intensity for the protein of 

interest. However, in the case of AR, it is a well known phenomenon that stromal AR 

expression is decreased in later stages of PRCA progression and in recurrence46–48. These 

trends confound this type of normalization due to the likely exclusion of high grade or 

recurrent PRCAs and metastases because of a reduction in stromal AR, and were not applied 
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in this study. Finally, the TMAs used in this study contain duplicate cores for each patient, 

resulting in an overall sample sizes that range from 22 to 136 patients per group; these 

groups are relatively small, and may not represent the true PRCA patient population or cause 

a bias in the data for the smaller groups. Despite these potential drawbacks, an automated, 

objective approach remains the preferred approach for association studies of this nature.

While a multitude of previous studies have assessed the expression and localization of AR 

and AR variants in PRCA, the results are inconsistent due to technical difficulties and 

subjective analysis. This study is feasible due to 1) the development of validated, 

commercially-available AR full-length and ARv7-specific antibodies, 2) the use of an 

automated IHC platform to allow multiplexing and prevent protocol variability, and 3) 

objective quantification with machine-learning software to reduce inter-observer scoring 

variability and hotspot analysis. Here, we show AR and ARv7 expression changes, both 

independently and together, through PRCA progression with implications in 

clinicopathologic outcomes. A more complete understanding of the role of these receptors in 

PRCA may provide insight into therapeutic techniques to improve patient survival.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. AR and ARv7 in Multiplexed IHC with Cell and Tissue Segmentation
A. Optically isolated full-length AR (AR FL) staining (purple) in PRCA progression.

B. Optically isolated ARv7 staining (brown) in PRCA progression.

C. Optically isolated hematoxylin staining (blue) in PRCA progression.

D. Automated nuclear segmentation (green) in PRCA progression.

E. Automated tissue segmentation (epithelium=red, stroma=green) in PRCA progression.

BENIGN = benign prostatic tissue, n=52; HGPIN = high grade prostatic neoplasia, n=25; 

PRCA = prostate cancer, n=73; METS = metastasis, n=22. IHC image magnification = 20X.
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FIGURE 2. Independent AR and ARv7 Expression in PRCA Progression
A. Representative images of full-length AR (AR FL, purple) with hematoxylin (blue), 

showing nuclear localization at all stages of PRCA progression.

B. Quantification of nuclear epithelial full-length AR (AR FL) in PRCA progression by 

mean optical density (top) and percent positivity (bottom) showed a significant increase in 

AR in PRCA and METS compared to BENIGN (p<0.05, p<0.0001 respectively for mean 

OD; p<0.01 for percent positivity).

C. Representative images of ARv7 (brown) with hematoxylin (blue), showing nuclear 

localization at all stages of PRCA progression.

D. Quantification of nuclear epithelial ARv7 in PRCA progression by mean optical density 

(top) and percent positivity (bottom) showed a significant increase in ARv7 in HGPIN and 
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METS compared to BENIGN (p<0.05, p<0.0001 respectively for mean OD; p<0.01, 

p<0.001 respectively for percent positivity).

Image magnification = 100X with 20X inset.
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FIGURE 3. Inter- and Intra-tumoral Heterogeneity of AR in PRCA Progression
A. Composite images of full-length AR in nuclei of epithelial cells (purple) in PRCA cores 

showed inter-tumoral heterogeneity of AR: AR not detected, low AR, and high AR 

expressing cores.

B. The percentage of cores expressing high AR, low AR, and core where AR was not 

detected were quantified among PRCA cores in the pTMA (n=73) and represented in a pie 

chart. 57.35% express high levels of AR, 27.94% expressed low AR, and 14.71% did not 

have detectable AR.

C. An example PRCA core shows intra-tumoral AR heterogeneity, where AR expression is 

shown in purple. The full core (20X) is shown on the left, and high magnification (100X) 

images are shown on the right. AR expression ranges from high (solid box) to low (dashed 

box).

Vellky et al. Page 17

Prostate. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 4. AR and ARv7 Co-expression in PRCA Progression
A. Prostate composite images show AR+/ARv7− nuclei (red), AR−/ARv7+ nuclei (green), 

AR+/ARv7+ nuclei (yellow), and AR−/ARv7− nuclei (blue) at all stages of PRCA 

progression.

B. Quantification of the AR+/ARv7− population (red) shows a significant increase in PRCA 

compared to BENIGN (p<0.01).

C. Quantification of the AR−/ARv7+ population (green) shows a significant increase in 

METS compared to BENIGN (p<0.001).

D. Quantification of the AR+/ARv7+ population (yellow) shows a significant increase in 

METS compared to BENIGN (p<0.05), and a slight increase in HGPIN compared to 

BENIGN (p=0.07).

E. Prostate composite images show AR−/ARv7− nuclei (blue) shows a significant increase in 

PRCA compared to BENIGN (p<0.05).
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FIGURE 5. AR and ARv7 Co-expression and Clinical Outcomes
A. Prostate composite images show AR+/ARv7− nuclei (red), AR−/ARv7+ nuclei (green), 

AR+/ARv7+ nuclei (yellow), and AR−/ARv7− nuclei (blue) separated by Gleason score 

(GS): GS5–6 n=48, GS7 n=104, GS8–9 n=31).

B. Quantification of the percent positivity of the AR+/ARv7− (red), AR−/ARv7+ (green), AR
+/ARv7+ (yellow), AR−/ARv7− (blue) populations show no significant change with in the 

AR+/ARv7− (red) and AR/ARv7+ (green) populations. The AR+/ARv7+ (yellow) population 

was significantly decreased in GS8–9 compared to GS7 (p<0.05), and trending toward 

significant decrease compared to GS5–6 (p=0.11). The AR−/ARv7− (blue) population was 

significantly increased in GS8–9 compared to GS7 and GS5–6 (p<0.01 for both).

C. Prostate composite images show AR+/ARv7− nuclei (red), AR−/ARv7+ nuclei (green), 

AR+/ARv7+ nuclei (yellow), and AR−/ARv7− nuclei (blue) separated by disease free 

survival greater than 5 years (DFS>5 n=136) or less than 5 years (DFS<5 n=32).
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D. Quantification of the percent positivity of the AR+/ARv7− (red), AR−/ARv7+ (green), AR
+/ARv7+ (yellow), AR−/ARv7− (blue) populations show no significant change with in the 

AR+/ARv7− (red) and AR/ARv7+ (green) populations. The AR+/ARv7+ (yellow) population 

was significantly decreased in DFS<5 compared to DFS>5 (p<0.01). The AR−/ARv7− (blue) 

population was significantly increased in DFS<5 compared to DFS>5 (p<0.05).
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