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ABSTRACT 

 

Acquired resistance to androgen receptor signaling inhibition (ARSI) is a major clinical 

challenge for treating advanced prostate cancer. Both the glucocorticoid receptor (GR) and the 

androgen receptor (AR) splice variant AR-V7 have independently been identified as drivers of 

this phenomenon. Their mechanisms of resistance share many common features, including 

upregulation following ARSI and the ability to bypass AR to regulate canonical AR signaling 

and restore tumor progression. However, despite the similarities no direct relationship between 

the two has been investigated. Here, we report a novel endogenous interaction between GR and 

AR-V7 in prostate cancer cell lines. The interaction is mediated by the conserved D-box motif 

within the DNA-binding domain of each receptor, suggesting heterodimerization. Furthermore, 

the interaction is only observed subsequent to ARSI, occurs primarily within the nucleus, and 

enables GR and AR-V7 to co-occupy the promoter of the canonical AR target gene FKBP5. 

Robust transcriptome analysis reveals that AR-V7 and GR coordinate to drive a unique gene 

expression profile enriched for proliferative and anti-apoptotic signaling pathways. Finally, we 

demonstrate that selective glucocorticoid receptor modulators can effectively disrupt the 

interaction between GR and AR-V7, indicating a potential therapeutic strategy for the subset of 

V7/GR dual-positive patients with very poor prognoses.  
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CHAPTER 1 

INTRODUCTION 

1.1 HISTORICAL PERSPECTIVES OF THE PROSTATE 

The prostate is an exocrine secretory gland of the male reproductive system unique to 

mammals [l]. The earliest historical mention of the prostate can be traced back to the third century 

BC by the Greek physician Herophilus of Chalcedon, who described parastatai adenoneides or 

glandular assistants [2]. Nearly three hundred years later, Galen of Pergamum expanded on 

Herophilus’ work to describe glands which ‘poured a humor into the urinary passages of the male 

to excite the sexual act’ [2]. This limited description of the prostate remained the status quo for 

several centuries, until the Renaissance period in Europe reignited interest in scientific discovery. 

Italian scientist Niccolò Massa re-identified a ‘glandular flesh upon which rests the neck of the 

bladder’ in 1536 and the first illustration of the prostate was subsequently published by Flemish 

scientist Andreas Vesalius in 1538 [3, 4]. The term prostate, derived from Herophilus’ parastatai, 

was formally introduced later in the 16th century [5].  

In humans, the prostate is located in the pelvis, and sits below the bladder surrounding the 

urethra [1]. Pathologist John McNeil divided the prostate into three distinct anatomical zones, each 

with different embryologic origins and unique biological functions. The peripheral zone (PZ), 

made up of duct buds that develop laterally surrounding the distal urethra, accounts for about 70% 

of the glandular tissue in the prostate [6]. The central zone (CZ) makes up another 25% of the 

glandular tissue, and its ducts bud proximally into the ejaculatory ducts [6]. The transition zone 

(TZ) surrounds the proximal urethra and accounts for the remaining 5% of glandular tissue [6]. 

The final component of the prostate is non-glandular anterior fibro-muscular stroma, which forms 
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an apron to shield the glandular components of the prostate [6]. About 70% of prostate cancer (PC) 

arises in the PZ, while another 25-30% originates in the TZ [1]. Less than 5% of cancers are 

observed in the CZ [1]. The concentration of PC in the PZ and TZ can be attributed to their 

embryonic origins in the urogenital sinus [1]. Comparatively, the TZ is derived from Wolffian duct 

ancestry, whose matured organs, notably the seminal vesicles, display very low rates of 

carcinogenesis [1]. 

The human prostate plays several important physiological roles in the maintenance and 

function of the male reproductive program. Secretory prostatic fluids make up between 20-30% 

the total volume of semen and contribute towards maintaining a favorable microenvironment 

necessary for sperm to survive to fertilization [7]. When the prostate contracts to secrete fluids 

during ejaculation, the connection between the bladder and the urethra is also blocked, preventing 

simultaneous urination and ejaculation [8]. The highly innervated prostate has also been suggested 

to contribute to the feeling of ecstasy experienced during orgasm, with prostatic stimulation alone 

being sufficient to achieve orgasm in some men [9]. As part of the male reproductive program, the 

prostate requires androgens to maintain full development and functionality [10]. Loss of the ability 

to properly regulate androgen signaling in the prostate is a hallmark of prostate disease, including 

cancer [1] 

 English physician J. Adams documented the first case of PC established by histology at 

The London Hospital in 1853 [11]. However, in subsequent decades PC incidence was sporadic 

and rare [12]. Around the turn of the century, novel surgical techniques allowed for easier tissue 

sample collection and histological analysis. This development significantly increased the 

incidence of PC and consequently the demand for therapy [11]. In 1904, Hugh Hampton Young 

pioneered the first radical perineal prostatectomy, a revolutionary surgery that would become the 
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standard surgical procedure for over 40 years [13]. Four decades later, Irish surgeon Terrence 

Millin introduced an improved method of prostatectomy, the retropubic approach for prostate 

enucleation, which became the standard of care for the following 40 years [13]. However, despite 

the known benefits of surgery, many patients during this time refused operations because in most 

instances the procedure would result in impotence, necessitating alternative forms of therapy [13].  

 Eight years before Young performed the first radical peritoneal prostatectomy, German 

physicist Wilhelm Conrad Roentgen made the remarkable discovery of X-rays in 1896 [14]. Two 

years later, Marie Curie and colleagues had described the radioactive properties of radium [14]. 

Within a decade, radiation therapy was being trialed as a potential cancer therapeutic and both 

Roentgen and Curie would be awarded Nobel prizes for revolutionizing the field of oncology [14]. 

Early prostate radiotherapy consisted of the introduction of radium sources into the urethra or 

rectum [15]. Eventually, techniques evolved to deliver radium via needles directly to the prostate 

gland via the peritoneum [16]. While these approaches demonstrated variable efficacy in reducing 

tumor burden, they would frequently come at great discomfort to the patient, again highlighting 

the need for better therapeutic strategies in the 20th century and beyond [16].  

 The link between androgens and the prostate was first considered by surgeon John Hunter 

in 1786, when he observed seasonal changes to the size of the testicles and prostates in deer, mice, 

and moles [17]. In subsequent experiments with castration, Hunter established a direct connection 

between the testes and secondary sex organs [17]. However, it wasn’t for another 100 years, when 

PC incidence began to rise, that Hunter’s work was revisited. In 1893, Philadelphia surgeon W. 

White became the first to advocate for castration as a treatment for urinary obstruction disorders, 

after he observed atrophy in the glandular tissue of the dog prostate following castration [11]. Over 

several years of castrating patients, White generated mixed results, with some procedures resulting 
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in significant atrophy of the prostate and others having little effect [11]. Along similar lines, Robert 

Moore and Allister McLellan experimented injecting patients with estrogen and similarly observed 

atrophy of the prostate [18]. In 1938, husband and wife Ethel and Alexander Gutman detected 

increased serum acid-phosphatase levels in patients with metastatic prostate cancer (mPC) [19]. 

These landmark discoveries would provide a foundation for Charles’ Huggins landmark Nobel 

Prize winning work.   

  Huggins utilized the levels of the serum acid-phosphatases observed by Gutman and 

Gutman as a proxy to measure hormonal activity [20]. He then demonstrated either castration or 

the administration of estrogen caused glandular atrophy and decreases in serum acid-phosphatases 

[20]. Furthermore, Huggins established that this effect could be reversed by re-administering 

androgens [20]. In 1941, Huggins published his seminal work demonstrating the therapeutic 

benefit of castration or estrogen administration in patients with PC [21]. This discovery established 

androgen receptor signaling inhibition (ARSI) as the foundation for all PC treatment in the 20th 

century and beyond.  

1.2 PROSTATE CANCER INCIDENCE AND RISK 

 PC is the most common cancer diagnosis among men worldwide and ranks in the top five 

of all cancers for both incidence and mortality [22]. An estimated 1.5 million men are diagnosed 

with PC annually, with roughly 375,000 individuals succumbing to the disease each year [22]. In 

2021, PC was responsible for 7.3% of all cancers and 3.8% of all cancer death worldwide [23]. As 

populations continue to grow and age, the global burden of PC is projected to reach 1.7 million 

cases and 500,000 deaths by 2030 [24]. In the United States, PC is the most commonly diagnosed 

cancer and second leading cause of cancer death among men, with an estimated 268,490 new cases 
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diagnosed and 34,500 deaths expected in 2022 [25]. The American Cancer society estimates 1 in 

8 American men will be diagnosed with PC in their lifetime [25].   

PC is notable for its striking geographical variation in both cases and fatalities, with 

incidence rates varying up to 30-fold between selected registries and mortality rates varying up to 

18-fold [26]. Despite holding less than 20% of the global population, developed nations (Europe, 

North America, Australia, New Zealand, Japan) account for 72% of new PC cases and 53% of PC 

death [27]. While much of this discrepancy is attributed to better access to healthcare and more 

intensive screening strategies in developed countries, particular demographic groups remain at risk 

[26]. Men of African descent are particularly vulnerable to PC, with the highest mortality rates 

observed in Afro-Caribbean, sub-Saharan African, and African American populations [26]. Just 

within the United States, African American men die of PC at more than double the rate of their 

white counterparts [28]. At the other end of the spectrum, men with Asian or North African 

ancestry experience the lowest rates of PC incidence and mortality, particularly those still living 

in their native countries [26].  

Age is the risk factor most strongly associated with PC [25]. While PC is rarely diagnosed 

in men under 40, the chance of having PC begins rising rapidly beginning after the age of 50 [25]. 

Roughly 6 in 10 cases of PC occur in patients over the age of 65 and the average age of PC 

diagnosis is 66 [25]. Like in many other cancers, diet and exercise are also strong risk factors for 

PC. Individuals with high fat diets, particularly polyunsaturated fats, experienced higher rates of 

PC incidence and mortality [29]. Conversely, men that reported exercising regularly demonstrated 

significantly reduced rates of PC incidence and mortality [30]. Consistent with this, the 

administration of statins, a lipid-lowering class of drugs, has consistently shown an inverse 

relationship with PC progression [31]. Excessive consumption of alcohol, tobacco, and dairy 
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products has been associated with increased risk for PC, while consumption of coffee, tomatoes, 

and fish has been associated with decreased risk; however, these effects are less robustly observed 

[29]. PC also has a strong familial component, with the highest reported heritability among major 

cancers [32]. Studies performed in twins estimate that 57% of variation in risk can be attributed to 

genetic factors [32]. 

Several recurring non-hereditary genetic abnormalities have been observed in PC [33]. 

Androgen signaling plays a crucial role in regulating prostate growth and the majority of primary 

and metastatic PCs harbor abnormalities in this pathway, including AR amplification, gain of 

function mutations, and the expression of splice variants [33]. Many tumors also display elevated 

levels of AR coactivators or decreased levels of AR corepressors [33]. Aberrations to the master 

regulator p53 are observed in over half of all mPC [33]. One frequent genomic alteration observed 

in PC involves the fusion of an androgen-regulated promoter to a member of the highly oncogenic 

ETS family of transcription factors, exemplified by the TMPRSS2:ERG fusion found in ~50% of 

all primary PCs [33,34]. Coupling ERG expression to AR signaling causes ERG overexpression, 

which is sufficient for oncogenic transformation in epithelial cells [35]. The PI3K kinase pathway 

is an upstream regulator of AR, and dysregulation of this pathway is frequently seen in PC where 

PTEN loss is observed in nearly 40% of tumors [33].  

1.3 CONTEMPORARY PROSTATE CANCER THERAPIES 

 Early detection of PC is essential for efficient therapeutic interventions. The digital rectal 

exam has historically been used to physically detect the presence of cancer in the PZ of the prostate 

[36].  In 1987, Stamey and colleagues published a landmark study analyzing 2200 serum samples 

from 699 patients, 378 of whom had PC and 321 who did not. They found that the level of prostate 

specific antigen (PSA) was proportional to the estimated size of tumors and correlated with 
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pathological stage of PC [37]. Furthermore, it was demonstrated that PSA was undetectable 

following radical prostatectomy [37]. Four years later Catalona and colleagues successfully trialed 

PSA as a marker to screen for PC, establishing a standard assay for PC screening still used today 

[38]; however, the implementation of PSA screening at the population level has been somewhat 

controversial. The 4ng/mL cutoff used clinically only has a calculated sensitivity of 78.7% and 

calculated specificity of 59.2% [39]. Adjusting the threshold to 5ng/mL raises the specificity to 

95%, however the sensitivity drops to only 33%, inadequate for population level screening [39]. 

Opponents of PSA screening at 4ng/mL point to the overdiagnosis and overtreatment associated 

with the significant number of false positives while proponents of PSA testing will point to the 

significant reduction in overall PC mortality following its introduction [40]. Implementation of 

PSA screening has reduced the mean age of diagnosis by nearly 6 years in the United States and 

shifted pathologic staging towards fewer men being diagnosed with advanced disease [40]. 

Importantly, PSA testing alone is insufficient to diagnose PC.  

 If a physician suspects a patient has PC, the most common diagnostic method is through 

biopsy [41]. Transrectal ultrasound imaging is used to identify areas of the vulnerable prostate to 

PC and several core needle biopsies are acquired [42]. Samples are then sent to a pathologist to be 

assigned a Gleason score, a methodology for grading tumors unique to PC [43]. Gleason scoring 

relies on five distinct states of PC as they transform from normal cells to tumor cells. The two 

patterns most predominantly observed in each biopsy are identified and added together to achieve 

the Gleason score. While Gleason scores theoretically range from 2-10, a Gleason score of 6 is 

associated with the lowest grade of PC [43]. Gleason 7 scores are considered intermediate grade, 

although Gleason 4+3 tumors display more aggressive phenotypes than Gleason 3+4 tumors [43].  
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Receiving a Gleason score of 8 or above is indicative of high-grade disease and poor prognosis 

[43].  

 Therapeutic intervention for treating PC varies considerably on a patient-to-patient basis 

[41]. Patients that present with localized disease, accounting for roughly three quarters of clinical 

cases, have a 5-year survival rate of nearly 100% [25]. For these individuals, surgery and radiation 

are the primary treatment option [41]. Some asymptomatic patients with indolent tumors do not 

require any treatment at all, with certain individuals instead opting for active surveillance and 

watchful waiting to determine if the tumor grows to a level that requires medical intervention in 

the future [44]. Unfortunately, more aggressive therapeutic strategies are required for patients with 

advanced PC, as the 5-year survival rate for this group drops to only 28% [25].  

 Following Huggins’ revolutionary discoveries in the mid-20th century, androgen 

deprivation therapy (ADT) emerged as the treatment of choice for PC [11]. The first line of therapy 

for patients with advanced PC is typically castration, either surgical or chemical, to reduce 

systemic androgen levels in the body [41]. Historically, circulating levels of androgens in the 

bloodstream have been used to assess the efficacy of castration, with target testosterone levels 

below 50ng/dL [45]. Surgical castration is achieved through bilateral orchiectomy, removing the 

testes where Leydig cells produce about 90% of circulating androgens in the body [46]. Huggins 

first demonstrated the efficacy of surgical castration reducing disease burden in 1941, and it 

quickly became the standard of care [21]. Building on Huggins’ success with surgical castration, 

other groups investigated alternative mechanisms of androgen deprivation that avoid the 

disfiguration associated with surgery. Chemical castration was pioneered by Polish 

endocrinologist Andrew Schally, who synthesized and characterized the hypothalamic luteinizing 

hormone (LH)-releasing hormone (LHRH) in 1971 [47]. Hypothalamic release of LHRH 
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stimulates the production and release of LH in gonadotropic cells of the pituitary gland, and LH 

binds receptors on the testes to stimulate androgen synthesis [47]. Schally was able to manipulate 

this system with synthetic agonists and antagonists of LHRH and observed that prolonged 

exposure to these molecules initiated a negative feedback loop that lowered the concentration of 

androgens in the body to castrate levels [47]. By 1977, Schally had earned a Nobel Prize in 

Physiology and Medicine and chemical castration was prevalent in hospitals across the country 

[11]. Several subsequent studies comparing the effectiveness of surgical castration to chemical 

castration did not find meaningful differences [48]. Castration prolongs overall survival, produces 

an objective response in metastatic lesions, relieves associated pain, and suppresses PSA levels in 

roughly 80% of patients [41]. While tumors exhibit a dramatic response initially, resistance is 

inevitable as residual androgens in the body drive disease progression [49].  

 Castration-resistant prostate cancer (CRPC) is the lethal form of the disease, and 

progression to this stage is considered terminal [41]. Interestingly, tumors at this stage typically 

are still driven by residual androgen signaling and remain responsive to compounds targeting the 

androgen receptor (AR) [49]. In 1989, the FDA approved flutamide the first non-steroidal 

antiandrogen, followed by nilutamide in 1996 and bicalutamide in 2008 [50,51,52]. These first-

generation antiandrogens selectively compete to bind AR and effectively prevent nuclear 

translocation [53]. However, a major shortcoming of these compounds is that when AR is present 

at sufficiently high levels, there is a switch from antagonist to agonist, rendering them ineffective 

in many patients and leading to the development of second-generation antiandrogens [54].  

 Enzalutamide (enz) is a second-generation antiandrogen approved by the FDA for use in 

PC in 2012. Like its predecessors, enz is non-steroidal and directly targets the AR ligand-binding 

domain (LBD) as a selective competitor [55]. However, in addition to preventing nuclear 
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translocation, enz also impairs the ability of AR to bind DNA and recruit coactivators [55]. The 

first major phase III clinical trial to demonstrate the efficacy of enz was the 2012 AFFIRM study, 

utilizing a cohort of patients with metastatic CRPC (mCRPC) previously treated with 

chemotherapy [56]. This was followed by the 2014 PREVAIL trial in a cohort chemotherapy-naïve 

patients with mCRPC [57]. Finally, the 2018 PROSPER study examined enz in a cohort of patients 

with non-metastatic CRPC [58]. In each trial, enz significantly prolonged progression free survival 

and overall survival among other benefits. The success of enz led to the development of two new 

non-steroidal antiandrogens approved by the FDA in 2019 for treating non-metastatic CRPC: 

darolutamide and apalutamide [59]. In two major studies, ARAMIS (darolutamide) and 

SPARTAN (apalutamide), these compounds were able to delay median time for metastasis-free 

survival from 16 months to around 40 months compared to placebo [60,61]. Network meta-

analysis suggests apalutamide and enz are superior to darolutamide in achieving metastasis-free 

response and PSA progression free survival [59]. However, darolutamide was posited to be the 

safest with the fewest number of adverse effects [59].  

The second-generation antiandrogen abiraterone (abi) first received FDA approval in 2011. 

Unlike its counterparts, abi does not directly target the AR LBD [62]. Instead, abi irreversibly 

inhibits CYP17A1, a critical enzyme in androgen biosynthesis that is expressed in testicular, 

adrenal, and prostatic tissues [62]. CYP17A1 levels are on average over 10-fold higher in CRPC 

metastases compared to primary tumors and allow PC cells to locally synthesize their own 

androgens for maintaining growth [63]. Treatment with abi lowers testosterone levels up to 90% 

relative to castrate levels, creating an androgen-depleted microenvironment for tumors to grow in 

[64]. Importantly, abi also inhibits a critical step in glucocorticoid (GC) biosynthesis and is 

administered in combination with prednisone as means of glucocorticoid replacement [64].  
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Several alternative strategies for targeting AR signaling are currently being studied. 

Following the clinical success of the selective estrogen receptor modulator tamoxifen for treating 

breast cancer, researchers began investigating whether similar selective AR modulators (SARMs) 

could be viable for treating PC. The notable characteristic of SARMs is their tissue specificity, 

inducing different responses dependent on which tissue of the body it is acting [65]. SARM 

development was pursued by several pharmaceutical companies in the late 1990s and early 2000s, 

and several lead compounds demonstrated potent tissue-selectivity and anabolic activity [65]. 

However, these compounds failed to advance through clinical trials either due to toxicity or lack 

of efficacy [65]. Another class of drugs, selective AR degraders (SARDs), utilize various 

mechanisms to designate AR for proteolysis, thus preventing its oncogenic transcriptional activity 

[66]. The steroidal antiandrogen galeterone is able to bind the AR LBD directly to induce 

degradation [67]. A more precise approach involves the use of proteolysis-targeting chimeras 

(PROTACs) [68]. These heterobifunctional small molecules consist of a central linker connecting 

two “warheads”, one of which targets the AR LBD while the other recruits E3 ubiquitin ligase, 

allowing for efficient destruction of AR via the proteasome [68]. Preclinical studies with SARDs 

demonstrate strong anti-tumor activity [69,70]. However, these compounds have failed in phase 

III clinical trials due to poor bioavailability [66]. A less conventional approach has been to target 

dimerization to prevent AR transcriptional activity. AR dimerization is mediated by a highly 

conserved D-box motif within the DNA-binding domain (DBD), and small molecules disrupting 

this interaction show strong antineoplastic activity [71]. This target is of particular importance 

because it is unaffected by traditional mechanisms of cross-resistance that affect antiandrogens.  

Pure antiandrogen therapy alone has consistently been found inferior to castration in terms 

of overall and progression-free survival [41]. However, combining multiple methods of AR 
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inhibition has emerged as a viable therapeutic strategy [11]. This approach was first pioneered by 

Ferdinand Labrie and colleagues in the 1980s, examining the effects of an LHRH agonist in 

combination with an antiandrogen [11]. In 1989, a landmark trial of leuprolide in combination 

with flutamide resulted in a slightly longer progression-free survival, inspiring a wave of additional 

trials [72]. However, a meta-analysis of 22 subsequent trials using a first-generation antiandrogen 

in combination with an LHRH agonist concluded combination therapy did not provide significant 

survival benefit [73]. Combination therapy with second-generation anti-androgens has been more 

promising. In patients with hormone-sensitive PC, the ENZAMET and ARCHES trials indicated 

up front enz treatment in combination with castration significantly increased overall survival and 

progression free survival [75,76]. Similarly, results from the LATITUDE study found increased 

overall survival in a similar cohort of men with hormone-sensitive PC who received abi in 

combination with castration [76]. Unsurprisingly, cross-resistance between antiandrogens is 

frequently observed, as exposure to one compromises the effectiveness of others, with tumors 

developing general mechanisms of resistance [77].  Interestingly, the sequence particular 

antiandrogens are administered can impact their efficacy, with emerging data suggesting the use 

of abi before enz is associated with better progression free survival and PSA response rates [78].  

Acquired resistance to ARSI is a major clinical challenge for the treatment of advanced PC 

and few treatment options exist for patients whose tumors progress to a hormone-naïve stage [41]. 

Docetaxel, a chemotherapeutic agent that inhibits microtubule synthesis to impair cell division, 

was the first drug to prolong life in men with mCRPC and has been considered the standard of care 

for late-stage disease since 2004 [79]. For the small subset of patients with tumors bearing 

mutations to DNA repair genes, such as BRCA1/2 or ATM, treatment with PARP inhibitors 

extends progression-free survival compared to standard therapy alone [80]. While DNA-damaging 
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chemotherapeutic agents like cis-platin and carboplatin alone have not shown significant benefit 

in large scale clinical trials, there is emerging evidence that they can be effective for treating 

patients with impaired DNA repair function [81]. PC is considered to be an immune “cold” 

malignancy, with minimal immune infiltration observed into the tumor microenvironment [82]. 

Additionally, the mutational burden of PC is relatively low [83]. These have been posited as 

reasons for conventional checkpoint immunotherapies failing to display significant benefit in 

clinical trials [84]. In fact, the only immunotherapeutic to date that demonstrates a survival benefit 

among men with mCRPC is the cancer vaccine sipuleucel-T, consisting of autologous peripheral-

blood mononuclear cells that are activated ex vivo with a recombinant fusion protein, which 

conferred modest improvement in median survival during the IMPACT trial [85]. Novel 

therapeutic targets in PC are continuously investigated, and promising candidates include 

bromodomain inhibitors, EZH2 inhibitors, and ferroptosis inducers [86]. Ultimately, the time to 

death following progression to hormone-naïve PC is short, highlighting the importance of 

managing resistance to ARSI [86].  

1.4 NUCLEAR HORMONE RECEPTOR BIOLOGY 

Understanding nuclear hormone receptor biology is crucial for understanding resistance to 

ARSI. Hormone receptors are members of the steroid receptor subgroup 3 of the nuclear receptor 

superfamily (NR3) [87]. Within this subgroup, 3-ketosteroid receptors are classified as part of the 

NR3C family [87]. These receptors include the glucocorticoid receptor (GR; NR3C1), 

mineralocorticoid receptor (MR; NR3C2), progesterone receptor (PR; NR3C3), and androgen 

receptor (AR; NR3C4) [87]. Hormone receptors sense lipid metabolites in the cellular 

microenvironment to drive differential gene expression resulting in distinct phenotypes [88]. In 

the absence of ligand, AR and GR primarily reside in the cytoplasm where they are sequestered, 
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bound to heat shock proteins and other chaperones [89]. Ligand-binding induces a conformational 

change in the receptor that releases the receptor from its inhibitory complex allowing for nuclear 

translocation [90]. In the nucleus, NR3C-family receptor homodimers bind specific inverted 

palindromic repeat sequences called hormone response elements and recruit cofactors to either 

activate or repress specific gene targets [91]. Between ligand-dependent transcription and a large 

number of associated coactivators and corepressors, NR3C-family receptors are able to coordinate 

a massive range of cellular responses dependent on specific conditions in the local 

microenvironment [90].  

The architecture of NR3C-family receptors is modestly conserved and split into five 

domains from A to E [90]. A/B domains compose the highly variable N-terminal transactivating 

domain (NTD), which is the target for most post-translational modifications and contains the AF-

1 region responsible for interacting with most coregulators [90]. The C domain is the most 

conserved domain across NR3C-family receptors and contains the DBD [90]. Two subdomains 

exist within the DBD, each with four cysteine residues coordinating around a zinc ion in a zinc 

finger motif [90]. The first subdomain, proximal to DNA and naturally referred to as the proximal 

box or P-box, contains the DNA-reading helix, which interacts with the major groove to make 

base-specific interactions with the DNA [88]. The second subdomain, the distal box or D-box, 

makes non-specific contacts with the DNA backbone and contains residues essential for receptor 

dimerization [88]. The D domain comprises the hinge region, a short flexible linker between the 

DBD and LBD that contains a nuclear localization signal. Finally, the E domain comprises the 

LBD, a complex allosteric signaling domain that can bind ligands as well as coregulatory proteins. 

Generally, twelve alpha-helices and four beta-strands fold into three parallel layers that form an 

alpha-helical sandwich creating a hydrophobic pocket at the base of the receptor for ligands to 
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bind [90]. Importantly, other motifs within the LBD are essential for dimerization and help 

discriminate between different members of the NR3C-family to ensure homodimerization [90].  

The primary ligands for AR are the steroid hormones testosterone and dihydrotestosterone, 

the latter having nearly 3-fold higher affinity for the AR LBD compared to the former [1]. Found 

on the X-Chromosome (q11-12), eight exons compose the 110kDa full-length androgen receptor 

(AR-FL). Exon 1 encodes the NTD, exons 2-3 encode the DBD, exon 4 encodes the hinge region, 

and exons 5-8 encode the LBD [92]. In the prostate, AR expression is tightly regulated by a 

negative feedback loop, and ARSI results in an upregulation of AR expression [93]. Excessive 

levels of AR transcript can overload cellular splicing machinery resulting in the expression of 

several AR splice variants [94]. To date, at least 22 AR splice variants have been described, and 

all but one involves truncations to the C-terminal LBD [94]. In some cases, variants arise from 

exon 3 splicing to cryptic exons located in AR intron 3 [95]. Because the expression of AR splice 

variants is tied to irregular AR transcription, AR splice variants are commonly found in PC [33]. 

However, the biological prevalence and impact of splice variants varies considerably [94].  

The most pervasive and well-studied AR splice variant is AR-V7. It was first detected by 

Clifford Tepper in 2002, and functionally characterized by Scott Dehm in 2008 [96,97]. Made up 

of exons 1-3 spliced to cryptic exon 3, AR-V7 loses its LBD but retains a functional N-terminal 

trans-activating domain and DBD [97]. Notably, despite lacking the canonical nuclear localization 

sequence found in the AR hinge region, AR-V7 is able to localize to the nucleus and confer 

constitutive androgen-independent transcriptional activity [97,98,99].  Like other NR3C-family 

receptors, dimerization is a requirement for AR-V7 function [100]. However, AR-V7 has 

demonstrated the unique ability to homodimerize as well as heterodimerize with AR-FL in a 

canonical D-box dependent manner [100]. 
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GR, found in most tissues in the body, is the most ubiquitous of the NR3C-family receptors 

[101]. GR has pleiotropic effects dependent on the cell type it is activated in, and regulates a broad 

spectrum of genes controlling development, metabolism, and the inflammatory response [101]. 

Two alternatively spliced isoforms of GR have been identified: the classic GR-alpha isoform 

responsible for mediating most known activity of GCs and the focus of study in this work, and the 

GR-beta isoform whose slightly altered LBD severely impedes its ability to bind GCs [101]. 

Several mechanisms for fine-tuning GR responses have been identified beyond ligand control, 

including post-translational modifications, variable cofactor recruitment, and an additional AF-2 

region for interacting with cofactors in the LBD [101]. GR has been identified as a pioneer factor, 

capable of interacting with the SWI/SNF complex to remodel the global chromatin landscape in 

cells [102].  

1.5 THERAPEUTIC RESISTANCE IN PROSTATE CANCER 

 The clinical benefits of ADT revolutionized the treatment of advanced PC [11]. However, 

these treatments are still considered palliative, as tumors develop a variety of strategies to evade 

ARSI. Roughly 10% of patients with advanced PC present with de novo resistance to first line 

ADT [41]. These tumors tend to be more androgen-independent, and a subset are characterized by 

their lineage plasticity towards a distinct neuroendocrine phenotype [103]. Neuroendocrine 

prostate cancer (NEPC) characteristically lacks normal markers of the luminal prostate, bear 

genetic aberrations to the tumor suppressors p53 and RB, and contain amplification of the MYCN 

oncogene [103]. While only 1% of primary PCs exhibit a NEPC characteristics when diagnosed 

by biopsy, the neuroendocrine phenotype is observed in nearly a quarter of mCRPC [104]. 

Interestingly, the PC specific TMPRSS2-ERG fusion gene is detected in NEPC roughly the same 

rate as overall PC, suggesting NEPC is still clonally derived from canonical PC [103]. Moreover, 
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these observations suggest that lineage plasticity to a neuroendocrine phenotype is likely a 

conserved mechanism for tumors to acquire resistance to ARSI. The precise molecular 

mechanisms facilitating this transition remain poorly understood and continue to be the subject of 

intense investigation.   

  The majority of mechanisms of resistance to ARSI can be characterized by a singular 

defining feature, the restoration of canonical AR signaling [105]. For most of the 20th century, AR 

was generally considered dispensable in PC; CRPC was thought to naturally exist in an androgen-

independent state and therapeutic strategies were implemented accordingly [105]. In 1983, the 

LNCaP model of human prostatic carcinoma was established for laboratory research purposes 

[106]. Characterization of AR in this cell line exposed a T878A point mutation in the AR LBD 

[107]. Further studies in LNCaP cells revealed this mutation allowed other steroid hormones to 

promiscuously bind AR and drive canonical AR signaling and growth [108]. In 1993, this mutation 

was detected clinically in mPC, but not patient-matched primary samples, suggesting tumors 

developed an adaptive mutation to confer anti-androgen resistance [109]. Additional evidence of 

an essential role for AR in CRPC growth was reported in 1995, when genomic amplification of 

AR was observed in 30% patients with CRPC but not in patient-matched tumor samples prior to 

first line ADT [110]. Transcriptomic analysis revealed elevated levels of AR and associated 

cofactors were sufficient to restore androgen signaling to normal despite castrate-level ligand 

[111]. In isogenic xenograft models, elevated AR mRNA was the only notable difference between 

castrate-sensitive and castrate-resistant cells [112].  

By the turn of the century, the importance of AR signaling in CRPC had been definitively 

established, unleashing a wave of investigation to identify novel mechanisms of resistance. Several 

next-generation sequencing studies examining the mutational landscape in PC have found multiple 
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recurring point mutations in the AR LBD associated with CRPC, notably A878T, F877L, W742C, 

and L720H [33, 113, 114]. Mutations to these residues expand the catalog of ligands able to bind 

AR, and cause antiandrogens to undergo an antagonist-to-agonist switch that drives tumor 

progression [115, 116]. While relatively rare, recurring mutations in other domains of AR have 

been observed [86]. D221H and G142V point mutations in the AR NTD sensitize AR to castrate-

levels of ligand [117]. The E255K mutation prevents AR degradation by the proteasome causing 

increased levels of AR protein expression [118]. Within the DBD, the T575A mutation promotes 

non-specific DNA binding and alters the AR cistrome [119]. Recurring AR mutations have been 

used as predictive markers of disease and therapeutic response, as well as novel targets for 

therapeutic design [105]. 

Intratumoral androgen biosynthesis can also contribute towards therapeutic resistance. 

While castration reduces the concentration of systemic androgens up to 90%, the concentration of 

localized intraprostatic androgens in CRPC can remain at pre-castrate levels [120]. Intratumoral 

steroidogenesis can be mediated by the conversion of adrenal androgens to DHT, with CRPC 

tumors frequently displaying elevated levels of critical enzymes for steroid biosynthesis [121]. 

Alternatively, this can be achieved through a de novo androgen biosynthesis backdoor synthetic 

pathway [122]. Importantly, CYP17A1 is involved in each androgen biosynthesis pathway. The 

identification of intratumoral androgen synthesis as a driver of CRPC progression was the catalyst 

for developing CYP17A1 inhibitors to treat PC, culminating in the success of abi [123].  

   Not all mechanisms of resistance that restore androgen signaling require androgens. 

CRPC is frequently characterized by the presence of constitutively active AR splice variants, 

exemplified by AR-V7 [94]. Several pre-clinical studies of AR-V7 demonstrate its abilities to 

promote prostate growth in vitro and in vivo [98, 124, 125, 126, 127]. Further experiments found 
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that AR-V7 confers resistance to enz and can bring AR into the nucleus to bind chromatin in the 

absence of ligand [125]. While AR-V7 is able to regulate several canonical AR genes, it also 

regulates a unique set of genes particularly enriched for cell cycle functions [128]. AR-V7 

additionally represses several tumor suppressors whose absence contributes to tumor progression 

[129]. The AR-V7 cistrome is governed by HoxB13, which collaborates with AR-V7 to upregulate 

target oncogenes [130,131]. AR-V7 can bind DNA as a homodimer or as a heterodimer with AR-

FL, and unique binding sites have been identified dependent on the manner of dimerization 

[125,129,130,131,132,133]. The lack of an LBD inherently renders AR-V7 unaffected by all 

current FDA-approved antiandrogen therapies [94]. Several studies have demonstrated the clinical 

value of AR-V7. The 2014 PROPHECY trial, investigating the relationship between AR-V7 and 

current antiandrogen therapies, found detection of AR-V7 mRNA in circulating tumor cells 

(CTCs) predicted a lack of response to abi and enz [134]. It was further concluded that higher 

levels of AR-V7 CTC mRNA correlate with shorter times to treatment failure [135]. These studies 

established AR-V7 as a key clinical biomarker to predict responses and inform treatments that 

optimize patient responses [94]. 

 Another androgen-independent mechanism of resistance to ARSI is mediated by the GR. 

The role of GR in PC is complex, and dependent on the activation state of AR [136]. When ligand-

induced AR signaling is active, GR expression is repressed, and activation of GR with GCs has a 

growth-inhibitory effect [137,138]. Evidence of an alternative role for GR in PC was first 

described by Russell Szmulewitz, who observed elevated levels of GR in tumors following 

androgen deprivation [139]. Szmulewitz and others later reported a specific mechanism through 

which GR is reversibly upregulated following ARSI [140,141]. GR shares high homology with 

AR, particularly within the DBD, and is able to bypass AR to recognize and bind shared AR/GR 
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elements in the genome [140,141]. GR regulates several canonical AR target genes, as well as 

unique genes, that contribute to maintenance of the resistant phenotype [140,141,142]. Treatment 

with the GR antagonist mifepristone inhibited CRPC growth in pre-clinical models [143,144]. 

Clinically, there is significantly higher GR expression in CRPC compared to primary tumors, and 

elevated GR expression correlates with shorter progression free survival [145].  

 Mechanisms of resistance to ARSI have emerged as promising therapeutic targets for 

treating CRPC [105]. Early trials of GR antagonism with mifepristone in CRPC showed minimal 

efficacy, attributed to the high affinity of mifepristone for AR and PR as well as GR, and its weak 

AR agonist activity [146]. This failure necessitated the development of more specific GR 

antagonists without cross reactivity known as selective glucocorticoid receptor modulators 

(SGRMs) [146]. These non-steroidal highly specific ligands demonstrate potent inhibition of GR 

signaling in the prostate and inhibit CRPC progression in preclinical models [147]. Notably, 

SGRMs demonstrated stronger efficacy in xenograft models expressing higher levels of GR [147]. 

The success of SGRMs in preclinical models has resulted in two SGRMs, Relacorilant and 

CORT125281, progressing into clinical trials in patients (NCT03674814, NCT03437941). 
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CHAPTER 2 

MATERIALS AND METHODS 

2.1 Cell Lines and Reagents 

2.1.1 Cell Lines and Media 

The 22RV1 and HEK293T cell lines were generous gifts from Dr. John Isaacs (Johns 

Hopkins University) and Dr. Donald Vander Griend (University of Illinois Chicago) respectively. 

The VCaP cell line was purchased from the American Type Tissue Culture (ATCC). All cell lines 

were routinely authenticated using short tandem repeat profiling at the University of Arizona and 

tested for mycoplasma contamination using the ATCC Universal Mycoplasma Detection Kit 

(ATCC). 22RV1 cells were grown in RPMI-1640 (Gibco) supplemented with 2mM L-glutamine, 

1% Penicillin/Streptomycin (Corning) and 10% FBS (Atlanta Biologicals). VCaP and HEK293 

cells were grown in DMEM (Gibco) supplemented with 2mM L-glutamine, 1% 

Penicillin/Streptomycin (Corning) and 10% FBS (ATCC).  

2.1.2 Derivative Cell Lines 

 In order to control AR-V7 expression, a lentiviral system was utilized to deliver shRNA 

into cells for stable integration in the genome and inducible expression with doxycycline treatment. 

HEK293T cells were plated in normal media for 24 hours then treated with transfection media 

(8mL Optimem, 54µL Mirus TransIT-2020 reagent, 15µg pLKO shAR-V7 or shCtrl plasmid, 

10µg pspax2 plasmid, 10µg apmd2.g plasmid) overnight. After 24 hours, transfection media was 

removed, and full media was added to each plate. After 72 hours media containing lentivirus is 

removed, filtered, centrifuged, and resuspended in standard media for the cell type destined for 

infection. Parental cells are plated and treated with virus-containing media with 5µg/mL 
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polybrene. Virus-containing media is changed every 24 hours for 3 days with fresh polybrene 

added each time. After three days viral media is removed, cells are washed, and antibiotic selection 

is initiated. The following cell line derivatives were generated: 22RV1 shV7, 22RV1 shCtrl, 

22RV1 nGFP, 22RV1 shV7 nGFP, 22RV1 shCtrl GFP, VCaP shV7, VCaP shCtrl. 

2.1.3 Cell Culture 

22RV1 cells were passaged in standard media upon 80% confluency at a 1:5 dilution. VCaP 

cells were passaged in standard media upon 80% confluency at a 1:3 dilution. HEK293T cells 

were passaged in standard media upon 80% confluency at a 1:10 dilution. Derivative cell lines 

were maintained using the same strategies as their parental cell lines, with the notable exception 

of undergoing antibiotic selection every other passage. Induction of shRNA in derivative cell lines 

was achieved by 96-hour pretreatment with media containing 3µg/mL doxycycline before initial 

plating. For experiments, cells were plated in standard media and incubated overnight at 37°C. 

After 24 hours, cells were washed with PBS (Hyclone), and placed in media containing 10% 

charcoal stripped FBS (Atlanta Biologicals). The following compounds were added to media as 

specified: 3.5nM R1881 (Sigma Aldrich), 10μM enzalutamide (Selleck Chemicals), 100nM 

dexamethasone (MP Biomedicals), 10μM CORT125134 (Corcept Therapeutics). Cells were 

treated for three days with R1881 and enzalutamide, changing the media after 48 hours. After 72 

hours dexamethasone and CORT125134 were added for six hours (RNA) or 1 hour (all other 

experiments). Doxycycline treatment at 3µg/mL was maintained throughout the course of 

experiments that involved shRNA knockdown, but not during normal cell passaging.  
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2.2 Protein Analyses 

2.2.1 Western Blotting 

Protein lysates were loaded onto 8% SDS-polyacrylamide gels, resolved for 1 hour at 

100V, and transferred to nitrocellulose membranes overnight at 22V (LI-COR). Membranes were 

blocked in 5% dry milk, incubated with indicated primary antibody overnight in 5% BSA in TBS, 

then washed three times with TBST. Fluorescently labeled secondary antibodies were incubated 

for 2 hours in 5% dry milk in TBST, then washed three times with TBST. Proteins were detected 

with an Odyssey imaging system (LI-COR).  

2.2.2 NanoBRET Assays 

Plasmids for our hormone receptor fusion proteins were generously provided by Dr. 

Geoffrey Greene (University of Chicago). HEK293 cells were plated in Greiner CELLSTAR® 96-

well plates (Sigma Aldrich) and incubated overnight at 37°C. After 48 hours, 10μL of transfection 

mix (1 mL Optimem media, 10μg halo-tag plasmid, 1µg NanoLuc luciferase plasmid, 25 µL Mirus 

TransIT-2020 reagent) was added to each well and left to incubate overnight. After 72 hours, 

nuclear hormone receptor ligands were added at specified concentrations and left to incubate 

overnight. After 96 hours, halo-tag 618 ligand (Promega) was added to each well and left to 

incubate for 3 hours. Finally, Nano-Glo® substrate (Promega) was added to each well immediately 

before imaging plates with a Synergy Neo2 Multi-Mode Plate reader at 450nm and 610nm.  

2.2.3 Co-Immunoprecipitation Assays 

Nuclear fractionation was performed using the NE-PER kit (Thermo Fisher Scientific). 

Cells were lysed manually with a 28.5-gauge syringe. Protease and phosphatase inhibitors (Roche) 

were added fresh before lysis. Lysates were cleared with 50μL of a 50:50 slurry of Protein A and 

Protein G Dynabeads (Thermo Fisher Scientific) and 1μg of normal rabbit IgG (Cell Signaling 
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Technology) for one hour rotating at 4°C.  After removal of the Dynabeads, lysates were incubated 

with another 50μL of a 50:50 slurry of Protein A and Protein G Dynabeads and 2μg primary 

antibody and rotated overnight at 4°C. GR was pulled down using a rabbit anti-GR mAb (D8H2, 

Cell Signaling Technology). Normal rabbit IgG (Cell Signaling Technology) was used as a 

negative control. Proteins were eluted from the beads using Laemmli buffer and visualized using 

western blotting. 

2.3 RNA Analyses 

2.3.1 RNA Harvest 

RNA was recovered using the RNAeasy Mini Kit with optional DNAse digestion (Qiagen) 

according to the manufacturers protocol. The concentration of harvested RNA was measured with 

a NanoDrop spectrophotometer (Thermo Fisher Scientific). RIN scores were determined by the 

University of Chicago Functional Genomics core using an Agilent Bioanalyzer 2100 (Agilent 

Technologies).  

2.3.2 qRT-PCR 

Purified RNA was converted to cDNA by reverse transcription using the SuperScript III 

Reverse Transcriptase kit (Invitrogen) according to the manufacturers protocol. Gene expression 

was quantified using Power SYBR Green Master mix (Invitrogen) with custom primers according 

to the manufacturers protocol. PCR amplification of cDNA was done with a LightCycler (Roche 

Applied Science). Standard curves were used to assess primer efficiency. The average change in 

threshold cycle (ΔCT) was determined for each of the samples relative to endogenous GAPDH 

levels and compared to vehicle control (ΔΔCT). All experiments were performed in triplicate 
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2.3.3 RNA-Seq 

Samples with a RIN score ≥9 were selected for library preparation at the University of 

Chicago Functional Genomics core. RNA-sequencing libraries were prepared from 2µg purified 

RNA with the KAPA-Stranded mRNA-Seq Kit (KAPA Biosystems), using oligo-dT magnetic 

beads to enrich for mRNA. Fragment size of sample libraries was measured using a 2200 

TapeStation system (Agilent). Library adapters 1-12 (KAPA Biosystems) were used to barcode 

samples and multiplex up to six samples per lane. Sequencing was performed on a NovaSeq 

machine (Illumina) in 100bp, paired-end runs. Sequencing data was collected over multiple flow 

cells and returned in FASTQ format.  

2.3.4 RNA-Seq Analysis 

 All RNA-Seq reads were analyzed using the FastQC tool suite to ensure quality 

sequencing. Low quality and adapter sequences were trimmed using trimmomatic. Trimmed reads 

were aligned to the GRCh38/hg19 reference genome using STAR. The SamTools suite was used 

to convert files to BAM format and remove duplicate reads. Differentially expressed genes were 

determined with DESeq2 and filtered by fold change ≥1.5. Ingenuity pathway analysis (Ingenuity 

systems) of differentially expressed genes (DEGs) was performed to identify functional pathways 

that are significantly altered under particular conditions.  

2.4 DNA Analyses 

2.4.1 Plasmid Stocks 

 Several plasmids were used for this work and are maintained in glycerol stock solutions 

for long term storage and future use. Plasmids received in bacterial stocks were grown in LB media 

and isolated with a Plasmid Miniprep Kit (Qiagen). Plasmids received on filter paper were 

resuspended in TE buffer. Isolated plasmids were sent to the University of Chicago Sequencing 
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core for sequence validation. Plasmids with confirmed sequences were transformed into competent 

cells and underwent antibiotic selection. Competent cells containing verified plasmids selected 

with antibody were then combined 1:1 with glycerol for long term storage at -80°C.  

2.4.2 ChIP-PCR 

 ChIP was performed using the iDeal ChIP-seq kit for Transcription Factors (Diagenode) 

according to the manufacturer’s protocol. Generally, cells were fixed with 1% paraformaldehyde 

and sonicated with a Bioruptor Pico (Diagenode). Sonicated DNA fragment size and concentration 

were determined with an Agilent Bioanalyzer 2100 (Agilent Technologies). Proteins of interest 

were immunoprecipitated using primary antibodies conjugated to Protein A beads. Species 

matched normal IgG antibodies were used as a control. Eluted ChIP DNA was purified and 

recovered using the PCR purification Kit (Qiagen). Equal volumes of eluted ChIP DNA were used 

in place of cDNA for standard qPCR described above to determine chromatin occupancy at 

specific genomic sites.  

2.4.3 ChIP-re-ChIP 

 Our protocol for ChIP-re-ChIP follows a previously published methodology (furlan-

magaril). Cross-linking, sonication, and immunoprecipitation are carried out in the same manner 

as a normal ChIP experiment. Following the first immunoprecipitation, all material pulled down 

is resuspended and undergoes a second round of immunoprecipitation with a different antibody. 

Eluted ChIP-re-ChIP DNA is purified and recovered using the PCR purification Kit (Qiagen) then 

analyzed using qPCR to determine whether two proteins of interest co-occupy particular genomic 

sequences.  
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2.4.4 ChIP-Seq Analysis 

 Purified ChIP-DNA was sent to the University of Chicago Functional Genomics core for 

library preparation and sequencing. ChIP-seq libraries were prepared using the KAPA LTP Library 

Preparation Kit (KAPA Biosystems) and sequenced on a NovaSeq machine (Illumina) in 100bp, 

paired-end runs. All ChIP-seq reads were analyzed using the FastQC tool suite to ensure quality 

sequencing. Low quality and adapter sequences were trimmed using trimmomatic. Trimmed reads 

were aligned to the GRCh38/hg19 reference genome using Bowtie2. The SamTools suite was used 

to convert files to BAM format and remove duplicate reads. MACS2 was used for peak calling 

using the narrowPeaks method. BED files were used to identify and annotate peaks, and peaks 

were visualized using the Integrative Genomics Viewer (Broad Institiute) following conversion to 

BigWig format.  

2.5 Immunofluorescent Assays 

2.5.1 Cell Fixation and Permeabilization 

22RV1 cells and VCaP cells were seeded in full media in an 8-well glass chamber slide 

(Corning) and incubated at 37°C overnight. After 24 hours, the media was aspirated, and cells 

began treatment as described previously. After treatment, cells were fixed with 4% 

paraformaldehyde in PBS for 20 minutes then quenched with 50mM NH4Cl for 10 minutes. Cells 

were then washed 3 times with PBS and once with MilliQ ddH2O to remove any salts. Cells were 

permeabilized with 0.25% TritonX-100 in PBS for 20 minutes at room temperature and washed 3 

times with PBS.  

2.5.2 Immunofluorescent Staining 

Fixed and permeabilized cells were blocked with 10% normal donkey serum (Sigma) in 

PBS for one hour at room temperature then incubated with primary antibodies diluted in blocking 
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buffer for 2 hours at room temperature. Cells were then washed 3 times with PBS and incubated 

with secondary antibodies (Jackson ImmunoResearch, Westgrove PA) diluted in blocking buffer 

for 1 hour at room temperature.  Cells were washed, counterstained with Hoechst 33342 (Thermo 

Fisher Scientific) and mounted with ProLong Gold Antifade (Invitrogen).  

2.5.3 Proximity Ligation Assays 

 Proximity ligation assays rely on the Duolink In Situ Red Starter Kit Mouse/Rabbit (Sigma 

Aldrich) generally following the manufacturers protocols. All incubations occur in a humidity 

chamber. Fixed and permeabilized cells are blocked for 30 minutes in a 37°C. Blocking solution 

is removed and primary antibodies are added and left to incubate overnight at 4°C. Cells are 

washed and incubated with secondary PLA probes for 1 hour at 37°C. Cells are then washed again 

and incubated with ligase for 30 minutes at 37°C. Cells are once again washed then incubated with 

polymerase for 100 minutes at 37°C. Following a final wash, slides were mounted with DuoLink 

In Situ Mounting Medium with DAPI.  

2.5.4 Microscopy and Image Analysis 

Imaging of slides was done at the University of Chicago Microscopy core with a Marianas 

Yokogawa type spinning disk inverted confocal fluorescence microscope (Slidebook, version 6) 

using 40x-oil objective. All images were taken as 10-micron thick z-stacks with a 0.4-micron step 

size and max projections of each z-stack were used for image analysis. The number of PLA signals 

per nuclei was determined by setting a binary threshold, and using a water shed segmentation and 

counting algorithm on five representative images per condition. Each field was manually 

confirmed to verify the correct number and localization of PLA signals.  
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2.6 Proliferation Assays 

2.6.1 Counting Assays 

 Cells were seeded and treatment was initiated after 24 hours. Media changes occurred 

every 48 hours. Cells were counted after 7-, 10-, and 14-day timepoints using a Vi-Cell machine 

(Beckman Coulter). All experiments were performed in triplicate.  

2.6.2 Incucyte Assays 

 22RV1shV7 and 22RVshCtrl cells expressing nuclear GFP were pretreated as described 

above. Cells were seeded in Greiner CELLSTAR 96-well plates at a density of 10,000 cells per 

well and allowed to sit overnight. After 24 hours, ligands were added and the plate was 

immediately placed in an Incucyte S3 Live Cell Analysis System (Essen Bioscience). Images of 

cells were collected every 4 hours for one week. The media was changed once after 72 hours by 

removing one half volume from each well and adding one half volume with 2x concentration of 

ligands plus doxycycline. The number of cells per image was counted using built-in analysis 

software. All experiments were performed in triplicate.  

2.7 Statistical Analysis 

 For experiments performed in triplicate, a one-way student’s t-test was used determine 

significance between two conditions (qPCR, NanoBRET) and one-way ANOVA was used to 

determine significance between multiple conditions (qPCR, NanoBRET). Statistical comparisons 

between multiple groups with varying sample sizes were calculated using one-way ANOVA with 

post-hoc Tukey HSD test (PLA quantification). Proliferation experiments were also performed in 

triplicate, and Tukey’s multiple comparisons test was used to determine the significance between 

groups over time.  
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2.8 Reagent Toolbox 

2.8.1 Antibodies 

Table 2.1 Antibodies used 

Company Target Identifier Application 

RevMab Biosciences AR-V7 RM-7 WB, IP, IF 

Precision Antibody AR-V7 AG10008 WB, IP, IF 

Cell Signaling Technology GR D8H2 WB, IP, IF 

BD Biosciences GR Clone 41 WB, IF 

Santa Cruz biotechnology GR G-5 IP 

Abcam GR BuGR2 IP 

Abcam AR-FL EP670Y WB 

Sigma Aldrich actin AC-74 WB 

Cell Signaling Technology laminB1 D4Q4Z WB 

Cell Signaling Technology alpha-tubulin 2144 WB 

Cell Signaling Technology Normal IgG (r) 2729 IP 

Cell Signaling Technology Normal IgG2a (m) E5Y6Q IP 

 

2.8.2 Primers 

Table 2.2 Primers used for PCR 

Gene Orientation Target Primer 

FKBP5 Forward promoter 5'-ACCTCCTCACGTGTTCTTGG-3' 

FKBP5 Reverse promoter 5'-AACATTTTGTCCGTTCCGCA-3' 

KLK3 Forward promoter 5'-TGCTCAGCCTTTGTCTCTGA-3' 

KLK3 Reverse promoter 5'-CCTCCAGAGTAGGTCTGTTTTCA-3' 

AR-V7 Forward cryptic exon 3 5'-CTACTCCGGACCTTACGGGGACATGCG-3' 

AR-V7 Reverse cryptic exon 3 5'-TGCCAACCCGGAATTTTTCTCCC-3' 

GAPDH Forward exon 1 5'-GAGTCAAGGATTTGGTCGT-3' 

GAPDH Reverse exon 1 5'-TTGATTTTGGAGGGATCTCG-3' 
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CHAPTER 3 

CHARACTERIZATION OF A NOVEL ENDOGENOUS 

INTERACTION BETWEEN GR AND AR-V7 

3.1 Introduction 

 Acquired resistance to ARSI remains the major clinical challenge for the treatment of 

advanced PC. Consequently, understanding these mechanisms of resistance has been the subject 

of intense investigation throughout the 21st century [105]. Several studies identified the splice 

variant AR-V7 as a driver of CRPC progression [94]. AR-V7 is expressed in between 75-90% of 

patients with mCRPC, and is associated with disease progression, therapeutic resistance, and poor 

clinical outcomes [33,94,95,134,148]. Following ARSI, AR-V7 is able to partially restore 

canonical androgen signaling pathways as well as drive unique gene expression that contributes to 

tumor progression [94,128,129].  

GR has separately been identified as a driver of CRPC progression. Following ARSI, GR 

is upregulated and can bypass AR to bind shared AR/GR response elements in the genome and 

regulate compensatory signaling that promotes tumor proliferation [140,141]. Traditionally, GR 

and AR-V7 have been thought to drive resistance to ARSI independently [149]. However, they 

share several notable features. Both receptors have their expression upregulated following ARSI, 

both receptors partially restore canonical androgen signaling, and both receptors come from the 

NR3C-family of nuclear receptors [136]. Despite these similarities, no direct relationship between 

GR and AR-V7 has been investigated.  

Our lab first detected evidence for a link between GR and AR-V7 when performing GR 

ChIP experiments. Immunoprecipitated fractions were isolated, and GR was visualized with 
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western blotting as a quality control measure. By chance, these blots were also probed with an N-

terminal AR antibody revealing a striking breakthrough. AR-V7, but not AR-FL, was detected on 

the blot, indicating co-immunoprecipitation with GR. That simple observation became the catalyst 

for the subsequent work presented in this thesis. NR3C-family dimerization is mediated by the 

highly conserved D-box motif within the DBD [88]. However, NR3C-family receptors rely on 

specific contacts in the LBD to discriminate between different family members [90]. We 

hypothesized that because AR-V7 lacks an LBD but retains a functional DBD containing the D-

box motif, AR-V7 could promiscuously heterodimerize with other members of the NR3C-family.  

3.2 Results 

3.2.1 AR-V7 can heterodimerize with liganded NR3C-family nuclear hormone 

receptors in a canonical D-box dependent manner 

 In order to evaluate the ability of AR-V7 to heterodimerize with other NR3C-family 

receptors, we utilized NanoBRET technology to measure protein-protein interactions [15]. A 

NanoLuc luciferase donor was fused to the N-terminal of AR-V7 (NL-V7), and a halo-tag acceptor 

was fused to the N-terminal of each NR3C-family receptor (HT-AR, HT-GR, HT-MR, HT-PR). 

A halo tag-was also fused to the N-terminal of the NR3A-family estrogen receptor-alpha (HT-ER), 

whose divergent evolution displays less conservation within the D-box motif compared to the 

NR3C-family [151]. Expression of a halo-tag alone without a receptor was also used as a control 

(HT).  

NL-V7 and a halo-tagged construct were co-transfected into HEK293 cells. and the 

NanoBRET signal was measured following the addition of ligands. R1881 (AR), dexamethasone 

(GR), progesterone (PR), aldosterone (MR), and estradiol (ER) were used at 100nM as ligands and 

each ligand was trialed with every receptor combination. As hypothesized, AR-V7 demonstrated 
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the ability to interact with liganded NR3C-family receptors. The strongest interaction was 

observed between AR-V7 and AR-FL, although whether that is due to favorable binding or an 

over-saturation of ligand at 100nM remains unresolved. AR-V7 interacted with GR following 

treatment with dexamethasone. Interestingly, dexamethasone acts as a weak agonist of PR and was 

able to partially stimulate an interaction with AR-V7. Importantly, no interactions were detected 

between AR-V7 and ER, even when liganded with estradiol, hinting that this interaction might be 

mediated by the conserved D-box motif within the NR3C-family.  

To ensure the observed interactions were caused by canonical D-box mediated 

heterodimerization, and not the result of an overall increase in the nuclear levels of halo-tag, we 

generated an A596T S597T mutant of NL-V7 (AR-V7mut) to compare with the wild-type NL-V7 

fusion receptor (AR-V7WT). This mutation has clinical significance and is associated with 

androgen insensitivity syndrome, as failure to dimerize prevents AR from binding to DNA and 

regulating gene expression [152]. Furthermore, this mutation has previously been demonstrated to 

abrogate AR-V7 homodimerization, as well as dimerization between AR-V7 and AR-FL 

[125,153]. As previously reported, we found that mutation to the AR-V7 D-box disrupts the 

interaction between AR-V7 and AR-FL. Remarkably, we also found that this mutation was 

sufficient to impair interactions between AR-V7 and GR, as well as interactions between AR-V7 

and PR. Taken altogether, this data suggests AR-V7 can heterodimerize with liganded NR3C-

family nuclear hormone receptors in a canonical D-box mediated fashion.  



 

  34 
 

 

 

Figure 3.1 AR-V7 interacts with liganded NR3C-family receptors. All ligands were used at 

100nM. No interaction was observed between AR-V7 and liganded NR3A-family ER suggesting 

this interaction is mediated by the conserved dimerization motif shared by NR3C-family receptors. 

Interactions with AR-V7 were detected when AR was liganded with R1881, GR was liganded with 

dexamethasone, PR was liganded with dexamethasone, and when MR was liganded with 

aldosterone or dexamethasone.  



 

  35 
 

 

Figure 3.2 NR3C-family receptor dimerization is mediated by a highly conserved D-box motif 

within the LBD of each receptor. The A596T S597T mutation was introduced into the NL-V7 

fusion protein to evaluate whether interactions between AR-V7 and liganded NR3C-family 

receptors occur through canonical D-box mediated interactions. Figure adapted from Dalal et al. 

[151].  

 

 

Figure 3.3 Mutation to the AR-V7 D-box significantly disrupted the interaction between AR-V7 

and other NR3C-family receptors, indicating these interactions occur through canonical NR3C-

family heterodimerization mediated by the D-box motif. 
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3.2.2 Endogenous AR-V7 heterodimerizes with GR following ARSI in prostate 

cancer cell lines and together they can co-occupy chromatin 

While our NanoBRET assays demonstrate ectopically expressed AR-V7 heterodimerizes 

with liganded NR3C-family nuclear hormone receptors in HEK293 cells, this artificial system 

reveals little about any interactions between endogenous AR-V7 and GR in PC. To interrogate 

potential endogenous interactions between the two receptors we utilized VCaP and 22RV1, two 

PC cell lines that express GR and AR-V7 [154,155]. In the VCaP cell line, baseline GR and AR-

V7 expression are low, similar to what is observed in patients, and the expression of both is induced 

following ARSI [155]. Alternatively, the 22RV1 cell line bears unique genomic and epigenomic 

features which allow for constitutive expression of AR-V7 and GR [156,157]. Immunofluorescent 

staining revealed co-expression of nuclear GR and AR-V7 at the single-cell level in each cell line 

following ARSI.  

In order to assess whether AR-V7 and GR interact in PC, we performed nuclear 

fractionated co-immunoprecipitation assays in VCaP and 22RV1 cells. Interestingly, an interaction 

between GR and AR-V7 was detected, but only following ARSI. Furthermore, we found that this 

interaction occurs within the nucleus, and appears to be strongest in conditions when GR is 

liganded, consistent with the interactions observed in our NanoBRET assays.  

To better quantify the endogenous interactions between AR-V7 and GR in our PC cell lines 

we performed Duolink proximity ligation assays. In each cell line, when androgen signaling is 

intact, there is no detectable interaction by PLA, similar to CoIP. Following ARSI, which restricts 

AR-FL ligand-dependent dimerization, a nuclear interaction between GR and AR-V7 is observed. 

Furthermore, when GR is liganded and activated, the number of nuclear interactions between AR-

V7 and GR detected by PLA increases significantly (p < 0.01).  
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Taking this into account, we next hypothesized that if GR and AR-V7 were 

heterodimerizing in PC cell lines subsequent to ARSI and GR activation, then they would be able 

to co-occupy DNA to initiate transcription. To test this, we performed ChIP-PCR at the promoter 

of the canonical AR/GR target gene FKBP5, where both GR and AR-V7 occupancy was detected. 

Sequential ChIP (ChIP-re-ChIP) of GR then AR-V7 followed by PCR also revealed enrichment at 

the FKBP5 promoter, suggesting GR and AR-V7 are able to co-occupy this site following ARSI 

when GR is liganded. Taken altogether, this data suggests AR-V7 can utilize GR as an alternative 

partner for heterodimerization that binds chromatin in PC following ARSI.  
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Figure 3.4 Endogenous expression of GR and AR-V7 in 22RV1 (top) and VCaP (bottom) cells. 

GR and AR-V7 expression is induced following ARSI in VCaP cells, whereas 22RV1 cells 

displays constitutive expression of each receptor. Following ARSI, dexamethasone drives GR 

nuclear localization in both cell lines. 
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Figure 3.5 Co-immunoprecipitation assays following nuclear fractionation reveal a novel 

endogenous interaction between GR and AR-V7 in prostate cancer.  This interaction is exclusively 

detected within the nucleus, only observed subsequent to ARSI, and strongest when GR is liganded 

with dexamethasone.  
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Figure 3.6 PLA reveals a novel endogenous interaction between GR and AR-V7 in prostate 

cancer. The interaction is only observed following ARSI, and significantly more interactions are 

detected when GR is liganded with dexamethasone.  

 



 

  41 
 

 

 

Figure 3.7 GR and AR-V7 co-occupy the promoter of the canonical AR target gene FKBP5 

(bottom). GR occupancy (top left) and AR-V7 occupancy (top right) were determined by ChIP-

PCR. Co-occupancy of both receptors at this site was detected by ChIP-re-ChIP-PCR. 
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3.3 Discussion 

 Dimerization has long been established as a requirement for AR-V7 transcriptional 

activation [100,125,153]. However, whether that occurs primarily through homodimerization or 

heterodimerization has been a subject of debate for scholars in the field. AR-V7 activity was 

originally thought to be dependent on AR-FL, and thus a model of heterodimerization was initially 

proposed [158]. This view was directly challenged when AR-V7 alone was demonstrated as 

sufficient to drive growth in cells lacking AR-FL [100]. Subsequent research determined that both 

heterodimerization and homodimerization occurs at the chromatin level, and that a fraction of AR-

V7 binding sites are uniquely occupied by either homodimers or heterodimers 

[100,125,129,130,153]. AR-V7 and AR-FL co-occupy the promoters of canonical AR target genes 

in a mutually dependent manner, suggesting that AR-V7 dimerization is partially determined by 

the partners available for it to bind under given physiological conditions [125]. Recent studies have 

suggested AR-V7 has a preference for homodimerization following ARSI [130]. However, 

homodimerization in this context was only characterized by the absence of AR-FL, and not by the 

present of two AR-V7 proteins.  

 Here, we have identified several novel binding partners for AR-V7 within the NR3C-

family of receptors. Furthermore, we have verified that these interactions occur through canonical 

NR3C-family heterodimerization mediated by the D-box motif. Elevated expression of AR, GR, 

and PR has previously been reported in CRPC compared to primary tumors and is associated with 

worse clinical responses [1,41,105,147,159]. Indeed, AR-V7 heterodimerization with AR-FL has 

been directly linked to driving oncogenic signaling [129,130,133]. However, the functional 

consequences of AR-V7 heterodimerization with other NR3C-family receptors have not been 
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explored. Our lab has published extensively on the role of GR in PC, and we chose to focus our 

analysis within the prostate on that interaction specifically [139,140,142,147].  

 We used multiple methodologies to conclude that AR-V7 can utilize GR as an alternative 

partner for heterodimerization in PC. In each experiment, the novel endogenous interaction 

between AR-V7 and GR was detected primarily in the nucleus and was only observed subsequent 

to ARSI. Notably, there were significantly more interactions observed between GR and AR-V7 

when GR was liganded with dexamethasone. These observations further support a model for AR-

V7 dimerization dictated by the availability of dimerization partners under given physiological 

conditions. In CRPC, AR-FL nuclear translocation and DNA-binding is restricted, while GR and 

AR-V7 have their expression upregulated and can localize to the nucleus unimpeded, creating 

conditions favorable for GR to be a preferred binding partner for AR-V7.  

 The ability for AR-V7 and GR to heterodimerize and co-occupy the promoter of a 

canonical AR target gene fundamentally transforms the current understanding of hormone receptor 

biology. Future studies into AR-V7 must reconsider the methodology for determining AR-V7 

homodimerization, with these results demonstrating that the absence of AR-FL is an insufficient 

metric. Furthermore, these results call into question past characterizations of the AR-V7 cistrome. 

Robust investigation to fully characterize the AR-V7 dimerization landscape in PC should be 

initiated to fully understand the role this receptor plays in driving oncogenic signaling.  
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CHAPTER 4 

AR-V7 AND GR COORDINATE TO DRIVE ONCOGENIC 

PHENOTYPES IN PROSTATE CANCER FOLLOWING ARSI 

4.1 Introduction 

 Maintained androgen signaling is essential for most PC growth and is a hallmark of 

resistance to therapy [105]. Because GR and AR-V7 share many similarities with AR-FL, 

particularly within the DBD, these receptors are able to recognize, bind, and regulate the 

expression of many AR target genes [140,141]. However, the unique biology of each receptor also 

allows for the regulation of distinct genes that contribute to tumor progression. Gene expression 

regulated by AR-V7 independent of AR-FL is enriched for cell-cycle genes and DNA-damage 

repair genes [100,129]. Alternatively, unique gene expression driven by GR in PC is associated 

with lipid metabolism, cAMP activation, and nucleic acid metabolism [142].  

  This report of a novel endogenous interaction between GR and AR-V7 is the first evidence 

for potential cooperation between two receptors historically thought to drive CRPC progression 

independently. Both AR-FL and GR have demonstrated an ability to heterodimerize with AR-V7 

to co-occupy the promoter of canonical AR target genes. However, investigations into the 

functional consequences of AR-V7 heterodimerization to date have been limited to AR-FL. These 

studies have revealed distinct sites where AR-V7 and AR-FL co-occupy chromatin and regulate 

oncogenic signaling [125,133,153]. Accordingly, AR-FL homodimerization, AR-V7 

homodimerization, and AR heterodimerization each regulate unique signaling pathways that 

contribute to tumor progression [133,153]. We hypothesized that a similar phenomenon could 
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occur with GR, where coordinated activity between GR and AR-V7 drives unique gene expression 

accelerating tumor progression.  

4.2 Results 

4.2.1 Coordinated activity between GR and AR-V7 drives unique transcriptional 

profiles following ARSI 

 Parental cell lines were genetically modified to control the expression of AR-V7. A 

lentiviral system was used to deliver a doxycycline inducible shRNA either targeting the AR-V7 

transcript or a scramble control, generating four derivative cell lines: 22RV1 shV7, 22RV1 shCtrl, 

VCaP shV7, and VCaP shCtrl. GR activity was controlled by treating cells with or without 

dexamethasone. To identify genes regulated by coordinated activity between GR and AR-V7 we 

performed RNA sequencing for robust transcriptional profiling. We then made several 

comparisons for differential gene expression (fold change 1.5, fdr=0.05) summarized in table 1. 

Our comparisons allowed us to group differentially expressed genes (DEGs) into 6 categories: (1) 

GR-regulated genes that are indifferent to AR-V7 status, (2) GR-regulated genes that are 

dependent on AR-V7 being present, (3) GR-regulated genes that are dependent on AR-V7 being 

absent,  (4) AR-V7 regulated genes that are indifferent to GR activity, (5) AR-V7 regulated genes 

that are dependent on GR being active, and (6) AR-V7 regulated genes that are dependent on GR 

being inactive.  

This analysis reveals that the presence or activity of one receptor has a profound impact on 

the ability of the other receptor to regulate gene expression. In 22RV1 cells, only 21% (141/664) 

of GR DEGs observed were indifferent to AR-V7 status. Similarly, only 17% (99/559) of AR-V7 

DEGs observed were indifferent to GR activity. This effect is more pronounced in the VCaP cell 

line, where less than 2% (7/363) GR DEGs were observed to be indifferent to AR-V7 status, and 
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only 15% (66/422) AR-V7 DEGs were indifferent to GR activity. Notably, we observed 3-5 fold 

more GR DEGs when AR-V7 is absent compared to when AR-V7 is present. This pattern was also 

prevalent to a lesser extent with AR-V7 DEGs, where 20-65% more AR-V7 DEGs were found 

when GR signaling is inactive. While the precise mechanisms underlying these biological 

phenomena remain incompletely understood, these results demonstrate ARSI-resistant PC can 

exhibit distinct transcriptional profiles dependent on the status of both GR and AR-V7.  

 

 

Figure 4.1 Knockdown of AR-V7 with shRNA in derivative cell lines.  
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Table 4.1 Comparisons for determining coordinated gene expression driven by GR and AR-V7 

Control Variable Comparison 

shV7RE shV7RED GR-regulated genes when AR-V7 is inactive 

shCtrlRE shCtrlRED GR-regulated genes when AR-V7 is active 

shV7RE shCtrlRE AR-V7-regulated genes when GR is inactive 

shV7RED shCtrlRED AR-V7-regulated genes when GR is active 

 

 

Figure 4.2 Differential gene expression driven by GR and AR-V7.  
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4.2.2 Coordinated activity between GR and AR-V7 promotes accelerated tumor 

progression following ARSI 

 RNA-seq analysis in 22RV1 shV7 and 22RV1 shCtrl cells revealed 325 genes that were 

differentially expressed only when both GR and AR-V7 were present and active. Naturally, we 

sought to determine whether this unique gene expression driven by GR and AR-V7 translated to 

any functional phenotypes. Ingenuity Pathway Analysis performed on this gene set returned 

enhanced growth and proliferation, as well as a suppression of apoptosis and cell death signaling 

as enriched pathways. Therefore, we selected proliferation as an appropriate phenotype to 

interrogate experimentally. Unsurprisingly, we found that AR-V7 alone and GR alone were 

sufficient to accelerate proliferation; however, the fastest rates of proliferation were observed when 

both GR and AR-V7 were active, while the slowest rates of proliferation occurred when both 

receptors were inactive. These experiments produced consistent results in both cell lines, and 

further support that together, GR and AR-V7 coordinate to drive a more potent proliferative 

phenotype than either receptor alone.  
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Figure 4.3 Ingenuity Pathway Analysis of 325 DEGs dependent on both GR and AR-V7 in 22RV1 

cells identifies potential functional pathways impacted by coordinated activity between these 

receptors. Notably, this analysis returned enriched cellular growth and proliferation pathways as 

well as a suppression of cell death and survival pathways.  

 

 

 

Figure 4.4 Coordinated activity between GR and AR-V7 drives accelerated proliferation in 22RV1 

(left) and VCaP (right) derivative cells. While each receptor alone was able to confer resistance to 

ARSI, the receptors together produced a more potent phenotype.  

 



 

  50 
 

4.3 Discussion 

  Following the detection of a novel endogenous interaction between GR and AR-V7, we 

report here that the presence and activity of one receptor dramatically impacts the ability of the 

other receptor to regulate gene expression. While several studies have investigated differential 

gene expression driven by GR or AR-V7 in PC, all have operated under the assumption that these 

receptors function independently. The extraordinary findings presented here directly challenge this 

long-held dogma in the field.  

The goal of this project was to identify potential coordinated activity between GR and AR-

V7. For this reason, we chose to focus our analysis primarily on conditions where both GR and 

AR-V7 were present and active. However, the status of these receptors varies considerably on a 

patient-to-patient basis [33,149]. Efforts should therefore be made to fully characterize the 

molecular mechanisms underlying the distinct transcriptional profiles driven by AR-V7 alone, GR 

alone, and coordinated activity between the two. Although the strongest proliferative phenotype 

was observed when both receptors were present and active, each receptor alone was still sufficient 

to maintain growth following ARSI. A complete understanding of these distinct signaling 

pathways and how each contributes to tumor progression could reveal unique vulnerabilities that 

can be exploited by novel therapeutic strategies.  

  The unique gene expression profile driven by coordinated activity between GR and AR-

V7 is accompanied by a distinct phenotype: accelerated proliferation. This has obvious clinical 

implications and should be the subject of longitudinal studies to evaluate patient responses and 

outcomes on the basis of GR and AR-V7 status. If the potentiated growth we report here is 

observed clinically, the interaction between GR and AR-V7 could have utility as a biomarker to 



 

  51 
 

predict tumor behavior. While no such test currently exists, single cell PLA of circulating tumor 

cells is an aspirational benchmark.  

 The decision to evaluate proliferation was informed by Ingenuity Pathway Analysis. While 

this approach revealed a relevant phenotype that we were able to validate experimentally, we 

almost certainly failed to capture the full range of biological effects mediated by coordinated 

activity between GR and AR-V7. Fortunately, the derivative cell lines generated from this work 

are valuable research tools and can be easily utilized for this purpose. Relatively simple assays 

evaluating clonogenic growth, anchorage-independent growth, migration, and invasion could all 

provide further insights into how these receptors drive resistance to ARSI. 

 Limitations in available systems to control AR-V7 expression and GR activity are a 

possible shortcoming in evaluating receptor co-dependence. Attempts to genomically delete 

NR3C1 and NR3C4 from our cell lines with CRISPR-Cas9 were not viable. Instead, this work 

utilized stably expressed shRNA to diminish AR-V7. However, more complete removal of AR-

V7 may have enabled more robust characterization of potential phenotypes. Similarly, GR activity 

was diminished by withholding ligand or giving SGRM, which could lead to ligand-independent 

interactions between GR and AR-V7, although this was not observed in the experiments 

undertaken.  
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CHAPTER 5 

SELECTIVE GLUCOCORTICOID RECEPTOR MODULATORS 

DISRUPT THE INTERACTION BETWEEN GR AND AR-V7 

5.1 Introduction 

 Mechanisms of resistance to ARSI have emerged as promising therapeutic targets in PC, a 

concept best illustrated by the discovery of enz [105]. After determining that AR amplification 

confers resistance to first-generation antiandrogens, researchers performed a drug screen on nearly 

200 thiohydantoin derivatives of the antiandrogen RU59063 to identify novel AR inhibitors [55]. 

Importantly, to overcome the problem of AR amplification, the drug screen was performed in cells 

engineered to express high levels of AR [55]. Enz demonstrated potent AR antagonism that was 

able to overcome AR amplification in pre-clinical models, and quickly progressed through clinical 

trials to achieve FDA approval [160].  

 The success of enz has inspired other approaches to target mechanisms of resistance. 

Amplification of the MYCN oncogene is observed in between 30-40% of NEPC and drives AR-

independent tumor progression [104]. MYCN protein is stabilized through an allosteric interaction 

with Aurora kinase A that prevents protein degradation [161]. Targeting this interaction with the 

small molecule inhibitor alisertib disrupts the MYCN-Aurora A protein complex and significantly 

slows tumor progression in preclinical models of NEPC driven by MYCN [162].  

 Our lab identified a similar vulnerability when we discovered GR drives resistance to ARSI 

in PC [140].  GR regulates potent anti-inflammatory and immunosuppressive activity and for 

several decades has been a popular target for therapeutic intervention in a wide range of diseases 

[101]. Work from our lab has demonstrated that GR antagonism with SGRMs can effectively 
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antagonize GR signaling in PC and inhibit tumor progression in pre-clinical models [147]. 

Notably, many of these experiments demonstrating the efficacy of SGRMs were carried out in 

22RV1 cells that express AR-V7. These efforts have resulted in two drugs, Relacorilant and 

CORT125128, progressing into Phase II clinical trials (NCT03674814, NCT03437941).  

 AR-V7 is unaffected by all FDA-approved therapies targeting AR, which either directly or 

indirectly target the AR LBD [94]. Several unique therapeutic strategies targeting AR-V7 have 

been proposed, including targeted degradation, small molecule inhibition of the D-box motif to 

prevent dimerization, the use of bromodomain inhibitors, as well as targeting downstream 

signaling that facilitates oncogenic activity [86]. However, each of these approaches has ultimately 

failed to reach approval for use in patients [86]. We hypothesize that a novel therapeutic strategy 

targeting AR-V7 indirectly with SGRMs could offer meaningful benefit to the subset of patients 

with AR-V7 and GR dual-expressing tumors who face poor clinical prognoses.  

5.2 Results 

 Relying on several methodologies, we determined that SGRMs can effectively disrupt the 

interaction between GR and AR-V7. Using our NanoBRET system, we found GR antagonism with 

SGRMs significantly decreased the intensity of the interaction between GR and AR-V7, even in 

the presence of dexamethasone. In PC cell lines, we observed the addition of SGRMs significantly 

diminishes the endogenous interaction between GR and AR-V7 detectable by CoIP and PLA. 

Interestingly, the limited interaction between GR and AR-V7 following treatment with SGRMs 

was still localized primarily to the nucleus. Taken in conjunction with our previous preclinical 

work on GR antagonism, this discovery suggests SGRMs could have utility as an effective targeted 

therapeutic strategy for tumors expressing both GR and AR-V7. 
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Figure 5.1 NanoBRET experiments demonstrate SGRMs significantly abrogate the interaction 

between GR and AR-V7.  

 

 

 

Figure 5. 2Proximity Ligation Assays demonstrate SGRMs significantly abrogate the interaction 

between GR and AR-V7 in 22RV1 (top) and VCaP (bottom) cells.  
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Figure 5.3 Co-immunoprecipitation assays following nuclear fractionation demonstrate SGRMs 

significantly abrogate the interaction between GR and AR-V7 in 22RV1 (top) and VCaP (bottom) 

cells.  
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5.3 Discussion 

 Patients with tumors expressing AR-V7 face poor clinical prognoses, as the lack of an LBD 

renders all current FDA-approved therapies ineffective [94,134]. Several attempts have been made 

to target AR-V7 signaling directly, but these efforts have ultimately failed for a variety of reasons 

[86]. Here, we provide rationale for a novel strategy to indirectly target AR-V7 signaling through 

antagonism of GR with SGRMs, an approach that effectively disrupts the interaction between the 

two receptors. Determining the extent to which SGRMs can reverse gene expression driven by 

coordinated activity between GR and AR-V7 is a crucial next step in evaluating their therapeutic 

potential in PC. Our lab is intimately involved in ongoing clinical trials for SGRMs in PC and 

retains privileged access to patient resources. Stratifying the patients from these trials based on 

AR-V7 status when interpreting results will provide early indications on the potential for SGRMs 

in this cohort. Circulating tumor cells collected before and after patients received SGRMs will be 

another invaluable resource uniquely available to our lab in the future. Robust profiling of these 

samples may reveal novel conserved mechanisms that allow PCs to overcome dual AR/GR 

antagonism.  

Alternative approaches to antagonizing the novel interaction between GR and AR-V7 

could also have meaningful therapeutic benefit. The class of small molecule inhibitors targeting 

D-box mediated dimerization are particularly promising in this regard [71]. The high conservation 

within the D-box motif has historically made drugging this target extremely difficult, with most 

compounds non-specifically inhibiting other NR3C-family receptors [151]. However, recent 

advances in computational approaches to drug design and improved crystallography have 

identified unique pockets within the AR DBD not found in other NR3C-family receptors [163]. 

Small molecule inhibitors designed to exploit this site have demonstrated the ability to selectively 
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impair AR dimerization [71]. Furthermore, these drugs have been shown to disrupt AR-V7 

homodimerization and AR-V7 heterodimerization with AR-FL [151]. As no interaction between 

GR and AR-V7 has been previously reported, resolving whether D-box inhibitors can block this 

interaction is an important question for evaluating their clinical utility.   
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CHAPTER 6 

THE MISSING LINK 

6.1 Introduction 

 A critical component of this work was elucidating any relationship between GR and AR-

V7 heterodimerization, and specific phenotypes that contribute towards therapeutic resistance and 

CRPC progression. We were able to robustly characterize the novel endogenous interaction 

between GR and AR-V7, and found its behavior is generally consistent with previous studies of 

NR3C-family receptors, notably, that AR-V7 and GR heterodimerize in a canonical D-box 

dependent manner and co-occupy DNA at the promoter of canonical AR target genes. 

Furthermore, we demonstrated that GR and AR-V7 drive distinct transcriptional programs 

dependent on each other, and that both receptors together drive a more potent proliferative 

phenotype. However, our investigation struggled to characterize the specific molecular 

mechanisms underlying this biology.  

 Next generation sequencing technology has revolutionized genomic research. Following 

the completion of the Human Genome Project in 2001, rapid advances led to the development of 

several new commercially available techniques for interrogating nucleic acids [164]. The cost of 

next-generation sequencing has fallen dramatically in the last 20 years, from nearly $100 million 

per genome to under $1000, allowing researchers unprecedented insight into cellular processes 

underlying disease [165]. Next-generation sequencing technologies have been adapted for several 

applications, probing the genome, transcriptome, cistrome, epigenome [164,165]. Successful 

implementation of these techniques is a critical step for defining the relationship between GR and 

AR-V7 in PC.  
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 Our goal here was to define the AR-V7 and GR cistromes following ARSI using ChIP-seq. 

These cistromes could then be compared to corresponding transcriptomes revealing novel 

mechanisms through which AR-V7 and GR cooperate to drive resistance to ARSI. We were 

particularly interested in genomic regions containing peaks for both GR and AR-V7, as these 

represented candidate sites for GR and AR-V7 to co-occupy chromatin as a heterodimer. These 

sites could then be validated with ChIP-re-ChIP followed by qPCR.  

 We are not the first group to propose ChIP-Seq of either GR or AR-V7 in PC 

[125,129,130,131,132,133,140,141,142]. These receptors were initially established as independent 

drivers of CRPC progression, and thus the subject of considerable research to elucidate oncogenic 

signaling mechanisms [105]. However, because we were interested in GR and AR-V7 in the 

context of specific hormonal conditions, past studies were unsuitable for adaptation to our use. An 

early challenge we encountered for GR ChIP was the discontinuation of antibodies used previously 

in the literature [166]. Furthermore, at the time of performing experiments, the number of AR-V7 

specific antibodies was limited to just two, Precision and RevMab, and neither antibody had been 

validated for use in ChIP-seq. Desperate to resolve the mechanisms governing GR and AR-V7 in 

PC, we pressed on undeterred; however, these experiments were ultimately unsuccessful.   

6.2 Results 

6.2.1 Sonication 

 To simplify the process of performing ChIP experiments, our lab purchased a Diagenode 

Bioruptor Pico for carrying out the process of sonication. Several experiments were performed on 

this machine to optimize chromatin shearing for downstream use. Variables considered for 

sonication included the total number of cycles, the duration of each cycle, the volume of lysate 

being sonicated, and the container holding lysates used for sonication. For both cell lines, optimal 
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chromatin shearing was achieved using 300µL lysates in a 1.5mL sonication tubes, and 10 cycles 

of 30 seconds on 30 seconds off. Consistent utilization of established sonication protocols is crucial 

for generating reproducible results. 

6.2.2 Immunoprecipitation 

 After optimizing sonication, we next interrogated whether the antibodies in our toolbox 

were suitable for immunoprecipitating our proteins of interest. The strong constitutive expression 

of GR and AR-V7 led us first optimize our ChIP protocol in 22RV1 cell lines. Two antibodies 

targeting AR-V7 and three antibodies targeting GR were selected for evaluation. We established 

that both the Precision and RevMab antibodies were able to immunoprecipitate AR-V7 as 

confirmed by western blotting. Similarly, each GR antibody demonstrated the ability to 

immunoprecipitate GR to an extent. We chose to proceed with the Precision AR-V7 antibody and 

the D8H2 GR antibody, as these demonstrated sufficient cost-effective immunoprecipitation.  

6.2.3 ChIP-PCR 

 qPCR of eluted ChIP DNA is an important quality control step for these experiments. We 

therefore selected the promoters of the canonical AR target genes KLK3 and FKBP5 to probe for 

AR-V7 and GR occupancy. Previous studies have independently established these regions as 

binding sites for AR-V7, GR, and AR-FL. Following immunoprecipitation with the Precision 

antibody, AR-V7 occupancy was detected by qPCR at both sites in 22RV1 cells. This phenomenon 

was also observed following immunoprecipitation of GR with the D8H2 antibody. Notably, both 

GR and AR-V7 demonstrated higher occupancy at these sites when GR was liganded. These data 

indicate successful elution of ChIP DNA and prompted the sending of eluted DNA samples to the 

University of Chicago Functional Genomics core for library preparation and sequencing. 
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Figure 6.1 Antibody validation for GR and AR-V7 ChIP. Two AR-V7 antibodies (RevMab, 

Precision) and three GR antibodies (D8H2, BUGR2, G-5) were used for immunoprecipitation. For 

each experiment, 3µg of primary antibody was used.  

 

 

 

 

 
Figure 6.2 Immunoprecipitation of GR and AR-V7 in 22RV1 cells for ChIP experiments. 

 

 

 

Figure 6.3 ChIP-PCR revealed AR-V7 and GR occupancy at the promoters of canonical AR target 

genes. As expected, GR occupancy increased following the addition of its ligand dexamethasone. 
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6.2.4 ChIP-Seq 

 The fundamental goal of these experiments was to define the GR and AR-V7 cistrome 

through next-generation sequencing of eluted ChIP DNA. Despite passing every quality control 

measure along the way, our attempts to sequence eluted ChIP DNA ultimately failed. The first 

indication of unsuccessful GR ChIP-seq was the number of peaks observed. When GR was 

liganded following ARSI, bioinformatic analysis indicated over 10,000 peaks were observed, more 

than twice the number previously detected in PC [141,142]. Furthermore, roughly four times as 

many GR binding peaks were observed when GR was unliganded, an observation inconsistent 

with known GR behavior [101,136]. Despite the high number of GR peaks, none were observed 

at several canonical GR binding sites, including the SGK1 promoter, FKBP5 promoter, and KLK3 

promoter. AR-V7 ChIP also suffered from having an inordinate number of peaks. Where previous 

studies have reported several hundred to a few thousand AR-V7 binding sites, our bioinformatic 

analysis called over 100,000 AR-V7 peaks in each condition. Similar to GR, AR-V7 occupancy 

was not observed at canonical binding sites, including the FKBP5 and UBE2C promoter. For these 

reasons, we concluded that our ChIP-seq experiments lack sufficient quality to draw meaningful 

conclusions. 

6.3 Discussion 

 Failure to successfully characterize the AR-V7 and GR cistromes was the major 

shortcoming of this project. However, the work done here does provide a meaningful foundation 

for pursuing this goal in the future. We have established valuable standardized protocols for 

sonication, immunoprecipitation, and elution that have each passed traditional quality control tests. 

These small successes will significantly simplify experimental procedures for future researchers 

seeking to answer these important questions. Despite this series of failures, full characterization of 
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the GR and AR-V7 cistromes in PC remains an important goal and should continue to be pursued.  

This could potentially be facilitated through collaboration with other groups that have managed to 

successfully perform AR-V7 ChIP-seq or GR ChIP-seq. Alternatively, more sensitive techniques 

for evaluating protein-DNA interactions could be implemented, such as ChIP-exo-seq or 

CUT&RUN-seq [167,168]. Importantly, these techniques will still require capable primary 

antibodies for targeting the proteins of interest. One step in our procedure where we currently lack 

sufficient quality control metrics is library preparation. Eluted ChIP DNA is sent to the University 

of Chicago Functional Genomics core for library preparation and subsequent sequencing. 

However, quality control metrics for library preparation are not returned. Generating our own 

libraries and assessing them for quality before sequencing could identify the specific step where 

these experiments have failed.  

 

 

 

 

 

 

 

 

 



 

  64 
 

CHAPTER 7 

SIGNIFICANCE AND FUTURE DIRECTIONS 

7.1 Significance 

PC is the second leading cause of cancer-related death in American men [1]. Diagnosis at 

a local or regional stage is associated with excellent prognoses, and advances in screening and 

early detection have improved overall survival [1]. However, the outlook for men that have 

advanced disease remains bleak, with five-year survival rates dropping to only 28% [25]. For 

decades, androgen deprivation has been the standard of care for patients with biochemical 

recurrence after primary therapy, locally advanced disease, or metastatic disease [41]. While this 

approach provides initial benefit, the majority of these men progress to CRPC within 2-3 years 

[41]. At this stage, the disease is considered incurable, and treatment is designed to reduce tumor 

burden, alleviate symptoms, and prolong overall survival [105]. A hallmark of CRPC is a 

restoration of androgen signaling, and next-generation antiandrogens can offer temporary benefit 

to many of these patients [105]. However, CRPC inevitably develops various mechanisms of 

resistance allowing for tumor progression, highlighting a major clinical challenge faced by 

oncologists. Understanding these mechanisms of resistance, and any therapeutic vulnerabilities 

they may present, is crucial for improving outcomes for patients with CRPC.  

Our lab has made several notable contributions towards resolving the role of GR in 

mediating resistance to ARSI in CRPC. Past studies revealed GR has its expression upregulated in 

response to ARSI and can bypass AR to partially restore canonical androgen signaling pathways 

that maintain tumor progression [140]. Preclinical investigations into GR antagonism in the 

context of CRPC found SGRMs were able to effectively antagonize GR signaling in the prostate 
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and slow tumor progression following ARSI [147]. These efforts culminated in two SGRMs 

progressing to clinical trials where their effects are currently being evaluated (NCT03674814, 

NCT03437941). During the course of a standard ChIP-Seq experiment intended to characterize 

the GR cistrome in PC, an N-terminal AR antibody detected AR-V7 but not AR-FL on quality 

control western blots of immunoprecipitated GR. Work from several other groups had previously 

established a role for AR-V7 promoting resistance to ARSI [94]. However, this mechanism was 

proposed to function independently of GR [149]. Co-immunoprecipitation of GR and AR-V7 was 

a direct challenge to this dogma and the foundation for this dissertation.  

 Robust characterization of AR-V7 dimerization revealed several novel insights. 

Dimerization is an established prerequisite for NR3C-family receptor activity and is mediated by 

the conserved D-box motif within the DBD [90]. Homodimerization is favored by liganded NR3C-

family receptors, where distinct CTD architecture initiates specific contacts between dimers 

allowing for discrimination between various family members [90]. The unique biology of AR-V7 

allows it to overcome these limitations and promiscuously heterodimerize with liganded NR3C-

family receptors in a canonical D-Box dependent manner. This discovery challenges the findings 

of numerous previous investigations into AR-V7 dimerization, which have been limited to AR-V7 

homodimerization and heterodimerization with AR-FL [129-133]. These studies mostly relied on 

the absence of AR-FL to characterize AR-V7 homodimerization, a metric this work suggests is 

insufficient.  

Physiological conditions of CRPC restrict AR-FL nuclear translocation, creating an 

unfavorable environment for heterodimerization with AR-V7 [153]. Conversely, this environment 

is ideal for GR to emerge as an alternative partner for heterodimerization with AR-V7. In two PC 

cell lines with varied and clinically relevant AR/GR characteristics, we consistently detected an 
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endogenous nuclear interaction between GR and AR-V7 following ARSI. Importantly, we 

recorded significantly more interactions with AR-V7 when GR was liganded by dexamethasone. 

These observations support a model where AR-V7 dimerization is determined by the viable 

partners available to it within a given cell. The development of new methods to discriminate 

between AR-V7 homodimerization and heterodimerization with various NR3C-receptors is 

imperative for full characterization of the AR-V7 landscape in PC.  

An interaction between GR and AR-V7 is notable for the role each receptor plays in CRPC 

progression. Remarkably, we found that together these receptors coordinate to drive a distinct gene 

expression profile. This discovery contradicts the established view within the PC field that AR-V7 

and GR drive resistance to ARSI independently [149]. While both GR and AR-V7 were sufficient 

to drive resistance to ARSI alone, together they drive a much stronger proliferative phenotype. 

RNA-seq revealed unique transcriptional profiles for resistance driven by GR alone, AR-V7 alone, 

and both receptors together. While we chose to prioritize our analysis in the condition where both 

receptors were present and active, understanding the unique biology driving resistance to ARSI in 

each context could reveal novel therapeutic vulnerabilities to exploit.  

Although we were able to characterize the interaction between GR and AR-V7 in CRPC, 

and clearly demonstrated that coordinated activity between these receptors drives a potent 

oncogenic phenotype, this work struggled to uncover the molecular mechanisms linking these 

together. A major shortcoming in this regard was the failure to define the complete GR and AR-

V7 cistromes. Capturing the shared cistrome between these receptors would reveal candidate sites 

for genomic co-occupancy by AR-V7 and GR. These could then be probed with ChIP-re-ChIP-

PCR to expand the number of validated sites shared by GR and AR-V7. It is also notable that 

dimerization is not necessarily the sole mechanism driving coordinated activity between GR and 
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AR-V7. Through interactions with the SWI/SNF complex GR is an established pioneer factor that 

can remodel the global chromatin landscape [102]. This could theoretically open up novel sites for 

AR-V7 to bind and regulate gene expression. ATAC-Seq can be utilized to generate a snapshot of 

the epigenome in this context. Data from ChIP-Seq and ATAC-Seq experiments could then be 

coupled with RNA-Seq to define distinct molecular mechanisms responsible for the accelerated 

proliferation reported here.  

Exploiting mechanisms of resistance to ARSI for therapeutic benefit is a promising strategy 

for treating CRPC [105]. AR-V7 represents an obvious target, as it is easily detectable in patients 

and directly linked to poor outcomes [134]. However, attempts to antagonize AR-V7 are 

complicated by the loss of its LBD, and these approaches have failed to gain traction in the clinic 

[86]. Recently, GR antagonism with SGRMs has emerged as a viable strategy for treating a subset 

of patients whose tumors express GR, and trials with these drugs are ongoing [147]. This work 

found that SGRMs are able to effectively disrupt the interaction between GR and AR-V7. 

Clinically, AR-V7 is used as a biomarker to predict responses to therapy, and frequently indicates 

general chemotherapy with docetaxel as the optimal approach [169]. Delaying progression with 

targeted approaches is preferable, and indirect inhibition of AR-V7 activity through GR 

antagonism with SGRMs could provide meaningful benefit to the subset of patients with dual 

positive tumors. Further work is needed to establish the full capabilities of SGRMs to reverse 

oncogenic signaling driven by coordinated activity between GR and AR-V7. Overall, the scientific 

contributions described in this work provide crucial insights into the complexities of hormone 

receptor biology in CRPC.  
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7.2 Future Directions 

 7.2.1 The Complete AR-V7 Dimerization Landscape in Prostate Cancer 

AR-V7 dimerization has been a subject of rigorous debate within the PC fie for over a 

decade [94]. Conflicting evidence has shifted expert opinion over time between various models 

either favoring homodimerization or heterodimerization with AR-FL. However, the ability of AR-

V7 to promiscuously heterodimerize with a full suite of NR3C-family receptors has shifted the 

paradigm rendering previous interpretations obsolete. Therefore, a complete characterization of 

the AR-V7 dimerization landscape in PC is vital for understanding its full oncogenic signaling 

potential in this context.  

Central to resolving this problem is understanding what governs AR-V7 dimerization. To 

this effect, our NanoBRET system can be implemented to measure dimerization kinetics. 

Interactions between a halo-tagged NR3C-family receptor and AR-V7 establish baseline levels of 

interaction, while different co-transfected receptors lacking a halo-tag can compete for 

dimerization with AR-V7. Changes to NanoBRET signal intensity relative to baseline are then 

used to extrapolate a dimerization affinity between AR-V7 and each NR3C-family receptor.  

  7.2.2 Therapeutic Vulnerabilities Dependent on GR and AR-V7 Status 

 Next generation sequencing can provide unprecedented insight into the molecular 

mechanisms governing human disease. Our RNA-seq experiments revealed unique transcriptional 

profiles dependent on the status of both AR-V7 and GR. Here, we focused our analysis on the co-

dependent state in which both receptors were expressed and active. However, there is significant 

benefit to gain from expanding the scope to include a comprehensive characterization of the full 

molecular landscape in PC. Matching the cistromes, transcriptomes, and epigenomes in the context 

of AR-V7 and GR could reveal unique molecular vulnerabilities for novel therapeutic strategies.  
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 The adaptive nature of CRPC can make treatment selection difficult. Needle biopsies are 

informative, but invasive to patients and not practical for regular monitoring [170]. PSA can be 

used to monitor tumor progression and responses to treatment, but it offers little information about 

the molecular drivers of disease [171]. The development of non-invasive liquid biopsies has filled 

an important role, allowing for molecular features of tumors to predict responses to treatment 

[171]. This has been successfully implemented in the clinical setting of PC, with AR-V7 mRNA 

from CTCs predicting responses to enz and abi [134]. A landmark goal of the field would be to 

define markers or gene signatures from CTCs that can determine the primary oncogenic driver of 

a patient’s tumor and indicate specific therapeutic strategies to optimize patient responses.  

7.2.3 The Relationship Between GR and HoxB13 

A role for HoxB13 first emerged in PC when a recurrent G84E mutation was found in a 

subset of familial PCs [172]. Subsequent research into the mechanisms of HoxB13 found that it 

acts as a bivalent regulator of AR chromatin binding and confers context-dependent activity [173]. 

In CRPC, HoxB13 expression tends to promote growth through E2F activation and cell cycle 

progression [174]. Recent studies have revealed that the AR-V7 cistrome is governed by HoxB13 

[130,133]. However, no relationship between HoxB13 and GR has been established. In the context 

of AR-V7, HoxB13 could either facilitate heterodimerization with GR or exclude GR to favor 

other dimerization partners. Understanding these relationships will be critical in uncovering the 

complete molecular mechanisms underlying AR-V7 signaling in CRPC.   

 

 

 

 



 

  70 
 

7.2.4 A Role for AR-V7 in Breast Cancer 

 Despite arising in organs that are vastly different in terms of anatomy and physiological 

function, PC and breast cancer are remarkably similar [175]. These tumors are typically hormone-

dependent, responsive to endocrine therapies, and activate similar oncogenic signaling pathways 

to promote tumor progression [175].  Just as the administration of estrogens suppresses PC growth, 

so too does giving androgens to patients with breast cancer [175]. Interestingly, GR plays a similar 

context-dependent role in both tumor types, while AR behaves similar to GR in breast cancer 

[176]. High AR/GR expression is associated with better clinical outcomes in ER-positive breast 

cancer patients, but worse outcomes in ER-negative breast cancer [177,178]. In this sense, ER-

negative breast cancer and CRPC behave strikingly similar, where signaling from the primary 

oncogenic driver is ab sent or blocked, and compensatory GR/AR signaling drives tumor 

progression. This observation suggests these tumors could be vulnerable to similar therapeutic 

strategies, and indeed SGRMs have been proposed for the treatment of GR-expressing triple 

negative breast cancer [178].  

 The decisive role of AR-V7 in CRPC progression has naturally made it a protein of interest 

in breast cancer research. Early studies detected AR-V7 mRNA in over 50% of primary breast 

cancers, although it was only found at the protein level in 3/54 tumors [179]. Notably, each tumor 

expressing AR-V7 at the protein level was ER-negative [179]. A more recent investigation found 

AR-V7 mRNA and protein was detectable in nearly 10% of all breast cancer [180]. Unlike PC, 

where an plethora of readily available cell lines can express clinically relevant features of AR-V7, 

breast cancer research is handicapped by the lack of relevant model systems [175,180]. However, 

that does not mean this endeavor is not worth pursuing; the clear link between AR-V7 and CRPC 

progression should make understanding its role in breast cancer a priority for future study. 
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