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THESIS ABSTRACT 

TITLE: The Dynamic Role of the Androgen Receptor (AR) and Abl interactor-1 (ABI1) 

Axis in Prostate Cancer  

AUTHOR: Baylee A. Porter 

SPONSOR: Leszek Kotula 

The nuclear hormone receptor and transcription factor, the androgen receptor (AR), is the 

main driver of prostate cancer growth and disease progression. Hallmark target genes of AR 

are used as biomarkers to indicate disease progression and treatment response. Furthermore, 

current clinical treatments for prostate cancer include androgen deprivation treatment and 

anti-AR which deplete ligand availability or directly target the androgen receptor, 

respectively. Transcription regulates key functions of living organisms in normal and 

diseases states, including cell growth and development, embryonic and adult tissue 

organization, and tumor progression. Here we identify a novel mechanism of transcriptional 

regulation by an actin regulatory and signaling protein, ABI1. As established by ChIP 

sequencing and DNA binding assays, ABI1 binds to chromatin through its intrinsically 

disordered DNA binding domain. Furthermore, ABI1 interacts with AR in vitro and in vivo 

and targets its activity to specific subset of genes. ABI1-AR driven transcription is 

dysregulated during prostate tumor progression. Additionally, anti-androgen and anti-AR 

treatments induce alterations in AR-mediated transcription which leads to downregulation of 

ABI1 expression and induces disruption of epithelial integrity. The results from this study 

indicate that ABI1 controls tumor plasticity through connecting actin cytoskeleton and 



xvi 

 

cellular signaling to transcriptional regulation. We propose that ABI1 is a regulator of 

transcriptional homeostasis in prostate cancer. 
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ABSTRACT1 

Nearly one third of men will incur biochemical recurrence after treatment for localized 

prostate cancer. Androgen deprivation therapy (ADT) is the therapeutic mainstay; however, 

some patients will transition to a castrate resistant state (castrate resistant prostate cancer, 

CRPC). Subjects with CRPC may develop symptomatic metastatic disease (mCRPC) and 

incur mortality several years later. Prior to metastatic disease, however, men acquire non-

metastatic CRPC (nmCRPC) which lends the unique opportunity for intervention to delay 

disease progression and symptoms. This review addresses current therapies for nmCRPC, as 

well as novel therapeutics and pathway strategies targeting men with nmCRPC. 

Keywords: prostate cancer, castrate resistance, non-metastatic CRPC, clinical trial, epithelial 

mesenchymal transition, STAT3 

 

Simple Summary: Following local treatment of prostate cancer by surgical removal or 

radiation, biochemical recurrence may occur and progress to castration resistance (CR) 

following androgen deprivation therapy (ADT). If disease persists, men develop metastatic 

disease (mCRPC) which leads to death. Prior to mCRPC, a non-metastatic state exists 

(nmCRPC) characterized by a rise in PSA and lack of detectable metastases. Here, we review 

potential therapeutic strategies to interfere with the transition before the cancer becomes 

deadly. 
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1. Introduction 

In the United States, prostate cancer is the most common cancer among men with 

approximately 175,000 new diagnoses per year [1]. Among men who undergo therapy for 

localized disease, nearly one third will develop biochemical recurrence as assessed by a rise 

in prostate specific antigen (PSA) [2]. Given the androgen sensitive nature of prostate cancer, 

men are generally started on androgen deprivation therapy (ADT) after they recur [3]. ADT 

includes luteinizing hormone releasing hormone (LHRH) agonists (i.e., leuprolide, goserelin, 

histrelin), LHRH antagonists (i.e., degarelix) [4], or the very recently US Food and Drug 

Administration (FDA) approved oral LHRH antagonist, relugolix [5]. Despite suppression of 

androgen signals, many hormone sensitive prostate cancer patients will eventually transform 

into hormone refractory, or castrate resistant prostate cancer (CRPC), which carries a poor 

prognosis and has high rates of metastatic disease (mCRPC). mCRPC is ultimately what 

causes symptoms and death among prostate cancer subjects with a median survival time 

around 3–4 years [6,7]. Studies have shown that nearly 50% of men with nonmetastatic 

CRPC (nmCRPC) will develop metastases after two years [8]. It is important to note that new 

imaging modalities including PSMA-PET, NaF PET, and 11C-choline PET/CT will likely 

change the landscape of nmCRPC with earlier identification of measurable metastatic disease 

[9]. However, current disease progression from nmCRCP to mCRPC typically occurs after 48 

months. Given this knowledge, treatment of nmCRPC subjects offers a unique opportunity to 

delay progression to mCRPC. There has been a surge in research in this domain with three 

new anti-androgen agents achieving FDA approval in 2018 and 2019 for combination therapy 

with ADT in the setting of nmCRPC. The goal of this review is to discuss current anti-

androgen treatment options for nmCRPC, as well as innovative non-androgen based 
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therapeutic targets that have been explored. Lastly, we will discuss a novel pathway, 

epithelial mesenchymal transition (EMT) process, that may have utility in subjects with 

nmCRPC to delay disease progression. 

2. Current Treatment Paradigm for nmCRPC 

In 2018 and 2019, three second generation anti-androgen therapeutics were approved 

by the FDA for combination therapy with ADT in the setting of nmCRPC with PSA doubling 

time (PSADT) < 10 months: apalutamide, enzalutamide, and darolutamide [4,10,11,12]. 

These small molecule compounds act by three different mechanisms: inhibiting androgen 

binding to the androgen receptor, inhibiting androgen receptors from entering the nucleus, 

and inhibiting androgen receptor binding to DNA (Figure 1) [10,11,12]. They also bind to the 

androgen receptor with a higher affinity than the first-generation anti-androgens (i.e., 

flutamide, bicalutamide, nilutamide) which solely prevent androgen receptor translocation to 

the nucleus [13,14]. 

Apalutamide, a nonsteroidal antiandrogen, binds directly to the ligand-binding 

domain of the androgen receptor with a 7- to 10-fold higher affinity versus first-generation 

agents [10,13]. It is a selective and competitive androgen receptor inhibitor [14]. The 

Selective Prostate Androgen Receptor Targeting with ARN-509 (SPARTAN) trial was a 

randomized controlled trial comparing apalutamide with placebo in patients who were at high 

risk of developing metastasis as defined by a PSA doubling time of less than 10 months. This 

trial showed that when combined with ADT, the addition of Apalutamide resulted in a 

metastasis free survival (MFS) of 40.5 months compared to 16.2 months with the  
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Figure 1.1 Major pathways targeted in clinical trials of nmCRPC 

Major pathways targeted in clinical trials of nmCRPC. These include panels from left 

to right: angiogenesis and vascular destabilization (Anti-VEGF and Endothelin 

inhibitor); cell matrix adhesion/EMT (Integrin inhibitor); growth hormone pathway 

(Somatostatin); androgen pathway (AR inhibitors); bone metastases inhibitor (anti-

RANKL); immune cell therapy (rhGM-CSF); and PSA based vaccines (PSA-Pox 

virus). See Table 1 for clinical trials information related to these targets. 
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combination of ADT and placebo [10]. Of note, the apalutamide group did have a higher 

incidence of rash (23.8% versus 5.5%), hypothyroidism (8.1% versus 2%) and fracture 

(11.7% versus 6.5%) [10]. This trial was the basis for the FDA approval of apalutamide as a 

treatment in nmCRPC (Table 1).  

The PROSPER trial was a large, international, randomized controlled trial comparing 

the addition of enzalutamide or placebo to ADT. Enzalutamide is an androgen receptor 

antagonist that also binds with higher affinity than first-generation anti-androgens [14]. 

Enzalutamide was also approved for use in CRPC per the results from the PREVAIL and 

AFFIRM trials [6,15]. Eligible patients for the PROSPER trial had a PSA doubling time of 

less than or equal to 10 months and PSA ≥ 2 ng/mL at screening [11]. Enzalutamide was 

found to have a MFS of 36.6 months compared to 14.7 months in the placebo group [11]. 

Enzalutamide also prolonged the use of antineoplastic therapy. Of note, 31% of subjects in 

the enzalutamide arm had grade 3 or higher adverse events versus 23% in the placebo group 

[11]. As a result of the PROSPER trial, the FDA approved enzalutamide in the nmCRPC 

setting. 

The ARAMIS multinational, randomized controlled trial compared Darolutamide 

with ADT to a placebo with ADT [12]. Darolutamide is also an androgen receptor antagonist 

that has been found to be more efficacious than apalutamide and enzalutamide. Interestingly, 

Darolutamide is able to bind to the androgen receptor despite various mutations that impact 

the efficacy of other second generation anti-androgens (typically converting them from 

antagonist to agonist) [14]. The results of the ARAMIS trial showed that Darolutamide 

improved MFS (40.4 months versus 18.4 months) with no significant difference in side  
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Table 1.1 Current trials targeting nmCRPC clinical space 
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effects [12]. In 2019, Darolutamide was also granted FDA approval for treatment of patients 

with nmCRPC [12]. 

3. Targets beyond Androgen Receptor for the nmCRPC Therapy 

Biologic conversion to CRPC is predominantly driven by high AR expression and 

transcriptional activity [26,27,28]. There are several mechanisms related to AR signaling: AR 

overexpression from reactivated AR or AR gene amplification, activating mutations, ligand-

independent AR splice variants (most notably ARV7, which is a clinical marker of disease 

progression), AR bypass mechanism from over-activated glucocorticoid receptor expression, 

and AR low or negative prostate cancer, which is characterized by specific phenotype of 

neuroendocrine prostate cancer (NEPC) [29,30]. The latter variant is particularly aggressive 

with median survival of seven months and therapy is limited to platinum-based 

chemotherapy [31]. Evidence suggests that the number of NEPC will increase due to drug 

therapy driven resistance or t-NEPC [29]. Given the hormonal nature of CRPC and tendency 

towards AR resistance, therapeutics that do not target AR have been explored for subjects 

with nmCRPC. Studies have shown mixed results. This section provides an overview of 

various non-androgen receptor-based treatments in the setting of nmCRPC. 

Abiraterone acetate is an irreversible CYP17 inhibitor targeting androgen 

biosynthesis in the testicles, adrenal glands, and prostate cancer tumor cells. The IMAAGEN 

trial was a phase II, multicenter study that evaluated PSA responses to abiraterone acetate in 

131 nmCRPC patients with a PSA higher than 10 ng/mL or a PSADT lower than 10 months 

(NCT01314118) [16]. The primary endpoint of the study was PSA response at 6 months. The 

results demonstrated that 87% of patients exhibited a PSA decline of more than 50%. A 
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decline in PSA of over 90% was noted in 60% of subjects [16]. The median time to PSA 

progression and to radiographic progression was 28.7 months and not reached, respectively 

[16]. The toxicity profile of abiraterone was similar to that reported in phase III trials 

assessing its role in mCRPC patients. 

Another small molecule inhibitor of androgen production, orteronel (TAK-700), 

targeting CYP17A1, was tested in a Phase 2 trial [22]. Data revealed median time to PSA 

progression and metastases to be 14 months and 25 months, respectively (NCT01046916) 

[22]. Unfortunately, Phase 3 trials exploring orteronel in mCRPC and hormone sensitive 

metastatic prostate cancer have not shown a survival benefit (NCT01193244). There are 

ongoing trials investigating the role of orteronel in high risk localized prostate cancer 

(NCT01546987) [32,33]. 

Integrins, a family of transmembrane receptors, have been shown to mediate invasion 

and angiogenesis in prostate cancer bone metastases. A Phase 2 study investigating the 

effects of cilengitide, a selective antagonist of αv β3 and αv β5 integrins, in nmCRPC was 

completed in 2015 [17]. While cilengitide was well tolerated, it had no detectable clinical 

activity [17]. 

Endothelin-1 (ET-1) and the ETA receptor have been implicated in prostate cancer 

progression. Atrasentan is a selective endothelin-A receptor antagonist. The atrasentan Phase 

3 Study Group explored the use of atrasentan in nmCRPC in a randomized placebo-

controlled trial. While atrasentan lengthened PSADT and slowed increase in bone alkaline 

phosphatase levels, this study did not show a significant delay in time to disease progression. 

However, geographical differences in median time to progression (TTP) were noted: 
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atrasentan did show a prolongation of TTP among patients outside the US, whereas it did not 

delay TTP among US patients [18]. In another study, the ETA receptor antagonist zibotentan 

was compared to placebo in patients with nmCRPC [19]. At interim analysis, the zibotentan 

and placebo groups did not differ in overall survival or progression-free survival resulting in 

trial termination. The authors concluded that zibotentan was no longer under investigation as 

a potential treatment for prostate cancer [19]. 

Insulin-like growth factor (IGF) is an endocrine hormone that promotes anabolic 

activity after signals from growth hormone and has been implicated in the growth of prostate 

cancer. A Phase 2 trial evaluated the effect of octreotide, a somatostatin analogue that inhibits 

growth hormone release from the pituitary in men with nmCRPC [20]. The trial was stopped 

early after a pre-planned interim analysis showed no decline in PSA levels despite three 

cycles of treatment and a decline in IGF levels [20]. 

Bevacizumab (Avastin), a humanized monoclonal antibody against vascular 

endothelial growth factor A (VEGF-A), a potent proangiogenic and immunosuppressive 

mediator, was also trialed in nmCRPC patients (NCT01656304) [25]. Fifteen subjects 

received treatment every 14 days until PSA progression. Median time to PSA progression and 

new metastases was noted to be 2.8 months and 7.9 months, respectively. This treatment was 

deemed ineffective [25]. 

Denosumab is a human RANKL-specific monoclonal antibody that is approved for 

the prevention of skeletal-related events. A randomized Phase 3 trial was conducted in men 

with nmCRPC, evaluating the effects of denosumab on bone-metastasis-free survival [21]. 

Compared to placebo, denosumab significantly increased bone-metastasis-free survival by a 
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median of 4.2 months [21]. However, denosumab was associated with a higher incidence of 

osteonecrosis of the jaw and hypocalcemia [21]. The FDA denied an expanded indication for 

denosumab for the prevention of bone metastasis. 

Despite the limited efficacy of immune checkpoint blocking antibodies in prostate 

cancer, several studies suggested the potential of immunization-based strategies in nmCRPC 

patients. A Phase 2 trial explored the use of a DNA-based vaccine (pTVG-HP) in conjunction 

with sipuleucel-T, an immunologic agent that stimulates T cells via antigen presenting cells 

(APCs), to target prostatic acid phosphatase (PAP), a protein specifically produced by the 

prostate gland [34]. After administration of sipuleucel-T, some subjects received a booster of 

pTVG-HP with granulocyte-macrophage colony-stimulating factor (GM-CSF) to maintain a 

PAP-specific T cell response [23,34]. This pilot study suggests that repetitive immunization 

with the DNA-vaccine maintained an antigen-specific T-cell response after therapy and in a 

safe manner (NCT00849121) [23,34]. 

Use of a poxvirus-based PSA vaccine (PSA-TRICOM) in conjunction with ADT 

(nilutamide) in nmCRPC was explored previously [24,35]. The study included 42 subjects 

who were randomized to receive either the vaccine or ADT. Upon PSA progression without 

evidence of metastatic disease on imaging, patients could cross-over to receive both 

therapies. Time to PSA progression was 7.6 months with nilutamide versus 9.9 months with 

vaccine first [35]. At 6 years, a trend was noted toward survival benefit for patients 

randomized to the vaccine arm [24]. 
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4. Novel Epithelial Mesenchymal Transition (EMT) Process to Delay nmCRPC 

Novel targeting of the dysregulated epithelial mesenchymal transition (EMT) process 

may provide opportunity to delay nmCRPC disease progression [36,37]. EMT describes the 

physiologic and pathologic process by which epithelial cells de-differentiate into 

mesenchymal cells. Epithelial cells, which are normally polarized with intact cell-to-cell 

junctions, de-differentiate into mesenchymal cells which allows for wound healing in normal 

cells, but also migration and metastatic spread in tumor cells [38]. Changes in morphology 

and signaling lead to conversion to a poorly differentiated cell [36,38]. Epithelial cells 

require the structural stability of adherens junctions which are comprised of cadherin proteins 

[39]. E-cadherin is a calcium dependent transmembrane glycoprotein that facilities 

extracellular interactions with other epithelial cells [39]. The downregulation of E-cadherin 

has been noted to be a hallmark of early stages of EMT [40,41,42]. The emergence of EMT 

related transcription factors (EMT-TF), such as TWIST1 and SNAIL, silence E-cadherin 

expression through direct binding to the E-cadherin gene, which disrupts cell junctions and 

allows for tumor migration [43]. 

Research has shown that anti-androgen treatments such as enzalutamide have resulted 

in the upregulation of EMT-TF, such as TWIST1 and SNAIL, via the Twist1/Androgen 

Receptor (AR) axis [44]. Patients on ADT with high TWIST1 expression may benefit from 

TWIST1 inhibition to prevent EMT [45]. TWIST1 inhibitors have been studied in lung 

cancer, and results have shown cell growth inhibition and apoptosis [46,47]. Martin et al., 

proposed EMT as a mechanism of resistance to Cabazitaxel and antiandrogen therapy in 

advanced prostate cancer, thus justifying more research inquiry into the pathway [48]. 
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Dysregulated ABI1, a protein involved in cellular cytoskeleton stabilization and 

signaling, may also contribute to the EMT process [49]. Downregulation of ABI1 is 

associated with loss of E-cadherin, the key protein involved in maintaining the adherens 

junction [49]. This may propel disease progression and metastatic spread of tumor through 

activation of EMT. ABI1 loss has also been associated with upregulated STAT3 activity [49]. 

STAT3 is a master regulator of EMT transcriptional programming that promotes cellular 

adhesion, migration, proliferation and differentiation [38,50,51]. Gujral et al. identified the 

critical mechanism of STAT3-mediated invasion through activation of noncanonical WNT 

pathway [52]. WNT pathway is one of the key pathways associated with prostate tumor 

progression and invasion [53,54,55].  

5. Targeting STAT3 as Master Regulator in nmCRPC 

Much has been said about inhibiting STAT3 in cancer. STAT3 is an established target 

in the majority of advanced human tumors including prostate cancers [56,57]. STAT3 is 

elevated in prostate cancer cells as well as in many types of tumor-infiltrating immune cells, 

therefore pharmacological approaches aim to downregulate STAT3 function. Another 

justification for potentially targeting STAT3 in nonmetastatic CRPC is the fact that inhibition 

of STAT3 might prevent treatment-induced neuroendocrine-like prostate tumor phenotype, 

also termed as t-NEPC. Incidence of these type of tumors is expected to rise upon increased 

use of novel anti-AR agents [29,58,59]. These tumors alike classical NEPC tumors [59] are 

likely to be challenging to treat as they are resistant to anti-AR agents and are usually treated 

with platinum therapy subsequent to exhausting taxane therapy [56,59,60,61]. 
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The direct effect of STAT3 targeting depends on the genetic background of cancer 

cells. In PTEN-deficient cancer cells, STAT3 may act as a tumor suppressor [62] and 

promote tumor senescence by transcriptional regulation of ARF-p21-P53 axis [63]. The 

disruption of STAT3 signaling in PTEN null prostate cancer cells can promote tumor growth 

in mice [63]. However, targeting STAT3 in the whole tumor microenvironment, including 

tumor-associated myeloid cells, was shown to generate potent antitumor effects 

independently from PTEN status of cancer cells [57]. These preclinical results underscore 

therapeutic potential and priority in targeting STAT3 activity in tumor-associated immune 

cells rather than in cancer cells alone [57,64]. Synergistic activity of anti-STAT3 inhibitors on 

tumor microenvironment might be more important than their direct cytotoxic effect on 

prostate cancer cells [65]. STAT3 is commonly activated in immunosuppressive myeloid 

cells such as macrophages and MDSCs [66,67]. Hence, targeting STAT3 in the tumor 

microenvironment allows for tumor shrinkage due to proper immune system re-activation 

[57,64]. 

Multiple approaches to inhibit STAT3 levels or activity have been tested in preclinical 

studies (Figure 2) [68]. Small molecule Janus kinase inhibitors allow for targeting upstream 

regulators of STAT3 activity [69,70]. Peptide, decoy DNA or small molecule-based 

approaches aim at targeting the SH2 domain of STAT3 to prevent dimerization, which is 

involved in DNA binding activity and STAT3 transcriptional activity [69,70]. Efficient 

downregulation of STAT3 can be obtained by either oligonucleotide-based inhibitors, such as 

antisense oligonucleotides [57], or, by small molecules acting as proteolysis targeting 

chimeras (PROTACs) [71]. 

ABI1 regulates STAT3 expression through SRC kinase FYN, providing a potential 
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Figure 1.2 STAT3 as potential target pathway in nmCRPC 

STAT3 as potential target pathway in nmCRPC. Major types and mechanisms of current 

STAT3 inhibitors: siRNA/ASO, polypeptides, DNA decoys, small molecule and/or PROTAC 

inhibitors. The goal of inhibitors is to decrease levels of STAT3 mRNA or protein 

(siRNA/ASO or PROTAC), to inhibit STAT3 nuclear translocation (DNA decoys), or the 

transcriptional activity by interfering with DNA binding (peptides or small molecule 

inhibitors). Major pathways regulating STAT3 signaling in prostate epithelial cells are 

depicted. 
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novel strategy for STAT3 targeting [49]. Enhanced STAT3 levels are associated with 

enzalutamide resistance [72]. Therefore, loss or downregulation of ABI1 with overactive 

STAT3 signaling [49] may contribute to enzalutamide resistance. This suggests a potential 

role of ABI1 as a novel biomarker for early EMT events, as well as STAT3- mediated 

enzalutamide resistance. This also suggests a potential role for STAT3- inhibitors to 

resensitize tumors to enzalutamide as well as other ADTs [72].  

6. Conclusions 

Given that 50% of men with nmCRPC will undergo progression to mCRPC, novel 

therapies are needed. Currently, three FDA approved anti-androgen therapies are used in this 

sphere: apalutamide, enzalutamide, and darolutamide. Numerous targets for non-androgen 

pathways have been explored previously. This review introduces the novel concept of 

targeting the EMT process early on in nonmetastatic prostate cancer, as EMT plays a key role 

in disease progression and may serve as a potential target for future therapeutics and 

biomarkers. Further exploration of disrupted signaling pathways and cellular architecture 

may uncover potential opportunities for disease control.  
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ABSTRACT1 

The nuclear receptor superfamily comprises a large group of proteins with functions essential 

for cell signaling, survival, and proliferation. There are multiple distinctions between nuclear 

superfamily classes defined by hallmark differences in function, ligand binding, tissue 

specificity, and DNA binding. In this review, we utilize the initial classification system, 

which defines subfamilies based on structure and functional difference. The defining feature 

of the nuclear receptor superfamily is that these proteins function as transcription factors. The 

loss of transcriptional regulation or gain of functioning of these receptors is a hallmark in 

numerous diseases. For example, in prostate cancer, the androgen receptor is a primary target 

for current prostate cancer therapies. Targeted cancer therapies for nuclear hormone receptors 

have been more feasible to develop than others due to the ligand availability and cell 

permeability of hormones. To better target these receptors, it is critical to understand their 

structural and functional regulation. Given that late-stage cancers often develop hormone 

insensitivity, we will explore the strengths and pitfalls of targeting other transcription factors 

outside of the nuclear receptor superfamily such as the signal transducer and activator of 

transcription (STAT). 

Keywords: STAT3; androgen receptor; nuclear receptors; prostate cancer; transcription 

factors; treatment. 
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1. Introduction 

The nuclear receptor superfamily is a family of transcription factors that are widely 

expressed throughout the body. This family functions in well-organized signaling pathways 

that heavily rely on tissue microenvironment and when disrupted, endogenously or 

exogenously, can cause organ dysfunction, cancer, or loss of tissue integrity. Pharmacological 

intervention inhibiting signaling pathways of members of this family has been used for 

treatment of many diseases. Based on the evolution and robust treatment response to anti-

androgen therapies, we examine different agents currently used in different stages of prostate 

cancer progression as well as new targets being explored due to a rise in treatment resistance. 

The nuclear receptor superfamily is comprised of over 500 members. This superfamily is 

further divided into four classes based on key characteristics such as dimerization, DNA 

binding motifs and specificity, and ligand binding. The four classes include steroid Receptors 

(Class I), RXR heterodimers (Class II), homodimeric orphan receptors (Class III), and 

monomeric orphan receptors (Class IV). Although there are some significant structural and 

functional differences between the classes, some key structural components are preserved, 

which are permissive to their respective functions (Figure 1) [1].  

All nuclear receptor superfamily members contain a variable N-terminal domain 

(NTD), a DNA binding domain (DBD), a hinge region, a conserved ligand-binding domain 

(LBD), and a variable C-terminal domain. The two most highly conserved domains amongst 

all nuclear receptors are the DNA binding domain and the ligand-binding domain. The DNA 

binding domain contains two zinc finger motifs, which act as a hook, that allow binding to 

chromatin within the nucleus [2]. Each class has different DNA binding recognition 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6966469/#B2-cancers-11-01852
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sequences, which range from variable half-sites with inverted repeats, direct repeats, or no 

repeats within the DNA sequence [1]. 

The ligand-binding domain of nuclear receptors remains highly conserved in function 

but differs in specificity and affinity to specific ligands [1,3]. All classes, excluding orphan 

receptors, are ligand-activated. Ligand binding at the LBD induces an allosteric change, 

inducing activation [1,3]. Ligands within each class of nuclear receptors have similar 

structures. Furthermore, classification of the ligand determines which class of nuclear 

receptors each belongs to [1,3]. For example, endogenously expressed ligands for these 

receptors can be hormones, metabolites, or enzymatic ligands, as well as unidentified ligands 

[1,3]. 

Another feature which differentiates class members is partner dimerization within the 

nucleus. Classes I–III require dimerization while Class IV does not. Additionally, Class I and 

III require homodimerization, which can provide stronger zinc finger binding to DNA, while 

Class II requires heterodimerization [1]. 

There have been modifications to each subclass based on new information gathered 

through structural analysis and sequencing data. For this review we will focus on the 

classical subdivisions of the nuclear receptor superfamily defined by the hallmarks of nuclear 

receptor superfamily structure and function such as dimerization, DNA binding motifs and 

specificity, and ligand-binding activation. 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6966469/#B1-cancers-11-01852
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6966469/#B1-cancers-11-01852
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6966469/#B3-cancers-11-01852
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6966469/#B1-cancers-11-01852
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6966469/#B3-cancers-11-01852
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6966469/#B1-cancers-11-01852
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6966469/#B3-cancers-11-01852
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6966469/#B1-cancers-11-01852
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6966469/#B3-cancers-11-01852
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6966469/#B1-cancers-11-01852
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Figure 2.1 Schematic illustration of the classical nuclear receptor superfamily 

(A–D) graphically represent the four classes of the nuclear receptor superfamily which are 

defined based on dimerization (homo, hetero, or mono), DNA binding (direct repeat or 

inverted repeat), and ligand specificity (required, or not required). Class I, Steroid Receptor 

(also known as nuclear hormone receptors); Class II, RXR Heterodimers; Class III, Dimeric 

Orphan Receptors; Class IV, Monomeric Orphan Receptors. Abbreviations: NTD, N-terminal 

domain; DBD, DNA-binding domain; H, Hinge region; LBD, Ligand-binding domain; C, 

Variable C-terminus; DR, Direct Repeat; IR, Inverted Repeat. 
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1.1. Class I: Overview of Steroid Hormone Receptors, Structure and Function  

All members of Class I are grouped based on shared characteristics and functions 

(Figure 2). First, they are ligand-activated receptors, for ligand-binding induces a 

conformational change that allows for homodimerization and subsequent DNA-binding. 

Additionally, Class I members have a unique role in the maintenance of cellular homeostasis, 

gene expression regulation in embryogenesis, and tissue development, as well as their ability 

to respond to extracellular signals in an endocrine manner, which allows the cells to adapt to 

systemic environmental changes. Within Class I nuclear hormone receptors, there can be 

redundancy of individual members to perform each other’s transcriptional functions, but it is 

highly dependent on tissue-specific expression of endogenous ligands [4]. Another level of 

regulation, which has been best characterized for Class I nuclear receptors, is determined by 

the presence of co-activators and/or repressors within the nucleus. These can be specific to a 

particular receptor within the class and are critical for transcription initiation or repression 

[4]. 

The DNA binding domain (DBD), is a cysteine-rich domain that has a conserved 

amino acid sequence and encodes two zinc (Zn) finger motifs. Specifically, C1 to C4 are 

responsible for the first zinc finger motif, and C5 to C8 are responsible for forming the 

second. Each finger motif then chelates a Zn(II) ion, allowing for a structural DNA 

recognition site to form [2]. The zinc finger motifs are known as the P-box and D-box, where 

the P-box refers to the 1st zinc finger motif in the sequence, which directly interacts with 

DNA, while the 2nd zinc finger site does not [5]. The half site sequences on DNA that allow 

for zinc finger binding are highly conserved, as seen in the estrogen and glucocorticoid 

receptors. This level of similarity leads to single nucleotide or amino acid mutations of a zinc  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6966469/figure/cancers-11-01852-f002/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6966469/#B4-cancers-11-01852
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Figure 2.2 Schematic illustration of the nuclear receptor hormone family 

Figure depicts structural differences within the nuclear receptor hormone family occur at the 

NTD, DBD, and LBD. The functional differences are defined based on co-activator 

recruitment, dimeric receptor interactions, and ligand binding. Abbreviations: NTD, N-

terminal domain; DBD, DNA-binding domain; H, Hinge region; LBD, Ligand-binding 

domain; C, Variable C-terminus; HRE, Hormone Response Elements. 
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finger domain to cause receptor protein promiscuity. Wherein, receptor proteins can 

recognize hormone response elements of other receptors on DNA, and initiate transcription 

of genes non-specific to the external signal received [2]. Additionally, the hexameric half-

sites recognized by zinc finger motifs for the androgen receptor, progesterone receptor, and 

glucocorticoid receptor are highly conserved [5]. However, the specific difference that allows 

for response element specificity is how the zinc fingers interact with each other once a dimer 

is formed, either head-to-head or head-to-tail [6]. 

Another conserved structural feature among Class I nuclear receptors is their ligand-

binding domain (LBD). The LBD contains around 12 α-helices, three of which form the 

hydrophobic pocket, also known as the ligand-binding pocket (LBP). The ligand binding 

specificity within the pocket is determined by conformational differences which cause steric 

hindrance of non-specific ligands [7]. 

A structural feature of nuclear hormone receptors that has previously been overlooked 

is the activation function-1 (AF-1) protein domain within the N-terminal region and the 

activation function-2 (AF-2) in the LBD. This is a common feature found in Class I–III, but 

not in Class IV [8]. The presence of AF-1 in the intrinsically disordered region of the N-

terminal allows for flexibility and becomes ordered when bound to individual partners [8]. 

On the C-terminal end, AF-2 requires ligand-binding to become active but remains ordered in 

all states [8]. Unfortunately, when AF-2 is spliced out, the protein can undergo a gain of 

function mutations that no longer require ligand-binding for activation and cause 

dysregulated protein expression [8]. On the outside of the AF-2 protein domain, at α-helix 12, 

there is a hot spot for steroid co-activator binding (SRC) mediated through its LxxLL motif, 

which promotes transcriptional activity (Figure 2) [9]. Similarly, within the NTD, there is a 
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five amino acid long motif FxxLF that binds and stabilizes the N-terminal and C-terminal 

domains. This binding promotes the stabilization of dimers through an active conformational 

state, preventing ligand-bound dissociation [5,9,10]. 

The N-terminal and C-terminal of the nuclear hormone receptors are crucial for the 

recruitment of co-activators within the nucleus, which can vary significantly between family 

members [11]. The variability between nuclear hormone receptor co-activator binding is most 

likely caused by the specific amino acid arrangement in the NTD rather than difference in the 

chemical characteristics of amino acids present [12]. Binding of the NTD with its preferred 

co-activator results in a highly coiled structure, which can alter the structural properties of 

the receptor. For example, the androgen receptor, in this highly coiled-state, becomes highly 

resistant to proteases [12]. 

Overall, nuclear hormone receptors play a crucial role in body homeostasis. Thus, 

mutations, misfolding, or alteration of signaling pathways can often lead to systemic organ 

dysfunction. Each nuclear hormone receptor has a specific set of target genes, which display 

tissue-specificity, under a ligand-activated state initiated by a specific ligand. 

1.1.1. Class I: The Androgen Receptor, Structural and Functional Differences 

The androgen receptor (AR) is essential for male sexual differentiation, bone growth, 

muscle homeostasis, and development [5]. AR is activated when α-dihydrotestosterone 

(DHT) binds to the LBP within the LBD of AR, inducing a conformational change. This 

leads to the activation of AR through the disassembly of chaperone proteins such as HSP70 

and HSP90 and simultaneous exposure of a nuclear localization signal (NLS) in the DBD 

[5,13]. 
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Unlike other nuclear hormone receptors, androgen response elements have high 

specificity and low-affinity interactions with DNA [5]. The literature suggests AR requires 

increased stability to bind DNA at specific androgen response element sites through head-to-

head zinc finger dimerization [5]. Additionally, AR has increased specificity to DNA 

recognition sites by recognizing both an inverted repeat and a direct repeat known as ADR3 

[6]. Comparatively, the glucocorticoid receptor (GR) has been shown to have less bulky 

amino acids in the zinc finger motifs which form an open pocket within the head-to-head 

zinc dimer [6]. The AR contains amino acids that allow for a more compact structural 

conformation which reduces pocket size, ultimately increases homodimer stability [5,6,12]. 

The NTD of AR fosters a plethora of protein–protein interactions due to the 

variability in poly-glutamine and poly-glycine length which contributes to its highly 

disordered nature [5,12]. The variability in glycine and glutamine residue repeats in the NTD 

of AR allow for interaction with numerous binding partners due to increased flexibility, 

increased number of conformations, and modified functionality [5,14]. A decreased amount 

of glutamine and glycine repeats increases the transcriptional activity of AR most likely due 

to decreased protein–protein interactions with co-repressor binding partners [5,12]. 

Upregulation of AR splice variants is commonly observed in different malignancies: 

ARV7 is a splice variant of AR commonly upregulated after androgen deprivation therapy 

(Figure 3). ARV7 lacks an LBD and does not require a ligand for active transcription. Recent 

studies have shown that ARV7 can homodimerize with full length-AR and repress the 

transcription of tumor suppressor genes [15]. The ARV7 splice variant is constitutively active 

and requires full length-AR to repress transcription [15].  
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Figure 2.3 Schematic illustration of androgen receptor splice variants 

The figure depicts the most common AR splice variants implicated in prostate cancer 

treatment resistance are ARV7 and ARV567es. Splice Variant ARV7 lacks the LBD and 

therefore does not require ligand binding for activation which allows for constitutive activity 

in the context of low ligand availability during PCa treatments; ARV7 can also bind AR-full 

length in the nucleus, promoting continuous transcriptional activity. Splice variant ARV567es 

has an exon skipping mutation for exons 567 but retains exon 8 and therefore can bind DNA 

and remain constitutively active without ligand activation. However, the remaining exon 8 

can potentially allow for co-activator recruitment and various conformational differences 

independent of AR-full length and ARV7. Abbreviations: AR, Androgen receptor; NTD, N-

terminal domain; DBD, DNA-binding domain; H, Hinge region; LBD, Ligand-binding 

domain; C, Variable C-terminus. 
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ARv567es is a splice variant of AR that lacks exons 5, 6, and 7 while retaining exon 8 

and does not require ligand binding for transcriptional activity (Figure 3) [16]. The splice 

variant ARV567es requires homodimerization with full length-AR for actively transcribing 

target genes. Unique from other forms of AR, this splice variant localizes to the nucleus 

wherein it waits for full length-AR to begin any activity [16]. Recent studies identify that 

ARv567es actively transcribes a unique set of target genes that are distinct from full length-

AR, indicating that expression of ARv567es could be a fail-safe mechanism used by tumor 

cells to promote cell survival [16]. 

1.1.2.  Class I: The Progesterone Receptor, Structural and Functional Differences 

The ligand for the progesterone receptor (PR) is progesterone. Ligand-activation of 

PR plays a critical role in female mammary gland development/homeostasis and other female 

reproductive organs [10]. Additionally, PR is expressed in prostate tissue and plays an 

essential role in tissue microenvironment and stromal cell differentiation [17]. PR has two 

isoforms which have differential roles in normal organ functioning and the balanced 

expression of both isoforms is critical for normal tissue function [10,18]. The two isoforms—

Progesterone Receptor-A (PR-A) and Progesterone Receptor-B (PR-B)—differ in size at the 

NTD (Figure 4) [10]. 

PR-B has an extended NTD, which is called a unique domain or activating function 

domain 3 (AF-3) [10]. PR-B is more transcriptionally active than PR-A and plays a crucial 

role in mammary development. However, dominant expression of PR-A is implicated in 

cancer onset due to non-genomic activities mediated through the binding of activated Src 

kinases [10]. 
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Figure 2.4 Schematic illustration of progesterone receptor isoforms 

The progesterone receptor has two distinct isoforms, PR-A and PR-B. PR-B is more 

transcriptionally active due to the extended N-terminal domain that contains AF3 (unique 

domain), an activation function unit that allows for an increase in co-binding partners and 

activity. The isoform PR-A is less transcriptionally active than PR-B and primarily functions 

in non-genomic pathway activity. Its upregulation is implicated in cancers. Abbreviations: 

PR, Progesterone receptor; NTD, N-terminal domain; DBD, DNA-binding domain; H, Hinge 

region; LBD, Ligand-binding domain; C, Variable C-terminus; AF1, Activation function-1; 

AF2, Activation function-2; AF3, Activation function-3. 
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Post-translational modifications of the hinge region of PR-A/B allows the PR to 

interact with chromatin-associated high mobility proteins 1/2 (HMGB1/2) and Jun 

dimerization protein 2 (Jun2) [19,20]. These interactions have been shown to increase 

transcriptional activity of PR [20]. HMGB1/2 is a protein that increases DNA-protein 

binding interactions indirectly through increasing the number of contacts of the PR to DNA 

through dynamic conformational change [21,22,23]. 

Furthermore, recent evidence suggests a role of PR in prostate cancer progression, 

specifically through its role in regulating smooth actin muscle (SMAα) in stromal cells 

[17,24]. PR levels were upregulated after castration in patients with prostate cancer, which 

could contribute to treatment resistance due to its role in stromal cell differentiation and 

mobility [17,24]. Until recently, the role of PR in prostate cancer was not evaluated but 

maybe a key player in understanding current mechanisms of treatment resistance. 

1.1.3. Class I: The Estrogen Receptor, Structural and Functional Differences 

The estrogen receptor (ER), whose ligand is estradiol, plays a key role in female 

reproduction [18]. There are two isoforms of the ER known as ERα and ERβ, which are 

structurally distinct and perform different functions [18] (Figure 5). These structural 

differences allow for interaction with different binding partners and subsequent 

transcriptional activation of distinct target genes [4]. ERβ protein lacks an AF-1 region, 

which suggests that ligand binding is essential for function through LxxLL motif binding at 

AF-2 α-helix 12 [4]. ERα protein contains both AF-1 and AF-2 structural features and is 

more transcriptionally active than ERβ [4]. Previous studies have shown that the ER binds 

multiple estrogen response elements (ERE) that vary based on the second didactic half-site  
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Figure 2.5 Schematic illustration of estrogen receptor isoforms 

The estrogen receptor has two isoforms, ERα and ERβ, and is comparatively smaller than 

other family members. The isoform ERα has an extended NTD which allows for more 

transcriptional activation, whereas, ERβ has a shorter NTD and is less transcriptionally 

active. Most often the ERα isoform is upregulated in cancers. Abbreviations: ER, Estrogen 

receptor; NTD, N-terminal domain; DBD, DNA-binding domain; H, Hinge region; LBD, 

Ligand-binding domain; C, Variable C-terminus; AF1, Activation function-1; AF2, Activation 

function-2. 
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[4]. It is suggested that the variability of ERE allows for modulation of allosteric regulation 

and ultimately, co-activator recruitment [4]. Post-translational modifications of ERα such as 

methylation of Arg260 by protein arginine methyltransferase (PMT1) are necessary for ERα 

to interact with the p85 subunit of PI3K and c-SRC [25]. On the other hand, acetylation of 

Lys266/268 by p300 enhances the transcriptional activity of ERα by increasing ERE binding 

specificity [26]. 

Recent evidence suggests that ERβ plays an essential role in the proliferation of 

prostatic epithelial cells, which is a feature of prostate cancer progression [27]. The 

downregulation of ERβ as a consequence of current prostate cancer treatments could increase 

the proliferation of prostatic epithelial cells and contribute to disease progression. 

Furthermore, studies show that a subset of patients with high-grade tumors had a loss of the 

ERβ gene locus [27]. Similarly, mice that had a loss of ERβ developed prostate cancer, which 

could be a useful biomarker for early detection of prostate cancer [27]. 

ER has a pivotal role in the female reproductive system and secondary sexual 

characteristic development and function [4,28]. ER has been well characterized as a key 

player in breast cancer development. The differential expression of ER’s isoforms has been 

implicated in breast cancer metastasis, and can be used to determine treatment, prognosis, 

and stage of the disease [29]. Similar to prostate cancer, some forms of breast cancer are also 

hormone-sensitive, with approximately 70% of them being hormone-sensitive and ER 

positive [30]. Based on the currently available targeted therapies for breast cancer (also 

referred to as Endocrine Therapy (ET)) and their superiority to chemotherapy with regards to 

tolerance, efficacy, and less severe side effects, breast cancer is subdivided into distinct 

biologic groups based on receptor expression: Estrogen Receptor (ER+), Progesterone 
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Receptor (PR+), those that express the epidermal growth factor receptor 2 (HER2+), and 

those that do not express either are classified as triple negative BC [30]. 

Production of estrogen in females is analogous to testosterone production in males. 

This allows for some of the same agents used for chemical castration to be used for ovarian 

ablation (see below). The use of LHRH analogs allows for the downregulation of estrogen 

production by the ovaries, the main source of estrogen in pre-menopausal women. Aromatase 

inhibitors (i.e., anastrozole, exemestane and letrozole) inhibit the enzyme aromatase, which 

converts androgens into estrogens in tissues outside of the ovaries. This therapy works best in 

post-menopausal women, since production of estrogen post-menopause is not in the ovaries 

[30]. 

1.1.4. Class I: The Glucocorticoid Receptor, Structural and Functional 

Differences 

The ligands for the glucocorticoid receptor (GR) are glucocorticoids which are 

produced by the adrenal cortex. This protein is ubiquitously expressed throughout the body 

and mediates metabolism as well as anti-inflammatory response through ligand-binding 

activation of cortisol. Recent studies have shown that specificity of DNA binding for GR is 

mediated by amino acid composition in the DBD of the protein which most likely contributes 

to the high level of protein expression throughout the entire body but lack of overlapping 

function with family members such as AR [31]. More specifically, one amino acid 

polymorphism will allow for a different conformation and therefore lead to different target 

gene binding [31]. However, mutation of the DNA binding domain could also decrease DNA 

binding specificity and allow for activation of target genes that belong to other family 
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members such as AR [31]. Furthermore, GR, unlike other nuclear hormone receptors, has an 

abundance of acidic residues in the NTD, which increase its interaction with co-activator 

proteins [32]. Additionally, the AF-1 in the NTD of GR can perform 65% of normal 

functioning compared to wildtype GR [32]. Most other nuclear receptor family members 

require both AF-1 and AF-2 for proper function. However, the modification of acidic residues 

in the NTD allows for GR to function in the absence of a ligand [32]. 

More recent evidence suggests that TIF2.0 (p160 co-activator TIF2) directly interacts 

with the NTD of GR [33,34]. Previously, TIF2 has been shown to solely interact with the 

LBD of other nuclear hormone receptors wherein, TIF2.0 has an extended NTD [34]. 

Through NTD binding of TIF2.0 to GR, a conformational change occurs, allowing for an 

increased α-helix formation [33]. Similarly, binding of TIF2.0-GR was shown to inhibit co-

repressor binding, which suggests a unique mechanism of increased transcriptional activity of 

GR [33]. 

1.2. Class II: RXR Heterodimers, Structure and Function 

The Retinoid X Receptor (RXR) ligand is 9-cis-retinoic acid or alitretinoin, which 

plays a role in lipid metabolism, apoptosis, and the immune system [35]. RXR unlike nuclear 

hormone receptors, are highly promiscuous with regards to their binding partners [3]. The 

key feature of Class II nuclear receptors is that RXR dimerization is required for activation. 

The RXR can bind to itself and promote activation, but other members of this family such as 

Peroxisome Proliferator Activator Receptor (PPAR), Pregnane X Receptor, and Liver X 

Receptor all require heterodimerization with RXR to translocate to the nucleus [3]. All 

receptors in Class II bind to unique response elements, which makes RXR dynamic and 
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heavily relied upon for normal physiological function [36]. Downregulation or loss of RXR 

signaling has been shown to promote inflammation of vital organ systems such as the liver 

[37]. Interestingly, RXR without ligand binding can still bind DNA and perform functions 

such as recruiting co-repressor complexes to repress gene expression through 

heterodimerization with Retinoic Acid Receptor (RAR) [38]. In cancer cells, RXR is 

sequestered in the cytoplasm by the co-repressor complex AEG-1/MTDH/LYRIC which 

decreases its transcriptional activity [38]. 

1.3. Class III: Homodimeric Orphan Receptors, Structure and Function 

Homodimeric orphan receptors are different from Class I and II in that no ligand has 

been identified for their activation [1,3]. Homodimeric orphan receptors are structurally 

similar to other family members but differ in sequence-specific binding to DNA [3]. The 

Class III nuclear receptor family bind to direct repeat and palindromic sequences [3]. 

Additionally, homodimeric orphan receptors have highly constitutive transactivation and 

transrepression functions, suggesting that perhaps no ligand is required for activation [3]. In 

some cases, Class III receptors bind similar target genes as nuclear hormone receptors and 

therefore, may play a critical role in alternative pathway activation [1,3]. For example, 

RevERbAα is an example of a homodimeric, as well as a monomeric, orphan receptor. When 

RevErbAα binds as a dimer to DNA, it acts as a transcriptional repressor for genes that are 

typically activated by Class II RXR-RAR receptors [39]. Interestingly, RORα is a Class IV, a 

monomeric orphan receptor that is critical for transcriptional activation of genes essential for 

proper cerebellar development [40,41]. A gain of function mutation at the zinc finger binding 

motifs of RORα allows the receptor to bind as a dimer to a subset of target genes while still 

maintaining its original function. However, compared to the well-characterized Class I 
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receptors, there is a lack of functional and structural information that differentiates Class III 

receptors [41].   

1.4. Class IV: Monomeric Orphan Receptors, Structure and Function 

Monomeric orphan receptors are similar to Class III in that they do not require a 

ligand for activation. However, functionally they have a distinct role in steroid synthesis [42]. 

The Class IV nuclear receptor, Steroidogenesis Factor-1 (SF-1) monomerically binds to 

steroidogenic enzymes at the DNA enhancer sequence in all tissues responsible for steroid 

synthesis [3,43]. SF-1 is expressed in all steroidogenic tissues where the receptor remains 

constitutively active [42]. It was shown that the loss of gene expression of SF-1 results in the 

failure of organ development during embryogenesis [42,43]. While Class IV nuclear 

receptors are not directly involved in hormone signaling, this class plays a critical role 

throughout early sexual differentiation as well as in hormone biosynthesis [43]. Similar to 

Class III nuclear receptors, there is still a lot to be understood regarding the structure and 

function of monomeric orphan receptors.   

2. Overview of Targeting Transcription Factors in Prostate Cancer 

Transcription factors have been shown to play a key role in initiation of many 

cancers. Due to their role in regulating gene transcription and maintaining cellular 

homeostasis, the loss of their regulation results in a gain of oncogenic function and/or loss of 

tumor suppressors [44]. While all transcription factors share similarities in their ability to 

regulate gene transcription, understanding their differences in mode of activation and 

upstream/downstream signaling pathways becomes essential to modulate their function as 

potential therapeutic targets. 
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Our current understanding of how different transcription factor are regulated and 

activated, has identified different points at which these can be potentially targeted for cancer 

treatment, such as blocking co-activator binding, nuclear localization, upstream protein 

signaling, ligand-binding, or interfering with DNA binding. Furthermore, understanding 

differential expression of these targets in different tissues, and their function can better guide 

therapeutic development to reduce potential side effects. Additionally, it is important to be 

mindful of the effects these therapies might have in the natural course of cancer progression 

as it can potentially increase metastatic potential of the tumors through adaptive selection 

[44]. 

Throughout prostate cancer progression, there are unique features of protein 

expression and signaling pathway modifications which provide information as to which 

transcription factor can be effectively targeted at different stages of disease. The major 

signaling pathways implicated in prostate cancer such as PI3K, AKT, c-MYC, and AR give 

clues as to what is driving tumor growth and development [45]. 

To evaluate the clinical benefits and pitfalls of current prostate cancer treatments, we 

will focus on two differentially activated transcription factors, one of which is part of the 

standard of care in prostate cancer treatment (AR), and a newly identified but promising 

target (STAT3). AR is highly targeted in prostate cancer (PCa) at different stages of disease 

progression and namely earlier rather than late disease progression. There are multiple 

treatments available for an early, hormone-sensitive disease that have different mechanisms 

of action to target the AR pathway but remain non-curative due to loss of tissue-specificity, 

microenvironment, and alternative nuclear receptor activation. Late-stage of PCa disease 

progression is hormone-independent and leaves patients with few treatment options, which is 
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why developing new treatments to target other transcription factors implicated in PCa, such 

as STAT3, is essential. 

2.1. Currently Targeted Transcription Factor in Primary Prostate Cancer 

Primary prostate cancer (PCa) is hormone-driven and mediated by the ligand-

activated nuclear receptor and transcription factor AR. While there are different drug 

treatments for primary PCa, most are focused on targeting AR signaling, directly or 

indirectly. Androgen deprivation therapy (ADT), also known as chemical castration, is 

primarily used to decrease tumor size through downregulation of AR signaling. This can 

alleviate symptoms associated with enlargement of the prostate, such as urinary incontinence 

and impotence [46]. Patients that undergo ADT or prostate resection can later present with 

increased prostate-specific antigen (PSA) levels, referred to as biochemical recurrence. At 

this point, treatments targeting androgen production and signaling are used. 

2.1.1. Androgen Deprivation Therapy: Luteinizing Hormone-Releasing 

Hormone (LHRH) Agonist and Antagonist 

Primary prostate cancer is a hormone sensitive cancer defined by the localization of a 

tumor to the prostate and surrounding tissue [46]. The current standard of care for primary 

PCa is either radical prostatectomy, radiation, or chemical castration. Chemical castration is 

accomplished using a LHRH agonist. Continuous treatment with LHRH agonists causes 

desensitization of the gonadotrophs in the anterior pituitary, which leads to a decrease in the 

production of LH, with a subsequence decrease in androgen production by the testis [47]. 

The GnRH antagonist (aka LHRH antagonist) is a more recent drug used for chemical 

castration which antagonizes the production of LH from the anterior pituitary (Figure 6) [47].  
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Figure 2.6 Schematic illustration of the hypothalamic–gonadal axis (HGA) 

Site of action of luteinizing hormone-releasing hormone (LHRH) agonist and Gonadotrophin 

Releasing Hormone (GnRH) analogs. Abbreviations: LH, Luteinizing-Hormone; FSH, 

Follicle Stimulating Hormone. 
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LHRH agonist, as well as GnRH antagonist, are robust treatments that indirectly act on 

androgen signaling pathways, with an overall effect of reducing activation of AR, through 

decrease in androgen production. 

2.1.2. Anti-Androgen Therapy: Bicalutamide 

Bicalutamide is an anti-androgen agent used in combination with LHRH agonists 

after biochemical recurrence is detected. LHRH treatment alone can lead to increased AR 

expression in the tumor and therefore, requires a combination of treatments in order to reduce 

tumor size [48]. Bicalutamide acts as an anti-androgen by abrogating co-activator recruitment 

through direct binding at the recruitment motif in the LBD of AR [49,50]. High selectivity of 

bicalutamide reduces any off-target effects that can arise from activation of other nuclear 

receptors by drugs with low affinity and selectivity [48]. The primary purpose of combining 

the use of bicalutamide and LHRH agonist is that bicalutamide has been shown to sensitize 

the anterior pituitary to release LH when LHRH agonists are administered [48]. 

The use of ADT in combination with anti-androgen therapy for PCa treatment is 

highly effective at shrinking tumor size for 12–24 months [51]. This treatment improves 

quality of life and prolongs survival of patients [51]. Combination therapy with bicalutamide 

and LHRH agonist allows for an extension in the effectiveness of treatment when compared 

to the use of either individually [51]. 

Unfortunately, most patients undergo biochemical recurrence within an average of 24 

months of treatment. Biochemical recurrence can occur in multiple ways, including, 

intratumoral synthesis of androgen or reactivation of the androgen receptor [48,52]. 

Intratumoral synthesis of androgen can occur through the increased enzymatic activity of 
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cytochrome P450 17A1 (CYP17A1, a variant of CYP17), CYP17A1 reduces pregnenolone, 

an androgen precursor, to a weak androgen, DHEA [53]. DHEA can bind full length-AR and 

promote gene expression [54]. Reactivation of AR can occur through multiple ways 

including upregulation of ARV7/ARv567es splice variants and LBD point mutation (W741C) 

[15]. Upregulation of ARV7 induces transcriptional repression of tumor suppressor genes and 

as a result, can promote tumor regrowth [15]. Upregulation of ARV567es, induces 

transcriptional activation of distinct AR target genes [16]. It has been reported that treatment-

induced point mutation, W741C, in full length-AR allows bicalutamide to act as an AR 

agonist [53,55,56]. Additionally, bicalutamide was shown to cause an increase in AR co-

activator recruitment to the nucleus as well as an increase in AR expression in the cytoplasm 

[56]. Increased AR expression in the cytoplasm allows for ligand-binding in the context of 

low ligand availability, as is the case with patients undergoing ADT. Thus, there are 

numerous ways that treatment with ADT and bicalutamide can lead to acquired resistance 

and tumor regrowth. 

2.2. Currently Targeted Transcription Factors in Castrate Resistant Prostate 

Cancer  

Biochemical recurrence is associated with a rise in Prostate-Specific Antigen (PSA) 

level in patients after some previous intervention such as surgery, hormonal depletion, or 

radiation [46]. Patients that have an increased PSA are thus considered to have Castrate 

Resistant Prostate Cancer (CRPC), also known as hormone refractory PCa. Biochemical 

recurrence happens for different changes in AR including gene amplification, point 

mutations, increased expression, increased enzymatic expression of androgen biosynthesis 

proteins, splice variant upregulation, and increased co-activator recruitment. Modifications of 
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the androgen-signaling pathway and of AR itself are a result of acquired treatment resistance. 

These changes are clinically used to determine the next course of patient treatment. 

2.2.1. Androgen Biosynthesis Inhibitor: Abiraterone 

Abiraterone is used as a treatment for CRPC. It indirectly reduces the transcriptional 

activity of AR through decreasing the ligand availability for receptor activation. Abiraterone 

is a downstream inhibitor of Cytochrome P450 (CYP17), an enzyme that synthesizes ligands 

required for nuclear hormone receptors such as PR, AR, and ER [57]. Abiraterone is a 

competitive inhibitor of the CYP17A enzyme [58]. The binding of abiraterone occurs at the 

1720-lyase active site of CYP17A and inhibits re-entrance of steroids in the biosynthesis 

pathway (Figure 7). This prevents further synthesis and subsequent reduction into a more 

active state [58]. 

Treatment with abiraterone has been shown to extend cancer free-survival for 35 

months in patients not previously treated with chemotherapy [59]. Inhibition of enzymatic 

function in the androgen synthesis pathway, rather than directly acting on AR, reduces the 

chance of AR undergoing point mutations. Additionally, abiraterone inhibits intratumoral 

biosynthesis of androgens which commonly occurs in patients that had previously received 

some form of ADT, a known mechanism of AR reactivation [52]. While abiraterone is highly 

effective at decreasing intratumoral synthesis of androgens and tumor size, it is non-curative 

[60]. Extended treatment with abiraterone causes an increase in gene and mRNA expression 

of enzymes involved in androgen biosynthesis [60]. Furthermore, studies in xenograft models 

indicate that prolonged treatment causes an upregulation of ARV567es [16,60]. Upregulation 

of AR splice variants could be the reason that abiraterone is less effective in patients that  
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Figure 2.7 Schematic illustration of abiraterone inhibition 

Abiraterone inhibits intratumoral synthesis of cholesterol into active androgens that can 

weakly bind AR in the context of low ligand availability. Abiraterone acts through the 

enzymatic inhibition of CYP17A1, which ultimately prevents synthesized androgens from 

further reduction to a more active state. Abbreviations: ABI, Abiraterone; AD, 

Androstendione; DHEA, Dehydroepiandrosterone. 
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have previously undergone ADT. Moreover, abiraterone alone was not shown to be effective 

at reducing other mechanisms of tumor resistance such as reducing AR splice variant 

expression [58,61]. 

2.2.2. Androgen Receptor Antagonists: Enzalutamide, Darolutamide 

Second-generation AR antagonists, such as enzalutamide and recently FDA-approved 

compound darolutamide, have been shown to inhibit multiple facets of AR activity, making 

potent antagonists compared to first-generation agents [62]. All second-generation AR 

antagonists act as a competitive inhibitor of the androgen receptor (Figure 8). 

Enzalutamide was designed to function in a castration-resistant setting wherein there 

is either gene amplification or increased expression of AR [49]. Compared to first generation 

anti-androgens, enzalutamide has an increased affinity and selectivity for AR, reducing any 

chance of off-target effects [49]. Enzalutamide binding to AR induces a conformational 

change which inhibits DNA binding, nuclear localization, and co-activator binding at the 

NTD and just outside the AF-2 domain [49]. Enzalutamide binding induces conformational 

changes within the LBP that decrease recruitment of co-activators. Co-activator recruitment 

has been shown in other anti-AR agents (i.e., bicalutamide) to play a role in the underlying 

mechanisms leading to treatment resistance [48,50]. Similarly, changes induced by 

enzalutamide binding inhibit α-importin from binding the hinge region which contains the 

nuclear localization signal [5]. Finally, inhibition of DNA binding most likely occurs due to 

interference with the intramolecular interaction required for zinc finger motif stabilization 

[1,49]. 
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The main strength of enzalutamide treatment is its effectiveness in decreasing tumor 

size and cancer progression at a stage of disease that most other treatments are ineffective. 

Enzalutamide is one of the most potent competitive AR antagonists available and has a 

relatively high affinity for AR that is 2.5 fold less than that of DHT [49]. 

Despite all of its favorable attributes, enzalutamide treatment is not curative, as 

treatment resistance is still acquired. A known mechanism of acquired resistance to 

enzalutamide treatment is a point mutation F876L in the LBD of full length-AR, which 

changes enzalutamide function from an antagonist to a partial agonist [63]. This point 

mutation results in a conformational change that increases the availability of α-helix 12 in the 

AF-2 region of the LBD of AR for co-activator recruitment [63]. Furthermore, studies have 

shown that enzalutamide even binds with a high affinity to AR-F876L mutant and 

furthermore rescues AR target gene expression to promote cell growth and proliferation [63]. 

In addition, similar studies have also demonstrated that enzalutamide treatment 

induces expression and activity of the glucocorticoid receptor (GR) in tissues where it would 

not normally be active [64]. In some instances, GR has inverse effects on a subset of AR 

target genes, hence where AR would normally activate transcription of a gene, GR represses 

it. A target gene of AR which is important for repression of prostate cancer progression is 

Snail Family Transcriptional Repressor 2 (SNAI2), yet its expression is repressed by 

enzalutamide-treatment induced GR expression [64]. In other instances, GR regulates AR 

target genes in a like manner. These findings elucidate a possible mechanism of biochemical 

recurrence and tumor growth in patients undergoing enzalutamide treatment. Furthermore, 

enzalutamide is designed as a competitive antagonist for full length-AR but fails to 

antagonize functional AR splice variants. In a disease that expresses AR splice variants,  
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Figure 2.8 Schematic illustration of enzalutamide inhibition 

When testosterone enters the cytoplasm of a tissue-specific cell it can get reduced to a more 

active form known as DHT which acts as a ligand for AR. When DHT binds to AR it 

undergoes a conformational change and it disassembles from chaperone proteins, HSP90 and 

HSP70, allowing it to translocate to the nucleus. Once AR translocates to the nucleus it can 

homodimerize and bind androgen response elements on target gene DNA. Enzalutamide is an 

AR antagonist that prevents ligand binding at the LBD which inhibits the ability of AR to 

translocate to the nucleus by inhibiting conformational changes required for AR nuclear 

translocation and subsequent binding of AR to the DNA of target genes at ARE binding sites. 

Abbreviations: T, Testosterone; AR, Androgen Receptor; DHT, Dihydrotestosterone; ARE, 

Androgen Response Elements; ENZA, Enzalutamide. 
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enzalutamide could be selecting a more invasive cancer due to the inability to inhibit splice 

variant functions [62]. 

Given the resistance developed to anti-AR treatment like enzalutamide, there have 

been attempts to develop drugs that target the intrinsically disordered N-terminal 

transactivation domain of AR which regulates its transcriptional activity. Ralaniten (also 

known as EPI) was the first small molecule inhibitor that directly binds to an intrinsically 

disordered transactivation unit (Tau-5) within the AF-1 region in the NTD of AR to enter into 

clinical trials [65]. The advantage to targeting the NTD is that the LBD where most 

treatment-induced mutations develop are in the C-terminus. Additionally, these drugs will 

also be effective against AR splice variants with transcriptional activity. Unfortunately, these 

drugs have not made it to the clinic yet. 

The FDA approved darolutamide in July of 2019 for the treatment of non-metastatic 

prostate cancer. Darolutamide is also a competitive inhibitor of AR; however, it has a distinct 

structure with lower blood–brain barrier penetration, which can potentially decrease severe 

side effects that can present with enzalutamide treatment (e.g., seizures and fractures) [66]. 

2.3. Targeting STAT3 in Androgen-Independent Prostate Cancer 

Androgen independent prostate cancer is an advanced stage metastatic CRPC 

(mCRPC), a terminal disease with limited treatment options. Around 10% of all patients 

diagnosed with prostate cancer progress into AR independent mCRPC with a two-year 

survival rate [46,67]. Androgen independent prostate cancer occurs after acquired resistance 

to enzalutamide treatment or at the stage of disease progression when androgen targeted 

treatments are no longer effective at reducing tumor burden or disease progression [46]. 
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Thus, identification of alternative pathway dysregulation contributing to PCa progression 

independent of AR signaling is an active area of prostate cancer research. In this effort, one 

identified potential target is the Signal transducer and activator of transcription 3 (STAT3). 

2.4. Use of Antisense Oligonucleotides (ASO) in Androgen-Independent Prostate 

Cancer 

Upregulation of STAT3 is implicated in prostate cancer and specifically in androgen-

independent prostate cancers [68]. Antisense oligonucleotide (ASO) targeting STAT3 mRNA 

has been a promising therapy in the treatment of androgen-independent prostate cancer 

currently being tested in clinical trials. However, Targeting of STAT3 has been challenging 

due to the essential role of STAT3 in normal physiological function [69]. Activation of 

STAT3 requires phosphorylation at Y705 and Y727 by Src kinase and MAP kinase, 

respectively [70]. Phosphorylation of STAT3 allows for dimerization, nuclear translocation, 

and subsequent transcriptional activation [70]. 

An innovative approach to STAT3 targeting is the use of CpG conjugated-STAT3 

ASO, which is a bi-functional molecule that utilizes two processes to attack tumors [69]. This 

molecule is able to activate the immune system and inactivate STAT3 expression [69]. The 

CpG motifs represent a synthetic modification of cysteine triphosphate and guanine 

triphosphate bound by a phosphodiester bond and is recognized by the pattern recognition 

receptor toll-like receptor 9 (TLR-9) expressed on myeloid-derived suppressor cells (MDSC) 

[69]. The STAT3-ASO component binds to complementary STAT3 mRNA strands, 

preventing translation of STAT3 [71,72]. The use of CpG conjugated STAT3-ASO in the 

treatment of androgen-independent prostate cancer would provide a treatment option for a 
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stage of prostate cancer that currently has no treatment. For the first time, CpG-STAT3 ASO 

has shown promise in reducing the tumor size of localized bone metastasis using in vivo 

models [69]. Furthermore, the combination of STAT3 inhibitors with a selective target that 

allows only cells expressing TLR-9 (i.e., MDSC) to be affected, reduces off-target effects 

that would arise from STAT3 inhibition in other tissues [69]. 

Although the therapy seems very promising in the future of androgen-sensitive PCa 

treatment, there are some limits to consider. The treatment with CpG-STAT3 ASO was not 

effective at reducing localized and distance prostate cancer tumors [69]. Additionally, CpG-

STAT3 ASO requires further optimization before use in a clinical setting due to its short half-

life, as well as its inability to diffuse through the cell membrane, and the blood–brain barrier 

[69]. 

3. Conclusions 

Many nuclear receptor superfamily members have been implicated in cancer 

development. Currently, around 10% of FDA approved drugs for the treatment of human 

malignancies target nuclear hormone receptors [44]. This review focuses on clinically 

relevant practices that are currently used for prostate cancer at each stage of disease 

progression with an emphasis on the treatments that target transcription factors. While 

numerous features of PCa progression have been linked to AR-targeted treatment induced 

changes, the identification of markers that allow for earlier detection can help extend patient 

survival. Although a lot of progress has been made in understanding prostate cancer 

progression, there are still gaps regarding how androgen and other hormone receptors play a 

role in this disease. Further understanding of involvement of alternative pathways, such as 
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STAT signaling, can provide new potential and more effective targets for future treatment 

development. 
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ABSTRACT1 

Abl interactor-1 (ABI1) is a protein that can form multiple protein complexes by acting 

as a scaffold protein and as an adaptor for src family and Abl kinases. ABI1 is also 

intimately involved in the organization of the actin cytoskeleton through its role as a 

scaffold protein for the WAVE regulatory complex. Thus, the ABI1/WAVE complex can 

help to maintain cell-cell junctions and tissue integrity within organs. Not only can ABI1 

function within the actin cytoskeleton through WAVE, but its loss can also promote the 

upregulation of integrins, FAK, and STAT3. The upregulation of nWNT/FYN/STAT3 

leads to a more invasive cellular phenotype inducing epithelial to mesenchymal 

transition. In breast cancer and prostate cancer, ABI1 is a target of PTEN phosphatase 

activity, a well-studied tumor suppressor in cancer. Moreover, ABI1 can maintain 

multiple protein complex associations and adaptor functions through transient protein 

expression levels, differential isoform expression, conformational changes, and post-

translational modifications. When considering all the factors that affect ABI1 function in 

signaling and cytoskeleton regulations, it is easier to imagine how ABI1 can be malleable 

in cells. Further, ABI1 has been considered a putative tumor suppressor gene through its 

involvement in the suppression of EMT-associated transcription factors, suppression of 

cellular growth, suppression of cell dissemination, and gene inactivation in prostate 

cancer. In addition, ABI1 has been implicated as pro-oncogenic in breast cancer, such that 

overexpression of ABI1 induces lung metastasis from primary mammary tumors. Here 

we present known regulatory processes of ABI1 with its associated protein binding 

partners and further explain the structure and functional differences that allow ABI1 
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involvement in multiple pathways. We will also briefly engage in tumor suppressor and 

oncogenic roles of ABI1 across different cancers. 

 

  



71 

 

3.1. Aims of dissertation 

The aims of this dissertation seek to clarify outstanding questions about ABI1 in the 

Androgen Receptor Pathway. First, we address whether ABI1 is an AR-responsive gene and 

contributes to treatment resistance through transcriptional regulation by AR. Second, we 

address whether AR acts upstream of ABI1 as a transcription factor to affect actin 

cytoskeleton dynamics and cell-cell adhesion. Third, we investigate if ABI1 and AR have a 

physical protein interaction seek to define the mechanism through which they interact, such 

as phase separation. Fourth, we report for the first time the DNA binding ability of ABI1 in 

an AR-dependent context and define how ABI1 contributes to changes in the transcriptional 

landscape of AR throughout biochemical recurrence. Finally, our goal is to show that ABI1 is 

a newly defined co-factor of AR and contributes to treatment resistance of prostate cancer. 

3.2. ABI1 acts as a scaffold protein for multiple protein complexes 

The protein Abl interactor-1 (ABI1) has many roles within the cell due to its ability to 

bind to various proteins individually and as a part of protein complexes. It functions within 

protein complexes by acting as a scaffold protein. For example, ABI1 acts as a scaffold 

protein for the hetero-pentameric WAVE regulatory complex, which comprises WAVE2 (or 

WAVE1/SCAR, WAVE3), Sra1/Cyfip1 (or Cyfip2), Nap1, ABI1 (or ABI2/3), and 

HSPC300/Brick1 [1]. Within the WAVE regulatory complex, ABI1 maintains direct 

interactions with WAVE2 and Nap1 [2]. 

WASP verprolin homologous protein (WAVE), a member of the Wiskott-Aldrich 

syndrome protein (WASP) family, has been implicated in the control of the actin 

cytoskeleton through the stimulation of the actin-nucleating activity of Arp2/3 complex [3]. 
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Literature has defined ligand interactions affecting the downstream function of the WAVE 

regulatory complex into four classes: 1. small GTPases, 2. Acidic phospholipids, 3. Kinase, 

and 4. Multimodule scaffolding proteins (Figure 3.1) [1]. 

The WASP family maintains a conserved motif consisting of 3 domains: verprolin-

homology (WASP-homology-2 domain), Central domain, Acidic domain (VCA), which can 

directly bind to actin monomer (V) and Arp2/3 complex (CA) [3]. Therefore, it is easy to 

imagine how the VCA can act as a stable platform for Arp2/3 to bind an actin monomer and 

facilitate actin polymerization [3]. Moreover, the VCA motif of the WASP family rests in an 

autoinhibitory state with the GTPase binding domain (GBD) interfering with its ability to 

interact with actin and Arp2/3 [3-5]. Although uniquely, the WAVE proteins lack an 

inhibitory GBD, one study has predicted the autoinhibitory binding of Cyfip1 to the VCA, 

but it remains elusive why the VCA domain remains in an autoinhibitory state [1, 5-9]. 

Ligand interactions with the VCA region of WAVE2 release autoinhibition and 

therefore are essential for downstream actin processes. The following examples show how 

each ligand class can interact with the WAVE complex. Class 1: Upon binding of Rac to 

Sra1 within the WAVE complex, the VCA motif undergoes conformational changes that 

promote rapid actin polymerization through the release of the inhibitory state (Figure 3.1 A) 

[10, 11]. Class 2: Direct interactions with phospholipids in the membrane destabilize VCA 

autoinhibition (Figure 3.1 B) [4]. The WAVE complex is recruited to the membrane through 

direct interaction of WAVE2 with Ptdlns(3,4,5)P3, which interferes with C/N terminal 

interactions by the VCA and induces lamellipodia formation [12]. Specifically, the Wasp 

homology domain (WHD) and five basic amino acid residues coined (WHDB) have been 

shown to promote a preferential direct phospholipid interaction with Ptdlns(3,4,5)P3 in 



73 

 

comparison to the basic region alone, which prefers both Ptdlns(3,4,5)P3  and Ptdlns(3,5)P2 

(Figure 3.1 B) [10, 12]. Class 3: Abl phosphorylation of WAVE2 at Y150 promotes 

membrane translocation, actin nucleation, and polymerization (Figure 3.1 C) [13]. Previous 

studies have shown that Abl-dependent interactions with ABI1 allow recruitment into the 

WAVE complex [13]. Incorporation into the complex induces c-Abl tyrosine 

phosphorylation of WAVE2; this event leads to membrane translocation with associated 

activated Rac-GTP promoting actin nucleation through indirect suppression of VCA 

autoinhibition (Figure 3.1 C) [10, 13]. Class 4:  The protein IRSp53 binds to the proline-rich 

region of WAVE2 through its Src homology-3 (SH3) domain (Figure 3.1 D) [3, 4]. The  
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Figure 3.1 Four classes of ligand interactions with WAVE complex 

A) Class 1 includes interactions of WAVE complex with small GTPases. Sra-1 binds with 

Rac-1-GTP and induces conformational changes making the VCA motif open and inducing 

activation of WAVE complex on downstream rapid actin polymerization. B) Class 2 includes 

interaction of WAVE complex with acidic phospholipids. Specifically, WAVE2 localized to 

the membrane and binds Ptdlns(3,4,5)P3 causing destabilization of the VCA motif and 

conformational change which induces lamellipodia formation highlighted with dashed box 

within inset. C) Class 3, includes interactions of WAVE complex with kinases. Abl kinase 
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phosphorylates pY150 on WAVE2 causing membrane localization of complex and 

subsequent Rac-1 GTP activation inducing destabilization of autoinhibition on VCA motif 

and enhanced actin nucleation. D) Class 4, includes interactions of WAVE complex with 

multimodule scaffolding proteins such as IRSp53. The protein IRSp53 binds proline rich 

regions of WAVE2 through its SH3 domain and subsequent binding of IRsp53-IMD (Rac 

associated binding domain) to Rac-1 GTP induces open confirmation of the VCA motif. 

These specific binding events can upregulate Rac activity and downstream actin 

polymerization. This figure was created with BioRender. 
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IRSp53 protein contains a Rac binding domain (also known as IRSp53-Mim-homology 

(IMD)) which allows for direct Rac interaction in conjunction with WAVE2 binding [3]. It 

was shown that binding of IRSp53 to Rac and WAVE2 was associated with PtdIns(3,4,5)3 

binding, and IRSp53 further enhanced Rac activity and actin polymerization (Figure 3.1 D) 

[3, 4]. 

Taken together, we know that the activation of the WAVE complex allows it to affect 

downstream actin nucleation through the WAVE VCA domain interacting with both Arp2/3 

and actin monomers [9, 11]. Additionally, the ligand binding events are not mutually 

exclusive from the other, wherein multiple binding events such as Rac, PtdIns(3,4,5)3, 

multimodal scaffolding (IRSp53), and/or kinase activation must co-occur to induce actin 

cytoskeleton remodeling [10]. 

The WAVE complex can also interact with transmembrane and membrane-associated 

proteins through a binding pocket bound by a conserved WAVE complex interacting receptor 

sequence (WIRS) [1]. Proteins containing a WIRS include protocadherin, ROBO proteins, G-

protein-coupled receptors, netrin receptors, and neuroligins [1, 14]. Through an actin 

polymerization-dependent lens, the WAVE complex has been implicated in maintaining cell-

cell adhesion, adherens junction stability, cellular motility, cellular spreading, and cadherin 

junction assembly/turnover [1, 8, 12, 14-20]. For the remainder of this chapter, we will focus 

on the WAVE complex function in cell-cell adhesion. Previous research has shown that loss 

of WAVE complex through downregulation of member components, ABI1 and WAVE2, 

leads to destabilization of the complex resulting in a decrease of total WAVE complex [16, 

21-23].  
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Epithelial cell junctions require homotypical interactions of cellular adhesion 

molecules, such as E-cadherin, to tether adjacent cells together [19, 24, 25]. The calcium-

dependent cell adhesion molecule, E-cadherin, utilizes its cytoplasmic tail to bind a/b-catenin 

counterparts, which directly interact with the branched actin cytoskeleton and the formation 

of an adherens junction [19, 25]. A hallmark of cancer initiation is loss of cell-cell adhesion 

secondary to a loss of E-cadherin localization to the cell-cell junction inducing Epithelial to 

Mesenchymal Transition (EMT) [26-30]. When cells undergo EMT there are contributing 

changes that incur dynamical re-arrangements in actin cytoskeleton architecture such as 

upregulation of integrins, gain of migratory ability, increased expression of mesenchymal 

differentiation markers (R/N-cadherin), and transcription reprogramming [24, 29, 30]. EMT 

is highly similar to the phenotype cells have throughout development, essentially allowing 

the cells to revert back to a more stem like state [26, 28]. However, once cells have reached 

their destination or similarly adapt to their new microenvironment after migration/cell 

evasion into distal regions they can revert to their epithelial phenotype coined “Mesenchymal 

to epithelial transition” (MET) [30, 31]. Notably, there have been many pathways implicated 

in promoting EMT, such as activation of canonical WNT pathway through upregulated 

transcription of β-catenin displaced from adherens junction, activation of growth factor 

pathways (TGFb), germline/somatic mutations, and recently noncanonical WNT pathway 

activation (WNT5, FZD2, FYN, STAT3) (Figure 3.2) [21, 29, 30, 32, 33]. 

Previous research has shown that loss of ABI1 leads to decreased localization of both 

E-cadherin and -catenin through WAVE complex downregulation and is mutually exclusive 

from induction of -catenin transcriptional activity in the canonical Wnt pathway (Figure 

3.2) [21]. Furthermore, the WAVE complex promotes localization and stabilization of cell- 
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Figure 3.2 Signaling pathways in EMT and known inhibitory roles of ABI1 

The figure depicts signaling pathways that promote epithelial to mesenchymal transition 

including the upregulation of JAK/STAT, nWNT, Integrins and focal adhesion kinases, β-

catenin transcription, PI3K. Downregulation of WAVE complex induces loss of adherens 

junction stability and loss of cell-cell junctions mediated by α/β-catenin and most notably E-

cadherin. ABI1 role in known pathways such as STAT3, nWNT, WAVE, and focal adhesion 

kinase is included in diagram. This figure was created with BioRender by Maria Ortiz who 

gave me permission to use it in my dissertation.   
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cell junctions through upstream regulation of actin polymerization, resulting in E-cadherin 

localization [18, 20, 34]. Therefore, the loss of WAVE complex can contribute to cancer 

initiation through decreased branched actin formation necessary for E-cadherin adherens 

junction formation [16, 21].  

Previous research from our lab has identified ABI1 role in the suppression of 

noncanonical WNT (nWNT) through sequestering FYN from STAT3 [21]. Furthermore, 

ABI1 downregulation in this context leads to an increase of STAT3 phosphorylation at 

Y705/S727 but also an increase in focal adhesion kinase (FAK) phosphorylation at Y925 

(Figure 3.2) [21]. Moreover, ABI1 knock-out leads to an increase in protein expression of 

Fibronectin 1, FOXA2, SLUG, Integrins αX, 3, 1, and 2 [21]. Upregulation of FAK and 

integrins contribute to an increase in extracellular matrix adhesion and cell motility/invasion 

[21]. In the context of phenotypic cellular changes and transcriptional re-programming 

landscapes that contribute to neoplasia and metastasis, we find correlations between 

downregulation of ABI1, increased cell migration, and induction of nWNT in PCa [21]. We 

envision the STAT3 pathway as an “on” and “off” switch that contributes to EMT through 

low ABI1 and high STAT3 activity and vice versa for MET. Furthermore, when we combine 

our knowledge about ABI1’s role in the downregulation of STAT3/nWNT, FAK/Integrins, 

and as a scaffold for the WAVE complex to promote cell adhesion, we can elucidate the role 

ABI1 has in helping to re-establish adherens junctions (Figure 3.2). Specifically, ABI1 

downregulation or loss can contribute to cell dissemination into distal sites from tumor origin 

and subsequent upregulation may promote re-growth and re-establishment of tissue 

architecture. 



80 

 

Another protein complex ABI1 is involved in is eps8-sos1 and most notably eps8 was 

shown to act as a negative regulator of downstream ABI1 cellular growth suppression 

function. ABI1 forms a complex with sos1 and eps8 which mediate signals from Ras/Rac 

[35-38]. The protein eps8 is a receptor tyrosine kinase substrate whereas sos1 is a guanine 

nuclear exchange factor, together they promote Ras/Rac activity, but they can also complex 

with ABI1 and leverage its downstream functions [37]. The ABI1-proline rich region (PRR) 

binds the SH3 domain of eps8 which allows for complex formation [38]. Research by 

Biesova and colleagues, shows that an ABI1 species size of 65KDa (ABI1-p65) can be serine 

phosphorylated whereas, size shift of ABI1-p65 to 68 KDa and 72 KDa, exhibit hyper-serine 

phosphorylated forms of the protein [39]. EGF stimulation was shown to mediate the 

phosphoserine regulation of ABI1 on the 65KDa species in fibroblasts at putative sites (S216 

and S225) by cyclin dependent kinases [39]. As a result of ABI1-pS modification by EGF 

stimulation there was an accumulation of hyper-serine phosphorylated ABI1 species 

68KDa/72KDa which led to suppression of cellular growth in fibroblast cells (Figure 3.3) 

[39]. It was theorized, based on findings from the study, that eps8 is a receptor tyrosine 

kinase substrate that most likely acts as a negative regulator of ABI1 serine phosphorylation 

to promote cell growth [39]. Eps8 was shown to only mediate interactions with the 

unphosphorylated species of ABI1 suggesting that in this manner eps8-ABI1 binding inhibits 

downstream phosphorylation events on ABI1 [39].   
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3.3. ABI1 as an adaptor protein 

As mentioned previously, among its many functions, ABI1 acts as an adaptor for non-

receptor tyrosine kinases (NRTK) such as Abl, FYN, and SRC family kinases (SFK) (Figure 

3.3) [21, 40-43]. Although ABI1 was first identified as a spectrin SH3 binding domain 

protein, it is most famously known for its ability to be phosphorylated and act as an 

inactivator/adapter for c-Abl kinase [44]. Research has shown that ABI1 is phosphorylated 

by c-Abl at tyrosine 213 and maintains a physical interaction through Abl-SH3 domain 

binding to proline-rich regions in ABI1 [42, 45]. Studies on ABI1 have additionally shown 

that isoforms of ABI1 which retain exon 10 have a secondary binding site within the catalytic 

subunit of c-Abl near the C-terminal domain, thus inducing an inactivated conformation 

resulting in suppression of its activity [42, 45]. When presented with isoforms of ABI1 that 

do not contain exon 10, ABI1 acts as a mediator of downstream signals within the PI3K 

pathway through c-Abl phosphorylation and interaction with the Src homology 2 (SH2) 

domain of the p85 subunit to regulate macropinocytosis [15, 40, 42]. It is hypothesized that 

phosphorylation of ABI1 at Y213 releases it from the WAVE complex allowing it to perform 

independent WAVE functions such as binding to the p85 subunit [40, 42].  

ABI1 has 16 potential tyrosine phosphorylation sites outside the SH3 domain that can 

be leveraged by non-receptor tyrosine kinase to perform unique downstream functions 

independent of the WAVE complex. Research has also shown that when ABI1 Y421 is 

phosphorylated, it can be bound by the SFK, Src homology-2(SH2) domains, such as Lck, 

FYN, Fgr, Yes, Hck, Fer, FynT, Src, Lyn, and Blk in respective order to binding affinity 

[40]. On the other hand, ABI1 phosphotyrosine 213 can be bound by Src family SH2 

domains such as Lck, Lyn, Hck, Src, Yes, FynT/A, Fgr, Blk in respective orders with binding 
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affinity [40]. What is highly interesting is that ABI1 phosphotyrosine 421 can also be bound 

by SFK with relatively high affinities such as Vav2, Frk, Arg, and Grb2 and 213 by CblC/B, 

Vav2, Crk, Arg, and Nap4 [40].  

Tyrosine kinases are enzymes that control downstream signaling through catalytic 

processes dependent on ATP. Post-translational modifications (PTM) of kinases acting on 

ABI1 can promote EMT by inducing actin cytoskeleton reorganization resulting in 

invadopodia formation [45-47]. Furthermore, SFK dysregulation can lead to changes in cell 

polarity and upregulation of Matrix Metalloproteinases (MMP) [46, 48]. While many of these 

interactions have yet to be investigated, they underscore the importance of ABI1 in kinase 

signaling pathways leading to EMT. Furthermore, the plethora of SFK binding partners that 

can act on ABI1 can help us better understand how ABI1 is implicated in numerous diverse 

cancers taking on both the role of oncogene and tumor suppressor. For more information on 

src family kinase phosphorylation, please refer to our review Ortiz et al., 2021 [48].   

3.4. ABI1 and PTEN 

Not only can ABI1 be a substrate and ligand for various kinases, but it can be a target 

of phosphatases such as Phosphatase and tensin homolog (PTEN) (Figure 3.3) [49, 50]. First 

documented in 1998, the phosphatase protein, PTEN, was identified as a negative regulator 

in the PI3K pathway [51-55]. Specifically, it was shown that PTEN directly 

dephosphorylates Position 3 on the inositol ring of Phosphatidylinositol 3,4,5-trisphosphate 

(PtdIns(3,4,5)P3) and was later confirmed to be the main target of PTEN [51, 52]. 

Dephosphorylation of PIP3 leads to a decrease in PI3K activity, including downstream 

activation/phosphorylation of Akt, thus, suppressing cell proliferation [52]. Pier Pandolfi, 
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extended our understanding of this tumor suppressor's role in gene dosage effect on tumor 

growth and proliferation in prostate cancer [56, 57]. A common feature exhibited in patients 

presenting with prostate cancer is the gene inactivation of PTEN; as PTEN is a 

haploinsufficient gene, the amount of PTEN expressed in the cell negatively correlates with 

cancer progression [57].  

Throughout this chapter, ABI1 has been described as a putative tumor suppressor and 

negative regulator of EMT. Briefly, we will describe the oncogenic role ABI1 has in breast 

cancer and the effect PTEN has on its function. First described in Wang et al. 2007 and later 

in Regua et al. 2021, ABI1 was shown to positively regulate tumor invasiveness and 

proliferation in basal-like breast cancers [58, 59]. In addition, ABI1 overexpression positively 

correlates with basal-like breast cancers exhibiting an ER-negative phenotype, making it a 

predictive marker for metastasis [59]. Furthermore, studies using PyMT-driven conditional 

knock-out mice for ABI1 indicate that gene dosage of ABI1 was positively correlated with 

lung metastasis derived from primary mammary gland tumors [59]. Mice null for ABI1 gene 

loss incurred higher tumor quantity and volume of lung nodules that had metastasized from 

the primary tumor site compared to a heterozygous loss of ABI1, which had decreased 

incidence/size of lung metastasis and further reduced in homozygous ABI1 loss [59].  

Moreover, Qi and colleagues have shown that ABI1 is a substrate for PTEN phosphatase 

activity at Y213 and S216, which results in the degradation of ABI1 through the calpain 

pathway [49, 50]. PEST sites are regions within proteins rich in (P)roline, (E)glutamic acid, 

(S)erine, and (T)hreonine, they are conserved targets sites for rapid protein degradation 

aiding in protein turnover.  Interestingly, ABI1-S216 is contained within a PEST region of the 

protein, making it an ideal candidate for degradation through the calpain pathway, secondary  
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Figure 3.3 Binding partners of ABI1 in complex, adaptor, and phosphatase functioning 

The illustration depicts ABI1’s binding partners in the context of pathway and downstream 

function based on published data. ABI1 can form complex with WAVE and Eps8-sos1 while 

acting as an adaptor for src family kinases, Abl kinase, and subunits of PI3K. ABI1 can also 

be a target of serine phosphorylation to downregulate cell growth and be targeted for 

degradation and suppression of hyperphosphorylation by PTEN and Calpain pathway. ABI1 

also negatively regulated focal adhesion kinases through sequestering phosphorylated FAK 

resulting in inhibition of integrin activation and hemidesmosome formation. This figure was 

created with BioRender. 
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to dephosphorylation by PTEN (Figure 3.4 A) [49]. Evidence suggests that degradation of 

ABI1, driven by PTEN, leads to a decrease in critical components of WAVE complex 

(WAVE2 and Nckap1) and instability of WAVE complex formation [49]. Furthermore, 

PTEN-driven depletion of the WAVE complex leads to an increase in epithelial cell 

differentiation and apical polarization through reorganization of the actin cytoskeleton [49, 

50]. These results suggest that sustained expression of ABI1 protein reduces apical polarity in 

breast cancer cells, implicating ABI1 as pro-oncogenic in a PTEN inactivated breast cancer 

[49].  

The same group went on to show that reconstitution of PTEN in a breast cancer null cell 

line suppressed cell stemness and EMT through the downregulation of ABI1 [50]. 

Specifically, PTEN dephosphorylation at ABI1-S216 lead to a decrease in hallmark EMT-

inducing transcription factors, SLUG, TWIST1/2, SNAIL1, and phospho-AKT and an 

increase of E-cadherin [50]. Thus, Qi and colleagues provide convincing evidence for the 

oncogenic role of ABI1 in breast cancer through WAVE complex and downstream actin 

cytoskeleton processes. 

3.5. ABI1 isoforms and functional differences 

Different ABI1 isoforms perform different functions within the cell [15, 44, 60]. They 

can be co-expressed in one cell type, allowing for the versatility of ABI1 function with 

multiple protein partners in various pathways. Furthermore, ABI1 undergoes alternative 

splicing mechanisms that allow for the expression of multiple isoforms within tissue-specific 

cell types [61-63]. There have been limited mechanistic studies that implicate specific 

isoforms of ABI1 in cancer and other diseases [15, 60, 64, 65]. Here we aim to clarify 
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specific isoform functions of ABI1 across various diseases and further define isoform 

functions with known binding partners.  

A recent publication by Li & colleagues, sought to define specific isoforms of ABI1; 

however, they incorrectly defined isoform 5 and also defined isoforms that do not exist in 

nature, adding more confusion to the ABI1 field [64]. The canonical isoforms of ABI1, which 

have been published and well-studied by our lab, include Isoform 1, 2/2∆exon6, 3, and 5 

[15]. Additionally, most isoforms do not contain exon 8 except isoform 1. Also, they do not 

contain exon 4 until spliced-in events occur, only when cells have been insulted and undergo 

cell lineage changes. Specifically, research has shown that alternative splicing by SRMM4 

can cause increased splicing events of exon 4- ABI1 in treatment-induced neuroendocrine 

prostate cancer [62]. 

To begin, ABI1 Isoform 1 is the longest and retains all exons, such as exon 8, which 

is subsequently removed from all sub-forms (Figure 3.4 B) [44]. This isoform, however, is 

primarily expressed in brain tissue and is hypothesized to be a key player in brain cancer, 

leukemia, and diseases associated with aging, such as dementia and Alzheimer’s [42, 66, 67]. 

Most notably, ABI1 isoform 1, is most likely the culprit in mechanisms associated with Crk, 

Abl, and ABI1 in glioblastoma [42]. Studies investigating Crk phosphorylation at Y251 

implicate ABI1 as a negative regulator for invasiveness in glioblastomas [42]. At a molecular 

level, Crk-pY251 drives interaction with the Abl-SH2 domain to promote invasion; however, 

the ABI1-SH3 domain was shown to outcompete Crk-SH3 binding to Abl and inhibit 

subsequent activation [42, 45]. In conclusion, high levels of Crk and low levels of ABI1 

could lead to more Abl-Crk interactions and invasion, leaving ABI1 to function in its 

canonical WAVE complex rather than with Abl [45].  
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Figure 3.4 ABI1 isoforms and known domain functions and interactions 

A) Represents ABI1 DNA sequence indicating known domain and binding partners 

associated (Abl, p85, spectrin, Eps8) and known post translational modification (Y53, Y213, 

S216, S225, Y421, Y435, Y506). Beneath are alternatively spliced exons identified in 
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prostate cancer such as, exon 6 in LNCaP and exon 10 in primary prostate cancer. B) 

Representation of ABI1 isoform 1 which retains all exons and is 508 amino acids while 

protein structure represented with curved lines depicts exon color and disordered nature of 

ABI1 excluding SH3 domain. C) Representation of isoform 2 which does not retain exon 8 

due to alternative splicing and is 481 amino acids in length. D) Representation of isoform 3 

which does not retain exon 8 or exon 10 due to alternative splicing and is 452 amino acids in 

length. E) Representation of isoform 4 which does not retain exon 8 or exon 9 due to 

alternative splicing and is 422 amino acids in length. F) Representation of isoform 5 which 

does not retain exons 8, 9, or 10, making it the smallest isoform of ABI1, and is only 393 

amino acids in length. This figure was created with BioRender. *Abbreviations: WBD, WAVE 

binding domain; HHR, homeodomain homologous region; SH2, Src homology domain 2; 

SH3, Src homology domain 3; SR, serine rich; ex, exon; AA, amino acid. 
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Isoform 2 undergoes a splicing event which removes exon 8 and is the main isoform 

responsible for the tumor suppressor role of ABI1 in prostate cancer [15, 44]. Overexpression 

of isoform 2 has been shown to suppress cell growth in fibroblast cells and act as a negative 

regulator of eps8 [39, 44, 68]. The retention of the ABI1-exon 10 in isoform 2 allows for the 

formation and initiation of an “active” WAVE complex thru Rac-GTP binding (Figure 3.4 C) 

[15, 41]. ABI1 isoform 2 also maintains a secondary binding site with Abl kinase near the 

catalytic domain (CD) or between the CD and proline-rich domain with ABI1 SH3 binding 

domain [45]. At the same time, Abl can bind ABI1-pY213 through the Abl-SH2 domain and 

within PPSPP motifs with the Abl-SH3 domain [45, 69]. Additionally, Abl can form 

autoinhibitory interactions through the Abl myristoylated cap, containing phosphoserine 69, 

binding to the Abl-SH2 domain [43, 45]. Glycine residues in ABI1-exon 10 allow for 

flexibility of SH3 domain and can enhance autoinhibitory effect of ABI1 on Abl [43, 45]. 

These data suggest that ABI1 and Abl can bind in 3 independent regions. Mutated ABI1 

isoform 2 with an exon 6 deletion (containing Y213) found in prostate cancer cell line 

LNCaP has inhibited binding of Abl-SH2 at ABI1-pY213 due to its lack of presence [15]. 

Thus, mutated ABI1-exon 6 can be considered an Abl dysregulated isoform [15, 41].   

Isoform 3 of ABI1 does not retain exon 8 or 10, thereby inhibiting its ability to form 

an active WAVE complex and inhibiting its ability to bind to Abl (Figure 3.4 D) [15, 44]. Due 

to the inability of this isoform to form an “active” WAVE complex through exon 10 splicing, 

it cannot promote proper cell-cell adhesions and, therefore, cannot be considered a putative 

tumor suppressor [15]. Rather than maintaining tissue integrity, it leads to a disorganized 

actin cytoskeleton. We hypothesize that isoform 3 is more oncogenic, causes downstream 

actin dysregulation, and perpetuates dysregulation of SFK signaling [40, 41]. Studies show 



90 

 

that isoform 3 has increased nuclear translocation compared to isoform 2 [15]. Literature has 

not reported any enhancement of nuclear function between isoforms but should be 

investigated to further parse out nuclear-cytoplasmic shuttling mechanisms of ABI1 [70]. 

Based on research from our lab in LNCaP parental cells, early passage numbers express 

isoforms 2, 3, and 5, but later passages predominately express isoform 3 in protein 

expression studies. Additionally, isoform 3 can interact with AR and isoform 2, implicating it 

in the androgen receptor pathway.   

There is very limited research on functional differences of ABI1 isoform 4. Based on 

structural analysis isoform 4 we known that it lacks exons 8 and 9 which excludes a PxxP 

motif (Figure 3.4 E) [44]. One study by Proepper and colleagues looked at isoform 4 in 

dendritic spine morphology and synaptogenesis [71]. Findings of the study indicate that 

phosphorylation of ABI1 at pY53 by Abl kinase induces nuclear localization [71]. No other 

studies have reported this specific phosphorylation induced nuclear localization or reported it 

in other isoforms. These findings could elucidate necessary binding events of eps8-sos1 

protein partners between the exon 7 and 10 junction that drive nuclear localization with Abl 

kinase for co-transcriptional regulation with the Myc/Max transcriptional complex [71]. 

Isoform 4 is the only form of ABI1 that has exclusion of both exons 8 and 9 and junction 

interactions of exon 7 and 10. Therefore, this isoform of ABI1 could play a highly specialized 

role in transcriptional programming events for dendrite and synapse formation.   

Isoform 5 of ABI1 is the smallest isoform, 393 KDa, expressed in nature (Figure 3.4 

F). This form of ABI1 does not have exons 8-10 [44]. Research has implicated this isoform 

as having a predominant role in acquired drug resistance in Bcr-Abl-induced leukemia by 

maintaining a low expression threshold [72]. We can hypothesize functions of this isoform 



91 

 

through exon presence and absence. Firstly, isoform 5 lacks exon 9, which contains PXXP 

motifs and proline-rich regions that mediate interactions with conserved SH3 domains, thus 

hindering binding with a subset of interacting partners unique to other isoforms. Also, 

isoform 5 lacks exon 10, limiting its ability to act in WAVE complex and retain tumor 

suppressor abilities. Moreover, this isoform of ABI1 might exclusively function outside the 

WAVE complex and be utilized as a tool to investigate WAVE complex independent 

functions in an endogenous system. In conclusion, specific exon expression in isoforms may 

act as fine-tuning mechanisms for ABI1 to only act in highly specialized signaling pathways.  

Furthermore, ABI contains a region first defined as a putative homeodomain 

homologous region (HHR) in ABI2 [73]. ABI proteins, 1 and 2, have high sequence 

conservation at the HHR region (Figure 3.5). Conversely, the HHR region of ABI lacks 

sequence conservation with hallmark homeodomain proteins, such as HoxD3/4, HOXB4, not 

making it an ideal candidate for homeobox chromatin binding events (Figure 3.5). 

Furthermore, findings from Dai and Pendergast indicated that ABI1 could not bind DNA but 

provided very limited evidence [73]. Literature on ABI chromatin binding ability as well as 

specific DNA sequence targets is severely lacking and we aim to rectify that in this study. As 

of now, only one paper has eluded to ABI1 ability to bind DNA but did not show direct 

evidence linking ABI1-HHR with DNA binding events that promote transcriptional function. 

Finally, uncovering novel ABI1 DNA binding mechanisms and re-branding the HHR 

nomenclature would not only add another level to ABI1 multifunctional ability but also make 

it all the more relevant in the field of cancer research.  
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Figure 3.5 ABI1/2 protein sequence alignment with homeobox proteins 

Alignments were performed using the Unipro alignment feature. Sequences that are aligned 

include ABI1: ABI1 isoform 1, ABI2 isoform 2; Homeobox proteins: HoxD3, HoxD4, and 

HoxB4. Classical homeobox proteins are transcription factors which bind highly conserved 

homeobox DNA sequences. It is evident that the ABI-HHR region (red boxes) does not have 

high sequence similarity with homeobox proteins which is essential to perform classical 

homeobox DNA binding functions. ABI1 and ABI2 have high sequence similarity in N 

terminal regions of the protein overlapping with the HHR domain. Sequence similarity 

between ABI proteins decreases after 250 amino acids most likely due to different regulatory 

roles. Only human sequences were used for this alignment. 
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3.6. Discussion 

ABI1 is shown to be oncogenic in breast, ovarian, blood, and colon cancers, whereas 

it is tumor suppressive in prostate, pancreatic, and stomach cancers [41, 45]. We have newly 

defined ABI1 as a plasticity gene because it can become more oncogenic or tumor 

suppressive depending on mutations, clinical therapeutics, and cancer subtypes. Changes in 

the tumor microenvironment and cell lineage selection can be attributed to an ever-changing 

role of ABI1 in a cell, including isoform expression patterns. In conclusion, ABI1 can adapt 

to new microenvironments because of spatial and temporal interactions with binding partners 

outlined in this chapter. 
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ABSTRACT1 

Current therapies for patients diagnosed with advanced prostate cancer (PCa) include 

Androgen Deprivation Therapy (ADT) and anti-androgen receptor (anti-AR) treatments. 

Treatments for PCa primarily target the androgen receptor (AR). This ligand-activated 

nuclear receptor acts as a transcription factor, which is known to be a key player underlying 

PCa tumor growth. In the context of PCa progression, AR plays many roles, allowing 

metastatic PCa progression and therapeutic agents to become ineffective later. After ADT, 

the androgen receptor can become promiscuous, constitutively activated, and upregulated by 

AR splice variants leading to the re-expression of AR target genes. Data from the UCSC 

genome browser and ChIP assay indicate that ABI1 contains androgen response element 

(ARE) binding sites for AR, suggesting that AR can transcriptionally regulate ABI1. ABI1 

acts as a scaffold protein and an integral member of the WAVE complex, a nucleation-

promoting factor and regulator of the actin cytoskeleton. We have previously shown that 

ABI1 acts as a tumor suppressor in PCa and that downregulation of ABI1 can lead to 

epithelial-mesenchymal transition (EMT) through the loss of the ABI1/WAVE complex. To 

investigate the role of AR on the transcriptional regulation of ABI1, we use cell-cell adhesion 

as a readout of tissue integrity and PCa progression. Loss of transcriptional regulation on 

ABI1 induced by anti-androgen treatments could dysregulate cell-cell adhesion and lead to 

EMT. These findings allow for novel insights into the mechanisms underlying the AR 

transcriptional function on ABI1to modulate neoplastic progression. 

  



103 

 

4.1 Introduction 

Current clinical treatments for prostate cancer include radical prostatectomy or 

radiation therapy [1-3]. Radical prostatectomy is the most successful treatment for 

prolonging 10-year biochemical free survival [3]. However, quality of life is often affected 

due to surgical side effects such as erectile dysfunction and incontinence [3]. Most patients 

receive prostatectomy but there is a high incidence of biochemical recurrence. Most notably, 

biochemical recurrence in the prostate is driven by upregulation of androgens and re-

activation of the androgen receptor. The androgen receptor (AR) is the driver of prostate 

cancer tumor growth and proliferation [1]. For this reason, AR is the main target of clinical 

therapies. Current clinical treatments induce changes to the AR pathway by reducing AR 

expression and simultaneously reducing nuclear activity [4]. While current clinical therapies 

for prostate cancer increase 5-year cancer free survival, they do not provide a definitive 

treatment and remain ineffective in highly metastatic prostate cancer due to AR reactivation 

mechanisms (discussed in chapter 2) [5]. An advanced stage of prostate cancer that has 

undergone one or more anti-androgen treatments is known as Castrate Resistant Prostate 

Cancer (CRPC) which is an untreatable and highly metastatic form of prostate cancer. The 

median survival rate post diagnosis of CRPC is 1-5 years. Hence, the understanding of 

molecular mechanisms inducing biochemical recurrent prostate tumor re-growth found in 

CRPC is of critical importance. Furthermore, AR related mechanisms of tumor re-growth 

relating to its role in actin cytoskeleton remain elusive [4]. Moreover, molecular investigation 

into specific epithelial pathways underlying AR activity is lacking in the field. 

The prostate is a glandular structure and like most glandular structures such as breast, 

uterus, cervical, it requires hormones to grow. The most abundant hormone in males is 
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testosterone and its active form, dihydrotestosterone, which is important for male 

reproductive organ growth and development [6]. Prostate epithelial cells have a plasticity in 

response to hormone treatment but nonetheless androgen deprivation therapy (ADT) is one of 

the mainstay treatments for men with prostate cancer [6]. Prostate cancer development is 

considered an age-related disease as decreased androgen production is a consequence of 

aging and may promote prostate tumorigenesis [6].  

In attempt to further elucidate the differences of the prostate from hormone 

independent organs we look to the different epithelial cell types that comprise the prostate. 

Within the prostate there are two major epithelial types: basal and luminal cells which have 

different mutational and phenotypic landscapes [7]. To understand the difference between 

epithelial cells expression profiles and genetic mutations, Park and colleagues used primary 

human prostate basal and luminal cells followed by transduction with lentivirus to mimic 

common amplification (cMYC) and inactivation (PTEN) mutations [7]. Authors show that 

luminal cells mimic prostate tumors that have high AR expression and Prostate specific 

antigen (PSA) expression and exhibit a well-differentiated adenocarcinoma phenotype [7]. 

Comparatively, basal cells exhibited a low AR and PSA expression pattern as well as more 

aggressive phenotypes. This suggests that cells, within the prostate organ, have different 

levels of hormone dependence as well as drive different phenotypes of cancer but can begin 

with the same genetic mutations or insults.  

Another cell type that exists in prostate is small cell or neuroendocrine cells that can 

develop into neuroendocrine prostate cancer [8]. While very rare, small cells are AR 

independent cells that can be found ubiquitously throughout the body including the prostate. 

When there is an increase in small cell growth this causes changes in tumor 
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microenvironment leading to neuroendocrine differentiation and increase of synaptophysin 

and chromogranin A (CgA) expression [8]. Small cell neuroendocrine carcinoma can spread 

through the blood and cause metastasis into distal organs earlier than non-neuroendocrine 

tumors. Additionally, neuroendocrine carcinoma can also emerge from treatments with anti-

androgens in advanced castrate resistant disease. Treatment induced neuroendocrine 

carcinoma has a similar phenotype as non-treatment induced but is more aggressive with a 

median survival rate of 1-2 years after diagnosis [9]. Treatment emergent disease develops 

due to changes in transcriptional programing, cellular expression pattern, stem cell ability to 

differentiate into adenocarcinoma and small cell carcinoma, as well as sporadic somatic 

mutations [8, 9]. Moreover, treatment induced neuroendocrine (t-NEPC) differentiation is 

also theorized to develop through dedifferentiation of small cells into adenocarcinoma and 

can hypothetically be reversible by changes in transcriptional programming whereas non-

induced cannot [8, 9]. This suggest that AR transcriptional program can be a worse target of 

treatment due to the development of more aggressive cancers and lower survival rates such as 

t-NEPC. Notably, in t-NEPC ABI1 expression levels remain low with AR suggesting some 

commonality between AR and ABI1 network. 

It is well known that prostate tumorigenesis arises from a change in androgens, 

estrogens, and growth factor signaling but the exact cause-result mechanisms remain elusive 

[6]. Intracellular signaling cascades by androgens can rapidly regulate the dynamic 

organization of the actin cytoskeleton [10]. Previously, research has shown that androgen-

mediated binding of membrane-bound receptors can effectively activate downstream 

signaling complexes such as Src/PI3K/Rac and FAK/PI3K/cdc42/Rac1 pathway [11-13]. 

Together, non-genomic androgen function on these complexes can change cellular 
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phenotypes such as migratory, cell death, and secretion ability [11-13]. Moreover, we are 

interested in extending this understanding to how genomic AR effectively regulates specific 

actin cytoskeleton proteins and cell adhesion properties.  The actin cytoskeleton undergoes 

dynamic rearrangements in response to changing cellular microenvironments as well as 

changes between cell-cell adhesions [14, 15]. Thus, we want to understand how genomic AR 

can contribute to the dysregulation of cell communication observed in prostate 

tumorigenesis. In addition, the hormone dependence of prostate epithelial cells raises a 

natural curiosity to investigate AR transcriptional role in cell adhesion properties and 

modulation of the actin cytoskeleton.      

The full-length androgen receptor is a cytoplasmic intracellular receptor and 

transcription factor which has numerous co-activators and co-repressors that drive its ability 

to act on chromatin in a ligand dependent manner [16, 17]. Through ligand binding events on 

the C-terminal ligand binding domain, AR undergoes conformational changes that induce 

nuclear translocation [17-19]. The stepwise process of transcription begins with androgens 

binding to AR-LBD, followed by AR conformational change, nuclear translocation, and 

subsequent homodimerization with full-length AR or heterodimerization with full-

length/ARv-splice variants [19-22]. Therefore, removing ligands from AR hinder its ability 

to subsequently localize to nucleus and bind chromatin (refer to chapter 2) [18]. While there 

are extensive studies identifying AR target genes, they have not all been classified [23]. 

Furthermore, biochemical recurrent disease arises when AR pathway re-emerges and 

promotes tumor growth. Biochemical recurrence can be attributed to changes in co-factors 

and AR target gene expression. Thus, identifying new transcriptional targets of AR can aid in 
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our understanding of elusive mechanisms that drive prostate tumorigenesis in the context of 

actin cytoskeleton which we will present in this dissertation. 

Previous studies from our lab have indicated that loss of ABI1 gene leads to PCa 

initiation [24, 25]. Abl interactor 1 (ABI1) is a regulator of the actin cytoskeleton by acting 

as a scaffold protein for the WAVE complex [26]. The WAVE complex is a nucleation-

promoting factor and modulates key functions of the cell such as motility, spreading, 

division, but most important cell-adhesion [27, 28]. The components of the WAVE complex 

are modulated by different isoforms of ABI1, which allow the complex to have many facets 

of function in the cell [26, 29]. Furthermore, our previous research using a prostate cancer 

mouse models shows that conditional KO of ABI1 leads to downregulation of cellular 

adhesion proteins such as E-cadherin and induces epithelial to mesenchymal transition 

(EMT) [24, 25]. Studies using our CRISPR ABI1 KO RWPE-1 cell line indicate that loss of 

ABI1 disrupts cell-cell junction formation via decreased levels of E-cadherin [25]. 

Subsequently, analysis of patient data demonstrated loss of ABI1 in a subset of CRPC [30]. 

Interestingly, biochemical recurrence and reactivation of AR has been shown to promote 

expression of mutated ABI1(∆exon 6) that has dysregulated Abl function in LNCaP cells 

[24]. Based on ChIP sequencing data available in ArrayExpress database (accession number: 

E-MTAB-1749) published in Robinson et al 2013 indicating AR binding on ABI1 gene, we 

hypothesize that ABI1 could be a transcriptional target of AR [31]. We propose that AR 

transcriptional activation of ABI1 expression promotes formation of WAVE complex and 

thus maintenance of tissue integrity in the prostate epithelium.  Furthermore, we propose that 

ABI1 is a mediator of androgen signaling by promoting cell-cell junctions and tissue 

integrity. 
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One aim of this dissertation is to investigate a potential target gene of AR that plays a 

key role in actin cytoskeleton organization, ABI1. Specifically, we investigate how AR 

transcriptionally regulates ABI1 after anti-AR treatments to promote metastatic tumor 

progression by EMT-MET [1].  We hypothesize that modulation of ABI1 levels by AR 

transcriptional activity could enhance EMT or revert the phenotype through mesenchymal 

epithelial transition (MET), in the context of biochemical recurrence. In summary, the 

regulation and interaction of AR on ABI1 is paramount to our understanding for how to 

improve the current clinical treatments as well as understanding the mechanism of AR re-

emergence in CRPC. 

4.2 Materials and Methods 

Prostate cancer cohorts and immunohistochemistry (IHC) 

CRPC-NEPC cohort: A TMA containing 156 tissue cores from 78 patients who had 

undergone no treatment, neoadjuvant hormonal therapy (NHT), chemotherapy, or 

radiotherapy was obtained from the tissue biobank at the Vancouver Prostate Centre. 

Histopathology of the primary treatment naïve tumors (n = 21), NHT-treated tumors (n = 15), 

CRPC (n = 22), and treatment-induced NEPC tumors (n = 20) has been previously reported 

and characterized [32]. NHT clinical cohort was previously published in [33]. 

Immunohistochemistry (IHC): Staining of patient tumor sections was completed on a Ventana 

DISCOVERY Ultra autostainer (Ventana Medical System, Tuscan, Arizona) with an enzyme 

labeled biotin streptavidin system and solvent resistant DAB Map kit using corresponding 

primary antibody. Antigen retrieval was performed with Cell Conditioning 1 (CC1) (Ventana) 

at 95°C for 64 minutes. Slides were incubated with anti-ABI1 (4E2), 1:200 of “anti-Sox9” 
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antibody (AB5535, Millipore Sigma) at room temperature for 2 hours. The UltraMap DAB 

anti-Rb Detection Kit (Ventana) was then used for detection. All stained slides were 

digitalized with Aperio AT2 Scanner (Leica Biosystems) at 20X magnification. The images 

were subsequently stored in the SlidePath digital imaging hub (DIH; Leica Microsystems) of 

the Vancouver Prostate Centre. The area of interest in the tumor images were delineated by 

pathologist (Dr. Ladan Fazli) and automated digital image analysis were run for each 

biomarker using Aperio Positive Pixel Count Algorithm. 

Tissue microarray samples and quantification (LuCaP) 

TMA data of Abi1 Immunoexpression quantified using 3,3′-Diaminobenzidine Optical 

Density (DAB OD) with QuPath software of LuCaP Cell lines: LuCaP 35/136/81; LuCaP 

35CR/81CR/136CR; LuCaP 77CR/86.2/93/145.1/145.2. Statistical significance was 

evaluated using one-way ANOVA.  

Generating ABI1 CRISPR and rescue cell lines 

The target sequence identification for designing gRNA was performed using the online 

software crispr.mit.edu. The gRNA sequence CTAGAGGAGGAGATCCCGTC (TGG) in 

exon 1 of ABI1 was cloned into a pCas-Guide-EF1a-GFP vector (cat.#: GE100018) from 

Origene Technologies (Rockville, MD). PC3 and LNCaP cells were transfected with the 

CRISPR plasmid using Lipofectamine 3000 transfection reagent (Thermo Fisher Scientific). 

Then, the cells were trypsinized and sorted via fluorescence-activated cell sorting (FACS) to 

obtain GFP-positive cells using a Becton Dickinson FACS Aria III Cell Sorter. Clonal 

selection of single GFP-positive cells yielded several surviving clones, which were screened 

for Abi1 protein levels via western blotting, followed by sequence verification by sequencing 
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with Abi1 Exon1 specific primers as described [34].ABI1 Isoform 2, Isoform 2 (W485N), 

Isoform 2 (∆SH3 domain), and Isoform 3 constructs were cloned into a pMSCV puro 

backbone (Addgene) and packaged into retrovirus using Phoenix-AMPHO producer cells 

(ATCC). LNCaP ABI1 KO clone 1.5 or PC3 ABI1 KO clone 1.1.1 cells were transduced for 

two rounds with the retrovirus produced, and the resistant pool was selected with puromycin 

for use as “rescue” cell lines. 

Cell lines and cell treatments 

LNCaP, PC3, 22Rv1 (ATCC, Manassas, VA), LNCaP-V16D, and LAPC4 cell line (obtained 

from Dr. Martin Gleave) were maintained in standard RPMI culture media supplemented 

with 10% fetal bovine serum (HyClone) and the appropriate components and rescue cell lines 

were supplemented with .25ug/mL puromycin. LNCaP-49F/LNCaP-42D (obtained from Dr. 

Martin Gleave) were maintained in appropriate phenol-free RPMI culture media 

supplemented with 10% Charcoal-Stripped Serum (CSS) and 10uM enzalutamide. VCaP cell 

line (ATCC, Manassas, VA) were maintained in standard DMEM culture media 

supplemented with 10% fetal bovine serum (HyClone) and the appropriate components. 

RWPE-1 non-tumor human prostate cells (ATCC) were cultured using a keratinocyte serum-

free medium kit (Life Technologies, IL) containing 0.05 mg/ml bovine pituitary extract, 

5 ng/ml epidermal growth factor, and 5  ug/ml gentamicin (Life Technologies). LAPC-4 

plates were coated with 5ug/mL poly-L-lysine to help promote adherence to the plate. Cells 

were maintained in standard phenol-free RPMI 10% charcoal-stripped serum for 3-4 days 

followed by the addition of Vehicle control (DMSO, androgen deprived media*ADM), 1nM 

R1881(Sigma, R0908) or 5uM Enzalutamide (MDV 3100, Selleck Chemicals, S1250) for 24, 

48, and 72h. 
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Immunofluorescence and imaging 

Ibidi µ-slide 8 well (80827) or #1.5 glass coverslips were coated with collagen IV (Sigma, 

C5533) and left overnight at 4C. Ibidi wells or coverslips were rinsed with PBS the next day 

before adding cells. Cells were trypsinized, spun down at 250xg for 4 minutes and 

resuspended and plated at a concentration of 1x103 cells per well, and maintained for 48h 

before staining. Cells were then washed with CaCl, MgCl PBS, and fixed with 2-4% 

paraformaldehyde for 5 minutes at room temperature. Cells were then washed with PBS and 

quenched with 50mM NH4Cl in PBS for 15 minutes, washed with PBS, blocked with PBSAT 

(1X PBS, 1% BSA, 0.5% triton-X) for 30 minutes, and then washed with PBS again. Cells 

were incubated with primary antibody diluted in PBSAT (E-Cadherin, 1:100, Santa Cruz, H-

110) overnight at 4C. The next day primary antibody solution was removed from the cells, 

then the cells were washed with PBS and incubated in secondary antibody diluted in PBSAT 

(Alexa Fluor donkey anti–rabbit 488, 1:1000, Life Technologies; A21206) for 45 minutes at 

room temperature. Cells were washed with PBSAT, and then incubated with nuclear 

counterstain (DAPI, 4,6-diamidino-2-phenylindole, 1:10000, Thermo Fisher, 62248) for 10 

minutes. Cells were then washed with PBS and kept in DABCO (1,4-

diazabicyclo[2.2.2]octane) antifade reagent (200 mM) for imaging or rinsed with Milli-Q 

water and mounted on glass slides using Prolong Diamond with 4,6-diamidino-2-

phenylindole (DAPI) mounting media and cured in the dark covered for 24 hours before 

imaging. 

Image analysis: Post-image processing was performed using imageJ2. Quantification of E-

cadherin immunofluorescence intensity at cell-cell junctions was performed in a minimum of 

50 junctions and 5 fields of view from every condition using line intensity scan mean 
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fluorescence intensity measurements. The minimum and maximum threshold were set 

equally for each image prior to fluorescence measurement. Quantification of total mean 

fluorescence nuclear intensity of AR was taken from at least 50 cells in 5 different fields of 

view, for 3 biological replicates. Min and Max threshold was set before taking mean intensity 

measurements to ensure equal intensity values across cell lines; statistical tests performed 

were One-way ANOVA followed by student’s t-test to indicate statistical differences across 

cell lines and normalized to either vehicle control or LNCaP Abi1 KO. 

Immunoblotting 

Whole-cell extracts were prepared by lysing cells in 50 mM Tris-Cl pH 7.5, 10 mM MgCl2, 

0.5 M NaCl, 2% (v/v) NP-40, 0.01% (v/v) benzonase (Sigma-Aldrich, St. Louis, MO), 1% 

(v/v) protease inhibitor cocktail (Sigma-Aldrich), and 1X phosphatase inhibitor cocktail set V 

(Millipore Sigma, Billerica, MA). Total protein concentrations were determined using Pierce 

660 nm (Thermo Scientific) protein assays. Electrophoresis and blotting of protein extracts 

were performed using mini-PROTEAN tetra handcast and trans-blot turbo transfer systems 

(Bio-Rad, Hercules, CA). The primary antibodies used were mouse anti-Abi1 (MBL 

International, clone 1B9), rabbit anti-Abi1 (Cell signaling, D3G6C), rabbit anti-AR (Santa 

Cruz, N20), mouse anti-AR (Abcam, 441), rabbit anti-ARV7 (RevMab, clone RM7), rabbit 

anti-WAVE2 (Santa Cruz, H-110), rabbit anti-GAPDH (Sigma G9545), mouse anti-GAPDH 

(Cell signaling D4C6R), mouse anti-β-actin (Sigma-Aldrich, clone AC-15), rabbit anti-E-

cadherin (Santa Cruz 7870), rabbit anti-PARP (Cell Signaling 46D11), rabbit anti-Stat3 (Cell 

Signaling 4904). The secondary antibodies (Thermo Scientific) were donkey anti-goat, goat 

anti-mouse, or goat anti-rabbit IgG HRP conjugates. Blots were imaged using supersignal 

west pico, pico-plus, or femto chemiluminescent substrate (Thermo Scientific) on a PXi 
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touch imaging system, and the signal was quantified using GeneTools software (Syngene, 

Frederick, MD). The data were analyzed using one-way ANOVA and Student’s t-test. 

AR ChIP-qPCR and ABI1 qPCR analysis 

ABI1 2nd intron / KLK3 AREIII (positive control region) AR ChIP-qPCR with samples. 

ChIP samples: LNCaP-pcDNA, ARmo and ARhi 2h stimulation of 0, 1 or 100nM DHT + 

inputs and IgG = 36 samples in duplicates = 72 + standards in duplicates and NTC = 14. Run 

with CFX96 Real-Time PCR System (BioRad). SYBR green assay components: Maxima 

SYBR Green Master Mix(2x)=10ul, Primer(forward and reverse, 100uM)=0 or 1ul, Template 

DNA=500ng (1ul), Water= 8ul; totally assay volume=20ul. PCR protocol: 95C for 10m (1 

cycle), 95C for 15s (40x cycle), 54C for 30s (40x cycles), 72C for 30s (40x cycles), 60-95C 

(1 cycle). Sequences of the primers targeting second intron of ABI1: ABI1_intF3-

AATCCCAGCTACTCACTCGG; ABI1_intR3-AGTCTCGCTCTGTCACCCA. The data are 

presented as fold over percentage of input of the ethanol-treated sample. Mean ±s.e.m. of 

three technical replicates are shown [35, 36]. The pull downs are the same as performed in, 

Urbanucci, A., et al. (2012) [35].   

4.3 Results 

AR and ABI1 expression levels correlate in clinical samples  

To understand how ABI1 is modulated by anti-AR therapy we looked at ABI1 

immunoexpression in patient samples collected over various treatments. Patient data from 

Vancouver prostate cancer center indicate higher levels of ABI1 immunoexpression in 

untreated and castrate resistant samples compared to neoadjuvant hormone treatment and  
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Figure 4.1 ABI1 expression levels correlate with patient treatment and AR pathway 

activation 

A) Analysis of ABI1 expression (IHC with ABI1 antibody, quantified by digital imaging) in 

VPC TMA cohort of neoadjuvant hormone treatment (NHT) of PCa tumors. Note significant 

downregulation of ABI1 expression in tumors treated under 6 months with NHT (Untreated 

vs. <6M NHT, and Untreated vs. All NHT). CRPC (CRPC/TURP) showed significant 

upregulation of ABI1 vs untreated tumors most probably due to androgen pathway 

reactivation; NEPC demonstrate significant downregulation of ABI1 vs. CRPC. (*, p<0.05; 

**, p<0.01; ****, p<0.0001). Numbers within bars show totally number of cases analyzed 

for each group. B) IHC of ABI1 immunoexpression in TMA samples quantified in A. C) 

TMA illustrating which samples were used for TMA analysis of LuCAP PDX model cell 
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lines quantified in D. D) Quantification using QuPath indicates higher expression of ABI1 in 

hormone sensitive and CRPC PDX models compared to NEPC. One-way ANOVA was used 

for statistical analysis followed by students t-test with p<0.005. *Abbreviations: NHT, 

neoadjuvant hormone treatment; CRPC, castrate resistant prostate cancer; TURP, 

transurethral resection of the prostate; HS, hormone sensitive or AR dependent; PCa, 

prostate cancer; NEPC, neuroendocrine prostate cancer. 
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neuroendocrine cases (Figure 4.1 A). Analysis of ABI1 protein levels in tumor of patients 

who have undergone less than 6 months of neoadjuvant therapy compared to those who 

underwent more than 6 months, we see that ABI1 levels were acutely downregulated during 

the first six months of treatment before increasing. We observed that androgen pathway 

targeted treatments had increased or decreased levels of ABI1 in parallel to the activity of 

AR. Specifically, the inhibition of the androgen pathway decreased ABI1 and activation 

correlated with increased ABI1 expression (Figure 4.1 A/B). Our data indicate that anti-

androgen and anti-AR therapies can modulate ABI1 expression shown with patient data and 

further illustrated with IHC (Figure 4.1 B).  

We then used another independent data set to confirm if ABI1 protein expression was 

modulated by AR targeted treatments. We looked at tissue microarray data from LuCAP 

patient derived organoid models which simulate in cellulo different disease states of prostate 

cancer (Figure 4.1 C). We looked at hormone sensitive (35, 136, 86.2), castrate resistant 

(35CR, 136CR, 86.2CR), and neuroendocrine (145.2, 145.1, 93) and quantified using optical 

density measurements (Figure 4.1 C/D). We observed increased expression of ABI1 in 

hormone sensitive and castrate resistant cell models compared to neuroendocrine (Figure 4.1 

D). Further, we observed significant increase of ABI1 levels in castrate resistant compared to 

both hormone sensitive and neuroendocrine cell models (Figure 4.1 D). This data supports 

our hypothesis that AR reactivation contributes to increased ABI1 expression in castrate 

resistant disease and that anti-AR treatments modulate ABI1 expression through the AR 

pathway.   
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ABI1 is an AR responsive gene 

We next addressed whether AR binds to the ABI1 gene and modulates its expression. 

ChIP data sets visualized using UCSC genome browser indicated binding of AR the second 

intron on ABI1 (Figure 4.2) [37-43]. Across different ChIP data sets we also observed 

overlapping binding sites of MYC at AR predicated ABI1 chromatin binding sites (Figure 

4.2). In addition, when comparing previously published genome data sets from AR ChIP and 

MYC ChIP, we observed a shift in AR chromatin binding when samples had been treated 

with clinical therapeutics such as BETi, JQ1, and DHT (Figure 4.2) [37-41]. Furthermore, we 

observed active methylation marks, H3K4me3, near the predicted binding site of AR on 

ABI1 suggesting that the putative ABI1 chromatin binding site of AR was indeed a gene 

expression regulatory site (Figure 4.2).  

To verify whether the indicated AR chromatin binding site of ABI1 was indeed bound 

by AR, we extracted DNA sequences correlated with the sites of AR binding to ABI1. We 

then performed ChIP-qPCR assays testing binding at the putative AR binding site in the 2nd 

intron of ABI1 (Figure 4.3 A). Previous studies have shown that overexpression of AR can 

enhance AR transcriptional activity on target genes as well as increase AR chromatin binding 

[35]. Therefore, to test AR chromatin binding on ABI1 we used the following cell lines, 

LNCaP-pcDNA3.1 control cells, LNCaP-ARmo cells with moderate AR overexpression, and 

LNCaP-ARhi cells with high AR overexpression that were hormone starved for four days 

followed by treatment with ethanol (0 nM), 1 nM or 100 nM DHT before IP with AR-

antiserum [35, 36]. Data from ChIP-qPCR assay confirms AR binding to the 2nd intron of 

ABI1 (Figure 4.3 A). In addition, cell lines that had moderate and high overexpression of AR 

showed higher fold enrichment compared to cell line with non-overexpressing AR (Figure  
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Figure 4.2 AR binds to ABI1 gene and pharmacological treatments can shift chromatin 

binding location 
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The figure depicts data sets selected for analysis on tracks in UCSC genome browser 

resources. Black lines indicate binding events at specific locations across chromatin. Red box 

indicates where AR predicated binding locations on ABI1 is. Treatments that can shift AR 

associated ABI1 chromatin binding sites include MDV (enza), iBET, JQ1, Bicalutamide 

(BIC). AR binning v MYC is indicated in heading above track. Histone methylation and 

acetylation events are indicated in top 18 tracks. Active methylation is associated around the 

AR predicted binding sites on ABI1 indicating that this binding event is indeed active and 

can induce gene expression. Data sets include, patient data (Yu et al 2010; Wang et al 2007), 

CRPC samples (Sharma et al 2013), unique AR binding events (Sharma et al 2013), cell line 

data VCaP (Asangani et al 2014; Massie et al 2011), LNCaP (Massie et al 2011), and Taylor 

et al 2010. 
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4.3 A). Data also shows that DNA binding of AR to ABI1 was further enhanced under 

androgen stimulation conditions (Figure 4.3 A). 

We then addressed whether AR could act as a functional transcription factor for ABI1 

by looking at ABI1 RNA expression relative to AR overexpression. We measured mRNA 

expression of ABI1 upon overexpression of AR relative to time (Figure 4.3 B). We observed 

increased ABI1 mRNA expression in the AR overexpression cell line compared to non-

overexpression cell line which was further enhanced over a 24 hour observation (Figure 4.3 

B). Previously, AR overexpression has been reported to stimulate activation of its 

transcriptional program. Based on the observation that ABI1 expression is enhanced in an AR 

overexpression system this suggests that AR can indeed function as a transcription factor for 

ABI1 [35]. 

ABI1 protein expression level is modulated by AR activity in vivo  

Next, we looked at protein expression of ABI1 after stimulation or inhibition of AR 

transcriptional pathway to confirm AR transcriptional function on ABI1. To test if ABI1 

protein expression recapitulated the increase in mRNA expression due to AR transcriptional 

activation we performed western blot analysis after stimulating or inhibiting AR function. We 

first incubated the LNCaP cell line with androgen depletion media (CSS) for 3 days and 

subsequently treated them with vehicle control, 1nM R1881 for 24 hours, or 5uM 

enzalutamide and then extracted whole cell lysates. We immunoblotted for AR, ABI1, and β-

actin and measured densitometry to quantify (Figure 4.3 C/D). Results indicate that there was 

an increase of ABI1 protein expression after 24 hours of stimulation with AR agonist, 1nM  
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Figure 4.3 AR can transcriptionally activate ABI1 

A) ChIP-qPCR assays revealed that moderate and overexpression of AR in the LNCaP cell 

lines had a fold enrichment of AR binding to the putative 2nd intron of ABI1. Stimulation of 

AR transcription with DHT further enhanced AR mediated binding to intron 2 of ABI1. B) 

ABI1 mRNA expression was induced relative to time when AR is highly overexpressed. C) 
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Quantification of ABI1 densitometry levels measured from immunoblot in D and normalized 

to GAPDH. D) Stimulation of LNCaP cells with 1nM R1881 induced higher protein 

expression than vehicle control while AR inhibition with 5µM Enzalutamide downregulated 

ABI1 expression quantified in C. E) Inhibition of full-length AR with 5µM Enzalutamide (24 

hours) increased AR variant expression as well as ABI1 expression. The presence of both 

full-length AR and AR variants in 1nM R1881 (24 hours) condition may induce a mixed 

phenotype of heterodimer/homodimer nuclear AR function that modifies transcriptional 

function on ABI1 when compared to panel D that only expresses full length AR. F) 

Stimulation of full-length wild-type AR with ligand, 1nM R1881, increases ABI1 protein 

expression in LAPC4 after 24 and 48 hours relative to vehicle control. Inhibition of AR 

transcriptional activity with anti-AR, 5µM enzalutamide, decreases ABI1 protein expression 

after 48 hours relative to vehicle control. G) Immunoblot detection of AR, ABI1, and β-Actin 

expression across various prostate cancer cell lines. Increased expression of AR in 22Rv1 and 

42D correlated with higher ABI1 protein expression. Expression of ARV7 of AR is 

associated with increased ABI1 protein expression in 22Rv1 similar to panel E. For each 

experiment there were 3 biological replicates. Abbreviations: CE, cytoplasmic 

extract/fraction; NE, nuclear extract/fraction; DMSO, vehicle control; DHT, 

dihydrotestosterone; ARfl, AR full length; Arv, AR variants; HS, hormone sensitive; Enza 

resistant, enzalutamide resistant; CRPC, castrate resistant prostate cancer; AR null, AR 

independent growth. 
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R1881, and subsequent decrease of ABI1 after inhibition with AR antagonist, 5µM 

enzalutamide (Figure 4.3 C/D).  

To confirm our observations in other cells lines we performed a time course 

experiment in 22Rv1 cells looking at ABI1 expression after 3-4 days of androgen deprivation 

in CSS followed by 24 hours of vehicle control, 1nM R1881, or 5µM Enzalutamide 

treatment (Figure 4.3 E). We performed the same in LAPC4 adding an additional 48 hour 

time point with vehicle control, 1nM R1881, or 5µM enzalutamide inhibition (Figure 4.2 F).  

Analysis with immunoblotting indicate that ABI1 protein expression increased after 24 hours 

in 22Rv1 when there was higher expression of AR variant induced by 5 µM Enzalutamide 

(Figure 4.3 E) and 48 hours in LAPC4 cells after R1881 stimulation of full length wild-type 

AR (Figure 4.3 F). We also observed a decrease of ABI1 expression in LAPC4 cells after 48 

hours of enzalutamide inhibition (Figure 4.3 E).  

Furthermore, when we analyzed levels of ABI1 across multiple PCa cells lines with 

various AR sensitivities we observed a positive relationship between AR and ABI1 protein 

expression (Figure 4.3 G). PCa cell lines with higher expression of AR and AR variants, 

22Rv1 and 42D, are associated with higher levels of ABI1 (Figure 4.3 G). Based on this 

observation, we can speculate that ABI1 protein expression may be affected by basal 

expression levels of AR, and constitutively active forms may further enhance ABI1 

expression. Furthermore, we can conclude that ABI1 protein expression is positively affected 

by AR stimulation and negatively by AR inhibition of AR transcriptional function (Figure 4.3 

C-F). When all data are taken together, this suggests that ABI1 is an AR-responsive gene and 

transcriptional target of the androgen pathway. 
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In addition, we looked at genetic mutations within PCa cell lines using the cBio 

cancer genomics portal utilizing the cancer cell line encyclopedia dataset (Figure 4.4) [44-

48]. Datasets indicate that AR and ABI1 have missense mutations, gain of function, and 

shallow deletions across standard PCa cell line models (Figure 4.4). What is interesting is 

that ABI1-SH3 domain is mutated in LNCaP fast growing colony (D508V) and DU145 

(M486I) which may interfere with downstream actin cytoskeleton signaling and adaptor 

protein functions (Figure 4.4 B-D). Specifically, mutation of aspartic acid amino acid located 

at 508 to isoleucine changes the properties of this site from negatively charged to 

hydrophobic which may alter folding and binding of the SH3 domain. In short, it seems that 

AR and ABI1 are targets of DNA damage in a collaborative manner, suggesting some duality 

in dysregulation (Figure 4.4 D). However, in co-occurrence, both genes are mutated across 

prostate cancer cell models, indicating intentional DNA damage events targeting this specific 

pathway and further implicating the importance of ABI1 in prostate cancer.  

AR promotes E-cadherin localization through ABI1 upregulation in WAVE complex 

With previous knowledge of ABI1’s role as a scaffold protein for WAVE complex we 

hypothesized that AR could leverage its transcriptional activity on ABI1 to effect 

downstream actin cytoskeleton processes. Furthermore, we aimed to specifically investigate 

the role of AR on ABI1/WAVE cell-cell junction maintenance by looking at E-Cadherin 

localization.  

Therefore, to test if AR can act upstream to promote E-cadherin localization through 

ABI1/WAVE complex we performed immunofluorescence assays after stimulation of AR 

activity with agonist, R1881 (Figure 4.5). We used LNCaP parental cell line with unmodified  
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Figure 4.4 Genetic mutations of ABI1 and AR occurring in prostate cancer cell lines 

A-B) Cancer cell line encyclopedia datasets from c-bioportal depict known phosphorylation, 

acetylation, ubiquitination, methylation, malonylation, and sumolaytion sites where relevant 

on individual proteins (below graphs) as well as profiled mutation sites (top graphs) on AR 

(A) and ABI1 (B) proteins. C) Table indicates specific ABI1 and AR missense and copy 

number alteration (CNA: diploid, shallow deletion, and gain) in each associated prostate 

cancer cell line 22Rv1 (CRPC), LNCaP fast growing colony (HS), MDA-PCa2B (AR 

independent/HS), DU145 (AR independent), NCI-H660 (NEPC), PC3 (AR 

independent/NEPC), and VCaP (ADT /CRPC). Mutation analysis identified in table indicates 

that AR is primarily mutated in AR ligand binding domain promoting ligand-activated 
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promiscuity (H875Y, T878A, and L702H) whereas ABI1 is primarily mutated in ABI1 exon 6 

(R194Q) and near SH3 domain (M468I and D508V). D) Graph indicates mutation count of 

ABI1 (Missense, gain, diploid, shallow deletion or no mutation) vs AR mutations (missense 

or no mutation) in prostate cancer cell lines to further illustrate information identified in 

panels A-C. *Abbreviations: PTM, post translational modification; CRPC, castrate resistant 

prostate cancer; HS, hormone sensitive or AR dependent; PCa, prostate cancer; ADT 

treated, androgen depletion therapy; NEPC, neuroendocrine prostate cancer.  
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ABI1 and treated cells with either vehicle control or 1nM R1881 for 48 hours and 72 hours 

(Figure 4.5 A). We fixed cells with 4% paraformaldehyde, then stained with primary 

antibody E-cadherin followed by secondary antibody alexafluor-488 and nucleic acid 

counterstain, DAPI. We quantified E-cadherin localization to cell-cell junctions using line 

intensity scan of at least 50 cells per condition in 3 biological replicates. We observed 

significant increase of E-cadherin localization to cell-cell junctions after 48 hours of R1881 

stimulation compared to vehicle control, and this was further enhanced after 72 hours of AR 

stimulation (Figure 4.5 A/B).  

Furthermore, we tested whether inhibition of AR using anti-AR treatment, 

enzalutamide, effected E-cadherin localization. We compared vehicle control, R1881 only, 

R1881 followed by enzalutamide, and enzalutamide only treatments (Figure 4.5 C). Across 

treatment conditions R1881 stimulation significantly increased E-cadherin localization while 

AR antagonism with enzalutamide significantly reduced E-cadherin localization (Figure 4.5 

C). This suggests that ligand activated AR is indeed mediating enhanced E-cadherin 

localization to cell junctions.  

Next, we tested if enhanced E-cadherin localization downstream of AR was 

dependent on ABI1 (Figure 4.5 D). We used an LNCaP ABI1 KO cell line and LNCaP ABI1-

wildtype (parental) cell line. We treated cells with either vehicle control or 1nM R1881 for 48 

hours and quantified E-cadherin localization. We observed significant decrease in E-cadherin 

localization in ABI1-KO cell line compared to ABI1-wildtype (Figure 4.5 D/E). Stimulation 

of cells with 1nM R1881 further enhanced this dysregulation when ABI1 was absent (Figure 

4.5 D/E). In addition, total protein expression of E-cadherin was not significantly changed 

across treatments, notably localization was the only measurable change. This suggests that 
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stimulation of AR with R1881 cannot rescue E-cadherin localization in the absence of ABI1, 

implicating ABI1 as a necessary mediator for E-cadherin localization through upstream AR 

trans-activity. Furthermore, our results indicate that AR acts upstream of ABI1/WAVE to 

promote cell-cell adhesion through localization of E-cadherin to cell junctions and 

underscores an essential need for sustained ABI1 expression in these cells. In summary, these 

results highlight a functional role of ligand activated AR on downstream ABI1 within the 

actin cytoskeleton may perpetuate a malleable EMT/MET landscape for AR to control 

through ABI1/WAVE complex. 
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Figure 4.5 AR can act upstream to transcriptionally activate ABI1 and promote tissue 

integrity through ABI1/WAVE complex 

A) E-cadherin localization to cell junction as a functional readout of ABI1/Wave complex 

shows that AR stimulation with 1nM R1881 enhanced e-cadherin localization to cell-cell 

junction at 48h and further at 72h compared to control, quantified in B. C) Quantification of 

E-cadherin intensity at cell-cell junctions after vehicle control (DMSO), R1881, Anti-AR 

(Enza), and R1881 followed by Enza treatment. Quantification indicates that E-cadherin 
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localization is increased after R1881 treatment in a transcriptionally active AR system, 

whereas anti-AR treatments only and stimulation followed by anti-AR have decreased E-

cadherin localization. Anti-AR treatment with enzalutamide can decrease E-cadherin 

localization to cell-cell membrane and indirectly promote EMT. D) Comparing LNCaP wild-

type cell line v ABI1 CRISPR KO there is dysregulated E-cadherin and AR stimulation with 

1nM R1881 further enhanced deregulated E-cadherin localization in ABI1 KO cells. ABI1 is 

essential for localization of E-cadherin to cell junction and AR stimulation can enhance this 

function of ABI1 quantified in E. E) quantification of E-cadherin intensity at cell-cell 

junctions after vehicle control (DMSO) or R1881 treatment in ABI1 KO (LNCaP ABI1 KO) 

or ABI1-WT (LNCaP parental). Fluorescence intensity of E-cadherin at cell contacts, was 

quantified using line intensity measurements acquired with ImageJ2. All cell junctions that 

are above the set threshold were considered with at least 50 cell junctions measured per 

condition and taken from at least three fields of view in 3 biological replicates. We performed 

one-way ANOVA for significance test and students t-test with a p<0.005. Cells were mounted 

in DABCO imaged with Epifluorescence spinning disc microscopy, 40X water objective. 
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4.4 Discussion 

The study demonstrates a correlation between a novel biological role of ABI1 in AR 

function which has not been previously defined. Patient data shows a positive correlation 

between AR and ABI1 levels at different stages of disease progression, wherein inhibition 

or reactivation of AR pathway activity affects ABI1 protein expression, respective to AR 

function. This observation was further supported by chromatin binding data, gene 

expression, and protein expression analysis implicating AR as a transcriptional activator 

of ABI1 expression. The stimulation of the AR pathway was further shown to indirectly 

promote increased cell-cell adhesion through the ABI1/WAVE complex and downstream 

branched actin polymerization. This is a mechanism that most likely contributes to tumor 

re-growth after re-activation of AR in CRPC.   

ABI1 protein expression varies with AR levels across different models of PCa 

Here, we have shown with immunoblotting analysis that ABI1 protein expression 

varies between high and low in accordance with AR status (Figure 4.3), further 

supporting our hypothesis that ABI1 is regulated by AR transcriptional activities. We 

observed the highest level of ABI1 protein expression in cell lines that contain AR and 

alternatively spliced variants such as ARV7 in 22Rv1 (Figure 4.3 E/G). When we 

compare the effect that ligand activation has on ABI1 expression in full-length AR 

(LNCaP/LAPC4) models with that of AR variants expression (22Rv1) models, we 

observed a mixed phenotype. Furthermore, the LAPC4 cell line contains full length wild-

type AR which is why it is commonly used to test normal AR functions and thus included 
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in this analysis. We see a correlation in LNCaP and LAPC4 cells that express full-length 

AR with ligand induced increases in ABI1 protein expression.  

Conversely, 22Rv1 which contains both full-length AR and AR variant (ARV7) do 

not correlate with ligand induced increases of ABI1 protein expression. Specifically, 

ligand stimulation of full-length AR increases ABI1 expression when it is exclusively 

expressed (Figure 4.3 D/F) which allow it to form AR homodimerization complexes with 

chromatin. However, in the presence of AR variants after ligand induced stimulation of 

full-length AR, we do not see robust increase of ABI1 protein expression, yet under 

inhibitory conditions of AR, ABI1 protein expression levels correlate with higher 

expression of ARV7 (Figure 4.3 E/G). The change in ABI1 expression observed in 22Rv1 

ligand stimulated and inhibitory conditions might underlie homodimerization and 

heterodimerization complex formation of AR full-length and AR variants.  

Moreover, when AR full length homodimerizes it performs canonical functions on 

target genes, whereas heterodimerization complexes have been noted to shift chromatin 

binding abilities and target sites [20]. Therefore, we can theorize that in a system which 

expresses full-length AR as well as ARV7 and other spliced variants this could change 

downstream transcriptional regulation of the ABI1 gene. Notably, this observation of 

varying ABI1 levels allows us to theorize the unique role ABI1 plays in prostate cancer 

tumor progression which can be leveraged by the AR pathway. The upstream function of 

AR on ABI1 remains conserved in not only in cellulo models but also clinical patient 

samples. We believe that using multiple independent assays to confirm a consistent effect 

of upstream AR activity on ABI1 provides sufficient evidence to support the 

transcriptional role of AR on ABI1.  
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AR utilizes ABI1/WAVE in androgen hypersensitive state to promote tumor re-growth 

A hypersensitive or hyperresponsive state allows for increased receptor expression 

intracellularly or at the membrane and is commonly exhibited by growth factor and 

hormone receptors in cancer growth, allowing for increased sensitivity to ligand 

activation [49]. Moreover, AR is a potent transcription factor for many reasons but most 

importantly adaptive selection to its environment in a hypersensitive manner such that it 

increases the opportunity of protein-ligand binding in a state of low ligand availability [1, 

6, 21, 50]. It is possible that ligand activated AR can act upstream of cellular adhesion 

proteins during biochemical recurrence to help re-establish prostate epithelial tissue 

integrity. In a hypersensitive state of androgen reactivation AR may slowly recover ligand 

dependent nuclear activity on target genes (such as ABI1) [21, 50]. Notably, a process 

that may evade detection by serum PSA until the AR pathway/tumor has been re-

established [3]. As a result, the upregulation of ABI1 would help to re-establish cell 

adhesions in prostate epithelia increasing the metastatic potential and promote tumor re-

growth through ABI1/WAVE complex (Figure 4.5).  

We propose the biological relevance of AR transcriptional activity on ABI1 to act 

upstream of WAVE complex proteins, as well as actin cytoskeleton, thus making a more 

malleable landscape for EMT/MET. These findings provide a new understanding of AR 

pathway as well as AR involvement in actin cytoskeleton which is an area of research 

severely lacking. With this study we have helped to establish a mechanism for how AR 

can transcriptionally regulate ABI1 after anti-AR treatments to promote metastatic tumor 

progression by epithelial mesenchymal transition (EMT-MET) [14].  
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AR transcriptional activity on ABI1 in STAT3 activation 

Furthermore, in line with previous research indicating that ABI1 loss contributes to 

activation of nWNT/STAT3 pathway and dysregulation of WAVE complex formation, we 

have added another level to ABI1 regulation in PCa [25]. Specifically, we have expanded 

our knowledge of how ABI1 can contribute to prostate cancer progression through an AR 

dependent mechanism. Previous research has reported a correlation of ABI1 expression 

with dysregulated tissue architecture most likely attributed to instability of WAVE 

complex and upregulation of integrin signaling [25]. Our results provide a mechanism 

through which ABI1 expression is transcriptionally regulated by AR. We confirmed that 

AR binds to the second intron of ABI1 and thereby AR targeted treatments would lead to 

the downregulation of ABI1 expression. Furthermore, AR inhibition most likely 

contributes to increased STAT3 activity and nWNT pathway activation through a switch 

“ON” mechanism because of decreased ABI1 protein expression [25, 51].  

This research furthers our understanding on the interplay between AR and STAT3 

pathways during prostate cancer disease progression [25, 51]. Acquired AR targeted 

treatment resistance leading to the reactivation of the androgen pathway would shut off 

the acute activation of STAT3 by re-expression of ABI1 [25]. Downregulation or loss of 

ABI1 would decrease sequestering of kinases such as FYN and lead to integrin activation 

increasing a cells migratory potential and results in tumor metastasis [52]. In line with 

previous research and our data shown here, basal expression of ABI1 is essential for a 

cell to maintain proper cell adhesion and tissue integrity [26, 53]. Indeed, ABI1 re-

expression or upregulation by its AR transcriptional activator would increase cell 

adhesions, maintain tissue integrity, and increase sequestering of tyrosine kinases [25]. 
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Taken together these results suggest that targeting the AR pathway could lead to a more 

aggressive disease because of downstream effects on ABI1 resulting in disruption of 

essential scaffold and adaptor functions. 

Summary paragraph 

In conclusion, the intracellular androgen dependent transcription factor, AR, a member of 

the nuclear hormone receptor superfamily, has many genomic and non-genomic functions 

within the cell. For this dissertation, we have focused on predominant genomic functions of 

AR and specifically interworking with the actin cytoskeleton regulatory protein, ABI1. We 

have shown that ABI1 contains androgen response elements (AREs) that are targeted by 

ligand activated AR and can induce ABI1 gene and protein expression. With the 

consideration that ABI1 can be regulated by AR, in the context of anti-AR treated tumors, 

this raises concerns of anti-AR therapy induced EMT. Furthermore, upstream functions of 

AR on ABI1/WAVE tissue integrity further supports the idea that anti-AR therapy could 

indirectly promote EMT by downregulation of ABI1/AR pathway.  

The development of a method/model to test reversibility of EMT/MET phenotype by AR 

treatment modulation would be highly useful and allow us to recapitulate findings into a 

translational context, improving clinical outcome. Future studies should also investigate 

ABI1 ability to be regulated by other nuclear hormone pathways and their receptors such as 

estrogen, progesterone, and glucocorticoid receptors. Regulation of ABI1 by additional 

hormone receptors may provide much needed insight into how ABI1 protein expression can 

be modulated in hormone dependent cancers such as ovarian, breast, endometrial, and 

cervical cancer. 
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ABSTRACT1 

The overall goal of this chapter is to understand the physical protein-protein interaction 

between ABI1 and AR. Furthermore, we aim to elucidate the binding sites of the interaction, 

the mechanism, and how abrogation of it affects AR function. To test this, we generated an 

ABI1 KO cell line model in LNCaP cells using CRISPR-Cas9. We then used mutagenesis to 

develop ABI1 binding mutants (W485N and ∆SH3) and generated ABI1 rescue cell lines in 

our KO cell line. We performed qPCR, co-IP, Western Blotting, ChIP, in vitro assay, ICC, 

and PLA. Additionally, we used turbidity assays and DIC microscopy to test the propensity 

of phase separation of AR and ABI1 individually and together. Our results from in vitro 

binding assays indicate the interaction of AR-PxxP motifs with the ABI1-SH3 domain. 

Ectopic expression of ABI1-W485N in our ABI1-KO cell line showed decreased binding, 

while ∆SH3 showed no binding to AR in co-IP assays compared to our control. In addition, 

we saw decreased AR nuclear localization compared to our ABI1-WT control. Decreased 

nuclear localization in our ABI1-W485N mutant was associated with decreased mRNA 

expression of hallmark AR target genes, Prostate-Specific-Antigen and FKBP5 but not 

TMPRSS2. We also observed co-phase separation of AR and ABI1 using in vitro assays and 

saw biomolecular condensate formation in live cell assays. Patient tumor PLA data indicate 

positive AR-ABI1 interactions in nuclear and cytoplasmic compartments, which were 

confirmed using subcellular fractionation and IP assays. Furthermore, when we looked at 

ChIP assays for AR and ABI1, we saw a shift in AR chromatin occupancy in the absence of 

ABI1 using an ABI1 KO cell line. ABI1 ChIP assay showed that ABI1 could interact with 

promoter regions of chromatin and genes simultaneously bound by AR, indicating a unique 

role of ABI1 in the AR transcriptional pathway. In conclusion, our study demonstrates that 
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AR and ABI1 have a reciprocal feedback pathway. Loss of ABI1 resulted in a decrease in 

nuclear AR and a subsequent decrease in mRNA expression of AR target genes and changed 

AR chromatin occupancy. For the first time, we show that ABI1 can bind DNA and act as a 

co-activator for AR. We also show that anti-AR treatments can lead to the dysregulation of 

ABI1 and promote the reactivation of the AR pathway through the ABI1-AR axis. Our 

findings allow for novel insights into the mechanisms underlying AR and ABI1 relationship 

in neoplastic progression. 
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5.1 Introduction 

Nuclear hormone receptors like the androgen receptor (AR) rely on binding partners 

and co-factors (co-activators and co-repressors) to navigate their transcriptional activities 

depending on the cellular status and surrounding extracellular environment [1, 2]. The main 

region of co-factor binding occurs in the NTD and upon each binding event promotes a 

conformational change from an intrinsically disordered state to a highly structured one. In 

many ways the AR-NTD unstructured properties allows for the plethora of binding partners 

as it allows for a malleable and energetically favorable interaction [3, 4].  As reported by 

Leung and colleagues, co-activators of nuclear hormone receptors have three unique features 

such as physical interaction, transcriptional target, and binding to similar chromatin regions 

[2, 5]. In this chapter we show that ABI1 meets two of these requirements, physical 

interaction and binding to similar chromatin regions (refer to chapter 4, transcriptional target 

requirement).  

AR is the main driver of prostate cancer growth and often is the underlying cause of 

disease recurrence when treatment becomes ineffective [6]. Mechanisms of AR reactivation 

in a low androgen environment include, upregulation of constitutively active AR variants 

(V7), gene amplification or overexpression, AR mutation (T878A), and increased 

cytoplasmic concentration [7, 8].  Mechanisms of AR reactivation in an AR antagonist 

environment include AR ligand binding domain point mutation (F877L, T878A, W742C, 

L702H), aberrant activation, ligand promiscuity, and intratumoral synthesis [7-11]. While 

many modes of AR reactivation have been exhaustively detailed in literature, the mechanistic 

interplay with other binding proteins to initiate AR activity remain elusive. One example 

includes the mechanism for how AR can influence cytoplasmic retention of itself to promote 



147 

 

pathway re-emergence in a low androgen environment [12-15]. Here we provide a better 

understanding for the root cause as to why and how this can occur through studying ABI1 

involvement in this process.   

Membraneless organelles (MLO) are a new area of investigations for biological 

science as they have been well studied in biophysical chemistry. In biophysical chemistry 

MLOs are normally referred to as liquid-liquid phase separation (LLPS) or “droplets” 

whereas taken in biological context we refer to them as MLO or biomolecular condensates 

[4, 16]. Formation of MLOs enables proteins to have spatiotemporal control over their 

biological function within the highly compacted cellular milieu in a more energetically 

favorable way [3]. Moreover, to briefly describe biomolecules insides condensates we can 

classify them as scaffolds and clients [3, 4, 16]. Scaffolds are biomolecules that can drive 

LLPS through multivalent interactions by self-associations whereas clients are recruited by 

interactions with scaffolds but are not required for formation of condensates [4, 16]. 

Furthermore, low-complexity domains of intrinsically disordered proteins (IDP) can drive 

LLPS through weak, transient inter- and intramolecular interactions [16]. Changes within 

microenvironment surrounding IDPs can perturb free energy between IDP and milieu making 

it more energetically favorable for IDP to self-associate rather than associate with solvent. 

Within LLPS there seems to be a counterbalance of self-associations vs. self-solvent 

interactions [4]. 

Physical properties that are known signatures of phase separation include: polymer 

density, translation/rotational symmetry, miscibility, elasticity and viscosity [17, 18]. In a 

two-component polymer-solvent system stimuli changes can incur through alterations in 

solution parameters such as temperature, hydrostatic pressure, and pH [18]. In addition to 
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physical components that can drive changes in stimulus-response phase separation, 

transitions in protein conformation and physical crosslinking can also contribute [18]. 

Furthermore, IDPs can undergo different types of miscible phases in response to temperature 

changes of solutions called upper critical solution temperature (UCST) and lower critical 

solution temperature (LCST) behaviors [18]. Specifically, UCST is the temperature below 

which there is phase separation occurring and the upper limit will change depending on the 

protein sequence [18]. The same is true for LCST except it is the temperature above which 

there is LLPS occurring and the lower limit will change depending on the protein sequence 

[18].  

Through our understanding of phase transition states and chemical/physical properties 

of solvent and protein components our understanding of protein biogenesis and RNA MLOs 

has expanded drastically [19]. Most biological investigations into MLO focus on nuclear 

implications of transcription where RNA can be sequestered [16]. Other examples of MLO’s 

that exists in nature include but are not limited to nucleoli, Cajal bodies, and stress granules 

[4, 20].  Here we focus on the interaction between low complexity sequences of AR 

interacting with ABI1.The ABI1 protein contains predominantly low complexity sequence 

except for the highly structured SH3 domain. This understanding of ABI1 encouraged us to 

test the propensity of phase separation with other known IDR containing proteins. Due to 

ABI1’s involvement in numerous protein complexes (see intro) we seek to provide an 

explanation for how it can seemingly exist and interact in different cellular compartments 

simultaneously without hindered mobility. At the same time, we investigate new biological 

functions of ABI1 in the nucleus. Previous reports on ABI1 nuclear functions define a 

Homeobox homologous region within exon 4 [21-24]. However, we do not agree that the 
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HHR domain of ABI1 is anything like a classical homeodomain as the critical amino acids to 

promote homeodomain DNA binding are indeed not conserved in the ABI1-HHR domain. 

Studies remain elusive that directly show any physical interaction of ABI1 with DNA thus, 

we seek to rectify that in this study.  

Moreover, Montt-Guevara and colleagues reported that AR regulated invasion and 

motility of T47D breast cancer cell line through actin cytoskeleton reorganization at 

membrane ruffles and pseudopodia through interactions with Moesin [25]. There remain very 

few studies that investigate direct AR effect on actin cytoskeleton reorganization in prostate 

cancer other than gelsolin [26-29]. We aim to rectify that through investigating the direct 

protein interactions a well-known actin cytoskeleton component, ABI1, has with AR. 

5.2 Material and Methods 

Bacterial transformation and protein purification 

All His-SUMO-AR and ABI1 constructs were expressed in BL21CP E. coli cells with < 5% 

DNA construct per transformation. Cells were incubated on ice for 30 minutes followed by 

heat shock at 42 degrees centigrade for 30 seconds and subsequent icing for 1 minute. 

Additional LB broth was added to cells to allow recovery at 37 degrees centigrade with 

agitation for 1 hour. Cells were then spread/grown on LB-chloramphenicol/kanamycin plates 

overnight at 37 degrees centigrade. The following morning cells were collected and 

inoculated into 5ml LB media containing chloramphenicol (CP) and kanamycin (Kan) and 

grown at 37 degrees centigrade for 8 hours with agitation. Cells were then placed into LB 

media containing glucose, kanamycin, and chloramphenicol and continued to grow overnight 

at 37 degrees centigrade with agitation. The culture was then placed into 1L flasks containing 
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appropriate antibiotics to continue growth until reaching an OD between 0.6.1.0 which were 

then induced with IPTG and grown overnight at 16 degrees centigrade with agitation. The 

following morning OD’s were obtained and cells collected into centrifuge bottles for 

centrifugation to concentrate cells. Cells were then resuspended in 6M Guadinum-HCL + 

Nickle binding buffer A (NiA) buffer followed by flash freezing and storage at -60 degrees 

centigrade. This method was performed according to Alaji Bah lab protocols.  

AR Purification: Protein pellets were thawed and sonicated followed by centrifugation to 

obtain protein. Supernatant was then added to a nickel column and incubated at 4 degrees 

centigrade for 45 minutes with gentle agitation. After incubation unbound protein was then 

eluted and stored for later use. For subsequent nickel column protein purification of bound 

protein, we washed the column 3 times with 6M Guanidium-HCL + NiA containing 15mM 

BME (due to abundance of cysteines we used high concentrations of BME to break disulfide 

bonds) and then 3 times with buffer containing: NiA, glycerol, Arg-HCL, leupeptin, bestatin, 

pepstatin, and 15mM BME. Protein was eluted off nickel beads using 6M Guanidium-HCL, 

NiA, glycerol, 15mM BME, and 2M imidazole while collecting 8 elution fractions with 5 

times of packing per fraction.  

We collected protein from each elution and added 14mM BME followed by 5 minutes of 

boiling at 95 degrees centigrade to reduce disulfide bonds and subsequently ran SDS-PAGE 

gel electrophoresis. We then combined elution fractions that had the most abundant and pure 

protein on FPLC using sp75 column with buffer exchange to 5M Guanidium-HCL, NiA, 

15mM BME at pH 7.4. Fractions were immediately collected and brought up to 6M 

Guanidium-HCL concentrations to prevent degradation which occurs very rapidly for AR. 

Fractions were then concentrated to around 7-10mg/ml using centrifugation at 4 degrees 
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centigrade. We then dialyzed the concentrated protein using buffer exchange method 

overnight at 4 degrees centigrade into a low salt physiological equivalent buffer (100mM 

KCl, 20mM Na2HPO4, 15mM BME) followed by subsequent dialysis for 2-4 hours the next 

morning before performing phase separation assays.  

Phase separation and turbidity assay 

Protein sample was collected immediately after second round of dialysis and kept on ice until 

use. Low salt buffer was collected and filtered through .22µm filter to use as buffer control 

condition. We performed turbidity assays using UV-VIS with varying concentrations of NaCl 

(0, 100mM, 200mM, 500mM, and 1M) and temperature (0-80C). Cuvettes were pre-cooled 

to 4 degrees centigrade before each experiment. Samples were then observed under DIC 

microscopy using a Axio-Zeiss upright microscope with 100x oil objective.   

Live cell assay 

Cells were trypsinized followed by single cell resuspension in 10% charcoal-stripped serum 

RPMI phenol free media containing appropriate components. Cells were plated at 

concentrations of 50,000-75,000 cells/well in ibidi µ-8 well slides (cat. #: 80827). Wells were 

coated with 5µg/ml poly-l-lysine for 5 minutes at room temperature prior to use. Cells were 

subsequently transfected with plasmids containing fluorescently tagged protein, 24 hours 

post plating and allowed to incubate for 48 hours before drug treatments for 5 hours. Prior to 

imaging cells underwent Hoechst 33342 incubation (1:5000, cat.#:H3570) in appropriate 

media for 30 minutes according to manufacturer’s protocol before fixation with 4% 

paraformaldehyde at room temperature for 10 minutes and imaged in PBS [30]. Images were 
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taken using inverted Nikon SoRA microscopy with 63X oil objective and Leica SP8 confocal 

microscopy with 63X oil objective. 

Subcellular fractionation 

To isolate subcellular fractions, we washed the cells with ice-cold PBS and then collected the 

cell pellet at 4C. We then lysed cells and added NE-PER reagents from Thermo Fisher (Cat. 

No.78833). Subsequently, we followed the kit protocol. Protein expression was quantified 

from densitometry measurements and normalized to fraction specific loading control either 

cytoplasmic fraction, (GAPDH) or nuclear fraction, (PARP) after subtraction of background 

fluorescence. For each cell line we calculated percentage of nuclear accumulation using the 

following equation: % Nuclear accumulation = [Nuclear Fraction/(Cytoplasmic fraction + 

Nuclear fraction)] * 100. Statistical significance was calculated using a One-way ANOVA 

followed by a student's t-test between cell lines and calculated from at least 3 biological 

replicates. 

Immunoprecipitation 

Cells had media aspirated and then were immediately washed with cold CaCl/MgCl PBS and 

lysed on the plate using Pierce IP lysis buffer with protease and phosphatase inhibitors. The 

resulting lysate was immunoprecipitated using an anti-Abi1 antibody (clone 1B9, MBL) at an 

antibody:lysate ratio of 1:200 or with anti-IgG1 isotype control (clone G3A1, CST) with the 

same concentration as an IgG positive control. Immunoprecipitation was performed using 

Dynabeads (ThermoFisher) according to the manufacturer’s instructions, except the 

incubation was performed overnight at 4 °C. Samples were boiled at 90C for 5 minutes the 

following day and then separated from beads.  



153 

 

Immunoblotting 

Whole-cell extracts were prepared by lysing cells in 50 mM Tris-Cl pH 7.5, 10 mM MgCl2, 

0.5 M NaCl, 2% (v/v) NP-40, 0.01% (v/v) benzonase (Sigma-Aldrich, St. Louis, MO), 1% 

(v/v) protease inhibitor cocktail (Sigma-Aldrich), and 1X phosphatase inhibitor cocktail set V 

(Millipore Sigma, Billerica, MA). Total protein concentrations were determined using Pierce 

660 nm (Thermo Scientific) protein assays. Electrophoresis and blotting of protein extracts 

were performed using mini-PROTEAN tetra handcast and trans-blot turbo transfer systems 

(Bio-Rad, Hercules, CA). The primary antibodies used were mouse anti-Abi1 (MBL 

International, clone 1B9), rabbit anti-Abi1 (Cell signaling, D3G6C), rabbit anti-AR (Santa 

Cruz, N20), mouse anti-AR (Abcam, 441), rabbit anti-ARV7 (RevMab, clone RM7), rabbit 

anti-WAVE2 (Santa Cruz, H-110), rabbit anti-GAPDH (Sigma G9545), mouse anti-GAPDH 

(Cell signaling D4C6R), mouse anti-β-actin (Sigma-Aldrich, clone AC-15), rabbit anti-E-

cadherin (Santa Cruz 7870), rabbit anti-PARP (Cell Signaling 46D11), rabbit anti-Stat3 (Cell 

Signaling 4904). The secondary antibodies (Thermo Scientific) were donkey anti-goat, goat 

anti-mouse, or goat anti-rabbit IgG HRP conjugates. Blots were imaged using supersignal 

west pico, pico-plus, or femto chemiluminescent substrate (Thermo Scientific) on a PXi 

touch imaging system, and the signal was quantified using GeneTools software (Syngene, 

Frederick, MD). The data were analyzed using one-way ANOVA and Student’s t-test. 

DNA cloning and constructs 

We performed site-directed mutagenesis using Q5 site-directed mutagenesis kit (New 

England Biolabs Inc.) in the pMSCV-ABI1 Isoform 2 DNA plasmid and point mutated 

tryptophan at amino acid 485 in the SH3 domain to glutamine. The forward sequence was 5’- 
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GAATGATGATGGCAATTATGAAGGAGTCTGC - 3’ and reverse sequence 5’-

GCAGACTCCTTCATAATTGCCATCATCATTC - 3’ synthesized by Integrated DNA 

Technologies (IDT). The sequence was verified by Sanger sequencing (Genewiz). To make 

the ABI1 Isoform 2 deleted SH3 domain we performed Q5 site-directed mutagenesis (New 

England Biolabs Inc.) with forward primer 5’- TAGCTCGAGGTTAACGAATTC - 3’ and 

reverse primer 5’- TTTCTCAATATAATTCTTGGGG - 3’ synthesized by IDT and then 

verified the sequence (Genewiz). We used the same method to make AR N terminal deletion 

with forward primer 5’- CCACCCCAGAAGACCTGC- 3’ and reverse primer 5’-

CCCTAACTGCACTTCTCCAG-3’ synthesized by IDT and then verified the sequence 

(Genewiz). The following synthetic constructs were obtained from Genescript: pMSCV-

ABI1-Iso2-mCherry. We designed the construct to have mCherry cloned into exon 7 with 18 

bp flexible linker on each side. Exon 7 of ABI1 is an alternatively spliced zone which would 

result in the least hinderance on associated binding partner proteins that are maintained in the 

C and N terminal of the protein. We then used DNA mutagenesis techniques to amplify the 

ABI1 construct out of the pMSCV backbone and re-inserted into the pCDNA3.1 backbone 

that contained an N terminal FLAG tag. We received both the pEGFP-AR-FL-YFP, pEFGP-

ARV7-YFP plasmids that had GFP removed and replaced with YFP from our collaborator Dr. 

Martin Gleave at Vancouver Prostate Cancer Centre. We received the monomeric EGFP-AR-

NI plasmid which had a mutation in GFP that hinders dimerization that naturally occurs in 

GFP from Dr. Nada Lallous [31]. 

Generating ABI1 CRISPR KO and rescue cell lines 

The target sequence identification for designing gRNA was performed using the online 

software crispr.mit.edu. The gRNA sequence CTAGAGGAGGAGATCCCGTC (TGG) in 
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exon 1 of ABI1 was cloned into a pCas-Guide-EF1a-GFP vector (cat. #: GE100018) from 

Origene Technologies (Rockville, MD). PC3 and LNCaP cells were transfected with the 

CRISPR plasmid using Lipofectamine 3000 transfection reagent (Thermo Fisher Scientific). 

Then, the cells were trypsinized and sorted via fluorescence-activated cell sorting (FACS) to 

obtain GFP-positive cells using a Becton Dickinson FACS Aria III Cell Sorter. Clonal 

selection of single GFP-positive cells yielded several surviving clones, which were screened 

for ABI1 protein levels via western blotting, followed by sequence verification by 

sequencing with ABI1 Exon1 specific primers as described [32]. ABI1 Isoform 2, Isoform 2 

(W485N), Isoform 2 (∆SH3 domain), and Isoform 3 constructs were cloned into a pMSCV 

puro backbone (Addgene) and packaged into retrovirus using Phoenix-AMPHO producer 

cells (ATCC). LNCaP ABI1 KO clone 1.5 or PC3 ABI1 KO clone 1.1.1 cells were transduced 

for two rounds with the retrovirus produced, and the resistant pool was selected with 

puromycin for use as “rescue” cell lines. Transient transfection of ABI1 KO cells were 

performed using the TransIT®-2020 (cat. #: MIR 5450) transfection reagent according to 

manufacturer protocol. Transfection incubation period ranged from 48-72h to obtain 

maximum plasmid incorporation into cells.  

Cell lines and cell treatments 

LNCaP, PC3, 22Rv1 (ATCC, Manassas, VA), and LAPC4 cell line (obtained from Dr. Martin 

Gleave) were maintained in standard RPMI culture media supplemented with 10% fetal 

bovine serum (HyClone) and the appropriate components and rescue cell lines were 

supplemented with .25ug/mL puromycin. VCaP cell line (ATCC, Manassas, VA) were 

maintained in standard DMEM culture media supplemented with 10% fetal bovine serum 

(HyClone) and the appropriate components. LAPC-4 plates were coated with 5ug/mL poly-
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L-lysine to help promote adherence to the plate. Cells were maintained in standard phenol-

free RPMI 10% charcoal-stripped serum for 3-4 days followed by the addition of Vehicle 

control (DMSO, androgen deprived media*ADM), 1nM R1881(Sigma, R0908) or 5uM 

Enzalutamide (MDV 3100, Selleck Chemicals, S1250) for 5, 16, 24, 48, and 72h. Treatments 

for live cell assays were performed in CSS unless otherwise noted.  

Proximity ligation assays 

Proximity ligation assay was performed as descried before (Kretschmer A, 2019). The 

protein-protein interaction was investigated using a commercially available PLA kit 

(Duolink; Sigma-Aldrich) following the manufacturer’s protocol. Briefly, cells were stained 

with a pair of primary antibodies at 4 °C overnight and then labeled with probes linked with 

complementary DNA (cDNA) at 37 °C for 1 hour.  cDNAs were ligated at 37 °C for 40 

minutes and the product was amplified at 37 °C for 100 minutes. The signal was inspected 

using the Olympus FV3000RS confocal microscope with a 60x UPLAPO oil objective 

(Olympus Canada Inc., Richmond Hill, Ontario, Canada; Manufactured by Olympus in 

Tokyo, Japan.). The images were taken using the Z-stack model with the confocal pinhole set 

to “automatic” with the FC31S-SW software. For presentation purpose, images were 

exported as bitmap (BMP) files.  

RNA isolation and Quantitative PCR analysis 

Total RNA was extracted from cell lines using the Qiagen shredder and RNAeasy Extraction 

Kit (Qiagen) and then reverse-transcribed using iScript cDNA synthesis kit (Bio-Rad 

Laboratories, Inc., Hercules, CA). We then added 10ng template to each qPCR assay with 

FAM/ZEN/IBFQ detection and performed real-time qPCR amplification using CFX Connect 
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system (Bio-Rad Laboratories, Inc., Hercules, CA). Primetime qPCR assays (IDT) were used 

to screen for ABI1, AR, KLK3, TMPRSS2, FKBP5, Wasf1, and GAPDH expression across 

multiple LNCaP sublines with qPCR assays Hs.PT.58.40787474, Hs.PT.56a.14520219, 

Hs.PT.58.38546086, Hs.PT.58.39738666, Hs.PT.58.39408001, Hs.PT.58.2775672, 

Hs.PT.39a.22214836 and followed the manufacturer’s instructions. Relative gene expression 

was calculated using the following equations: R=2−[(Cq;GOI
A

)−Cq;REF
A

)−(Cq;GOI
B

−Cq;REF
B

)]= 

2−(ΔCq;
A−ΔCq;

B)=2−ΔΔCq [33]. Statistical tests performed were One-way ANOVA followed by 

student’s t-test to indicate statistical differences across cell lines and each target gene was 

normalized to loading control GAPDH followed by ABI1-Iso2 Rescue cell line.   

ChIP sequencing 

ChIP data analysis was generated by ActiveMotif, Inc using the following software: 

bcl2fastq2 (v2.20): processing of Illumina base-call data and demultiplexing. bwa (v0.7.12): 

alignment of reads to reference genome. Samtools (v0.1.19): processing of BAM files. 

BEDtools (v2.25.0): processing of BED files. MACS2 (v2.1.0): peak calling; narrow peaks. 

SICER (v1.1): peak calling: broad peaks. wigToBigWig (v4): generation of bigWIG files.AR 

and ABI1 chromatin binding identified using genomic regions containing 1 or multiple 

overlapping Intervals and the associated FDR or “padj” cutoff for significance FDR < 0.001 

based on DESeq2 analysis of 50kb. DESeq2 analysis read counts for all Merged Regions are 

first obtained from the unnormalized BAM files (without duplicates). The program then 

normalizes the counts between the samples using the “median of ratios” method, and 

calculates log2 fold-change (Log2FC), shrunken-Log2FC, p-value, and adjusted p-value 

(padj, FDR) for each Merged Region. 
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RNA sequencing 

Total RNA was extracted from cell lines using the Qiagen shredder and RNAeasy Extraction 

Kit (Qiagen). Statistical and quality control analysis was performed using Partek 

bioinformatics software. Unaligned reads were trimmed based on quality score(min quality 

phred score=20); STAR alignment(genome build homo sapiens; aligner index whole 

genome); quantification to annotation model using refseq annotation (Partek E/M); filtered 

features by filtering out low expression at gene level, excluding features if maximum <=10; 

normalized counts for differential expression analysis using, total count=total # reads in 

data/total # reads in genome and adding .0001=to assist in offset in statistics; performed 

differential expression analysis using treatment and cell type as attributes to include in 

statistical test with comparisons between: ISO2/KO/Parental 0nM treatment v 

ISO2/KO/Parental 1nM treatment,  ISO2 0nM treatment v ISO2 1nM treatment, KO 0nM 

treatment v KO 1nM treatment, parental 0nM treatment v parental 1nM treatment, ISO2 0nM 

treatment v KO 0nM treatment, ISO2 1nM treatment v KO 1nM treatment, Parental 0nM 

treatment v KO 0nM treatment, and Parental 1nM treatment v KO 1nM treatment. 

5.3 Results 

ABI1 and AR FL/V7 have a conserved interaction across prostate cancer cell lines 

Protein sequences analysis of AR and ABI1 predicted a conserved binding region 

between the proline rich motif at the N terminal domain of AR and the C-terminal src 

homology 3 (SH3) domain of ABI1 (Figure 5.1A). We hypothesized that these two domains 

could mediate a direct interaction between both proteins. We then observed 

immunoprecipitation of AR with ABI1 using IgG conjugated anti-AR in a whole cell lysate  
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Figure 5.1 AR-full length/V7 and ABI1 have a conserved interaction mediated through 

SH3 domain binding 

A) protein domain map of AR-FL/V7 and ABI1-FL indicated with red boxes where binding 

domain is on each protein. B) Co-IP of ABI1 and AR in VCaP, LAPC4 (C), LNCaP (D), 

22Rv1 (E) cells lines. 22Rv1 cell line expresses full-length AR (AR-FL) and a truncated 

version (AR-V7), both of which can interact with ABI1 after inducing with 1nM R1881. F) 

Co-IP of ABI1 and AR-FL/ARV7 in PC3 ABI1 isoform 2 cell line transfected with AR-FL 
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and ARV7. G) Co-IP of ABI1 and AR in LNCaP CRISPR ABI1 KO cells transfected with 

ABI1-WT, (Iso2-WT), or SH3 domain binding mutant (Iso2-W485N) showed a decreased in 

AR binding in the presence of the ABI1 SH3 domain mutant compared to WT control. H) 

Co-IP of ABI1 and AR in LNCaP CRISPR ABI1 KO cells transfected with ABI1-WT, (Iso2-

WT), or SH3 domain deleted mutant (Iso2- ΔSH3) showed no observable binding to AR 

compared to WT control. I/J) Input control (I) and co-IP (J) of ABI1 and AR-FL/ARV7 in 

PC3 ABI1 isoform 2 cell line transfected with AR-FL and AR∆NTD 1-536. K) Untransfected 

control of PC3 ABI1 isoform 2 cell line ABI1 co-immunoprecipitated with ABI1 (left) or AR 

(right) indicating no expression of AR. Abbreviations: IB, antibody probed for on 

immunoblot; Input, whole lysate; FT, flow through; IgG, immunoglobulin G; IP, antibody 

immunoprecipitated; CE, cytoplasmic extract/fraction; NE, nuclear extract/fraction; AR-

FL/ARfl, AR full length; ARv7, AR splice variant 7; 1nM R1881, synthetic AR ligand. 
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of VCaP cells (Figure 5.1 B). This suggested that ABI1 and AR have some ability to bind 

together. We next tested whether binding of AR and ABI1 was conserved across different 

prostate cancer cell types, LNCaP and LAPC4, varying by androgen sensitivity and variant 

expression (Figure 5.1 C/D). We found that indeed AR was present in all samples where 

ABI1 was immunoprecipitated, notably, AR variants interactions were also observed in the 

22Rv1 cell line (Figure 5.1 E). We then tested the reciprocal immunoprecipitation experiment 

and did not observe presence of AR (not shown). This observation suggested some type of 

multivalent interaction of ABI1 with AR such that multiple ABI1 proteins bind to one of 

multiple PXXP motifs present in N terminal AR domain.  

Due to our observation of a positive interaction between ABI1 and AR variants in the 

22Rv1 cell line, we wanted to see if ABI1 could directly interact with ARV7. To test if ABI1 

could interact with ARV7 in the absence of AR-FL we used an AR null cell line PC3 and 

transfected cells with ARV7-YFP tagged plasmid followed by co-immunoprecipitation assay. 

We observed that ABI1 could interact with ARV7 independently of AR-FL (Figure 5.1 F). 

Taken together, our results indicate that ABI1 and AR-FL/ARV7 do have a biological 

protein-protein interaction and that it is conserved across multiple cells lines. 

ABI1 SH3 domain mediates binding with AR PxxP motifs 

To determine if the C-terminal SH3 domain of ABI1 mediated binding with AR we 

used mutagenesis to make a point mutation W485N and full SH3 domain deletion. We used 

retrovirus transduction for stable expression of the mutants in the LNCaP ABI1 Crispr/cas9 

KO cell line. After immunoprecipitation of ABI1 in ABI1 mutant cells lines we observed 

decreased presence of AR in ABI1-W485N and no detectable presence of AR in ABI1-∆SH3 
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(Figure5.1 G/H). We then used mutagenesis to make a N terminal deletion of AR and then 

transiently transfected it into an AR null cell line, PC3, which has no protein expression of 

AR (Figure 5.1 K). We found that ABI1 SH3 domain does not exclusively interact with PxxP 

motifs in the NTD of AR, as deletion of the NTD of AR does not completely obliterate their 

interaction. This suggests thatABI1 also interacts with PxxP motifs present in other domains 

(Figure 5.1 I/J).  Therefore, we can conclude that ABI1 and AR have a direct protein-protein 

interaction mediated through the ABI1-SH3 domain and AR-PxxP motifs.  

ABI1 interacts with AR through a phase separation mechanism 

To further understand the biochemical nature of protein domain interactions we used 

in vitro analysis and observed a unique liquid-liquid phase separated (LLPS) state between 

these two proteins [4, 16]. Previous research has shown ability of the intrinsically disordered 

region of N terminal AR to mediate interactions through LLPS [34, 35]. Also, it has been 

shown that biomolecular condensate formation can occur by multivalent interactions between 

IDR and SH3 domains such as AR and ABI1 [4, 16]. Using predictive software analysis of 

protein stability, we found that ABI1 is almost entirely disordered with only one structured 

SH3 domain (Figure 5.2).  

We purified either the intrinsically disordered region of AR (NTD) and full length 

ABI1 using methods adapted by Mitagg et al. to further understand the conditions for which 

LLPS occurs for each protein [34]. We first tested the conditions of temperature and salt 

concentration at which NTD-AR had increased turbidity and discovered that high 

temperature and high salt conditions indicate a LCST nature of the AR protein (Figure 5.3 B 

and table b) [4]. We also observed the ability of the NTD-AR to phase separate independent  
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Figure 5.2 ABI1 and AR predicted disorder regions 

A) ABI1 disordered prediction using IUPred3 showing that ABI1 is disordered through most 

of the protein except the highly structured C terminal SH3 domain. B) AR-full length 

disordered prediction using IUPred3A showing that the N terminal until the ligand binding 

domain (LBD) is highly disordered. Disordered prediction with IUPred3 indicates amino 

acids with disordered nature (closer to 1) and low complexity sequence.   
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of the rest of the protein which was not previously reported in Zhang et al, 2021 [31]. We 

then performed turbidity assay on purified ABI1 protein and saw a shift in turbidity at low 

temperature and low salt conditions indicating the UCST nature of the protein (Figure 5.3 A 

and table a). To examine the effect on solution turbidity that AR and ABI1 could have 

together, we combined both proteins under 0mM NaCl, 200mM NaCl, 500mM NaCl, and 

1M NaCl conditions (Figure 5.3). In the 200mM NaCl conditions we observed a unique 

turbidity shift compared to each individual protein with a cloud point temperature of 64.32C 

when both proteins were combined, a shift in AR by -3.87C and in ABI1 by +7.08C 

compared to alone (Figure 5.3 D and table d). We also noticed that there was a shift in 

turbidity when we changed the concentrations of ABI1 and AR, wherein we saw the highest 

shift in turbidity when we had an equal concentration of both AR and ABI1 in the 1M NaCl 

concentration suggesting these proteins have the propensity to phase separate together 

(Figure 5.3 F/G and table f/g). Specifically, we observed in high ABI1/low AR ratio (7:1) 

conditions cloud point temperatures were AR/ABI1:29.2C, AR: 90.45C (shift by -61.25C), 

ABI1: 30.07C (shift by -0.86C) showing AR had the most drastic shifting in temperature 

when together in solution. In the equivolumetric assay (1:1 ratio) we noticed cloud point 

temperature shifts from the combined condition for AR by -1.71C and for ABI1 -8.33C when 

together.  These observations suggest that when combined, AR and ABI1, can induce earlier 

shifts in turbidity indicating co-phase separation dependency. 

Furthermore, to verify if the turbidity shift we observed was indeed LLPS droplets, 

we used DIC microscopy. We found that both AR (Figure 5.4 A) and ABI1 (Figure 5.4 B) 

protein could form LLPS droplets under their low salt or high salt UCST or LCST respective 

conditions. To further test if these proteins had the propensity to co-phase separate together,  
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Figure 5.3 Turbidity assays for ABI1 and AR indicate shift in cloud point temperatures 

and unique propensity to co-phase separate 
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A) ABI1 salt titration and cloud point temperatures based on turbidity assays suggest that 

ABI1 undergo LLPS in a low salt and low temperature conditions implicating a UCST nature 

of the protein, cloud point temperature (table a). B) AR salt titration and cloud point 

temperatures based on turbidity assays suggest that AR undergo LLPS in a high salt and high 

temperature conditions implicating a LCST nature of the protein. cloud point temperature 

(table b).  C) AR and ABI1 in a 0mM NaCl condition indicating the combination of AR and 

ABI1 in the same solution has a shift in cloud point temperatures +/-, ABI1 +6.13C, AR -

4.81 (table c). D) AR and ABI1 in a 200mM NaCl condition indicating the combination of 

AR and ABI1 in the same solution has a shift in cloud point temperatures +/-, ABI1 +7.08C, 

AR -3.87 (table d). E) AR and ABI1 in a 500mM NaCl condition indicating the combination 

of AR and ABI1 in the same solution has a shift in cloud point temperatures +/-, ABI1 -0.63, 

AR +1.67 (table e). F) AR and ABI1 in a 1 M NaCl condition with high ABI1 and low AR 

(7:1 ratio; ABI1:AR) indicating the combination of AR and ABI1 in the same solution at 

different ratios has a unique shift in cloud point temperatures +/-, ABI1 -0.86, AR -61.25 

(table f). G) AR and ABI1 in a 1 M NaCl condition with equivolumetric (1:1 ratio; AB1:AR) 

AR and ABI1 indicating the combination of AR and ABI1 in the same solution at the same 

ratio has a unique shift in cloud point temperatures +/-, ABI1 -8.33, AR +1.71 (table g). 

*Predictive curve values indicate sum of individual protein values from turbidity 

measurements which is different from turbidity measurements taken when they are combined 

into one solution and are further emphasized with insets in each graph. *Cloud points were 

calculated using 4PL parameters which had the best fit for all the samples/assays. *Cloud 

point calculations: temperature cloud points for the combined AR/ABI1 v the individual 
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samples was subtracted from the final value to the relative individual values to further 

emphasize the change using the following formula; ∆Temp=Final(AR+ABI1)-X(ABI1 or AR) 
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Figure 5.4 AR and ABI1 can undergo LLPS and ABI1 coalesces into AR LLPS droplets 

A/B) DIC images of in vitro LLPS droplets of purified AR (A) and purified ABI1 (B) protein. 

C) co-phase separation of AR and ABI1: AR LLPS (left panel) and ABI1 (middle panel) 

shown by ABI1 protein labeled with Maleimide Alexafluor 488 inside LLPS droplets of AR 

in the same field of view as the overlay shown in (right panel). AR LLPS droplets showing 

propensity for AR to phase separated by itself as shown in (Bouchard et al., 2018). Images 

were taken using a Zeiss Upright AxioImager.Z1 widefield with 100X oil immersion 1.4 NA 

DIC objective. 
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we labeled ABI1 with c-maleimide Alexaflour 488 (Figure 5.4 C, middle panel). We induced 

liquid-liquid droplet formation under LCST conditions for AR with 500mM and 1M NaCl 

conditions and then added ABI1-488 in 0mM NaCl onto the slide (Figure 5.4 C, left panel). 

Under these conditions we found that ABI1-488 coalesced into AR droplets under DIC 

suggesting that AR and ABI1 could co-phase separate together (Figure 5.4 C, right panel). 

ABI1 forms biomolecular condensates with AR in live cell analysis 

To assess the biological role that in vitro LLPS of AR and ABI1 could indicate about 

MLO in cellulo, we use mutagenesis techniques to fluorescently tag both proteins and 

visualized their interactions with live cell microscopy (Figure 5.5). We tagged ABI1 with 

mCherry and AR with mEGFP at the N-termini and co-transfected (1:1) into our LNCaP 

ABI1 CRIPSR KO cell line. We then used drugs to modulate AR nuclear activity (androgen 

deprived media*, 1nM R1881, and 5uM Enzalutamide in CSS*). We hypothesized that AR 

and ABI1 will form cytoplasmic MLO when AR is inhibited and that ligand stimulation of 

AR will induce nuclear localization of both AR and ABI1 with reduce MLO size. We 

observed that ABI1 co-localizes into pockets surrounding AR in normal and androgen 

depleted media conditions (Figure 5.5 A/B and insets a/b). Furthermore, there was a higher 

signal associated with AR directly around ABI1 biomolecular condensates in normal and 

androgen depleted conditions (Figure 5.5 A/B and insets a/b). Conversely, when AR was 

directly inhibited with anti-AR, enzalutamide, we noticed a slightly increased size of ABI1 

MLO and exclusion of ABI1 from the nucleus entirely (Figure 5.5 D and inset d). At the 

same time, in anti-AR conditions AR and ABI1 co-localized in both a diffuse and MLO 

pattern within the cytoplasm. (Figure 5.5 D).  
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Figure 5.5 ABI1 and AR can form in vivo biomolecular condensates 

A-D) Live cell microscopy of MAX intensity Z-Stack projections showing co-localization 

and biomolecular condensate formation of ectopically expressed mEGFP tagged AR-FL and 

mCherry tagged ABI1-Isoform 2 (1:1 ratio) in LNCaP ABI1 KO cells in 10% FBS 

supplemented media (A), vehicle control in CSS (B), 1nM R1881 (C), and 5uM 
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Enzalutamide (D). A) MAX projections in normal media conditions show nuclear 

localization of both AR and ABI1 as well as cytoplasmic condensate formation of ABI1 

coalesced into AR pockets, insets (a) represent one z-slice from MAX projection. B) MAX 

projections in CSS + vehicle control media conditions showing diffused localization of AR 

throughout the cell while large ABI1 condensates coalesce into AR pockets, insets (b) 

represent one z-slice from MAX projection. C) MAX projections in R1881 conditions show 

nuclear localization of AR and ABI1 as well as co-localization of diffused signal. R1881 

treatment induces both cytoplasmic condensate formation of ABI1 and cytoplasmic diffusion 

while diffused ABI1 primarily co-localizes with AR, insets (c) represent one z-slice from 

MAX projection. D) MAX projections in CSS + enzalutamide conditions show diffused 

localization of AR throughout the cell. Anti-AR treatment inhibits ABI1 nuclear localization 

and induces co-localization within condensates and diffuse cytoplasmic co-localization, 

insets (d) represent one z-slice from MAX projection. Circles indicate nucleus of cells 

labeled with live cell Hoescht for 30 minutes. Images were taken with Nikon SoRA super 

resolution spinning disc confocal using 60X oil immersion objective. *Nomenclature: 

Enza/CSS, Anti-AR or enzalutamide a direct competitive antagonist of AR through ligand 

binding domain interaction in CSS media; Androgen depleted, vehicle control in CSS media 

which removes any non-canonical AR ligands; R1881, canonical AR ligand stimulates ligand 

activated AR transcription through binding to the ligand binding domain; Normal, FBS 

containing media and non-canonical AR ligand. 
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Secondary to these observations, we noticed that addition of AR synthetic ligand, 

R1881, increased diffused nuclear signal of ABI1 (Figure 5.5 C and inset c). Notably, 

diffused cytoplasmic co-localization of ABI1 and AR was associated with ligand activated 

AR (R1881) conditions (Figure 5.5 C and inset c). Furthermore, coalescing of ABI1 into AR 

pockets was similarly reduced upon AR nuclear localization with canonical ligand (Figure 

5.5 C and inset c). These observations support the hypothesis that ligand activated AR will 

increase nuclear localization of both AR and ABI1. However, changes in MLO size between 

treatments was not totally supported by our observations. One the other hand, we 

unexpectedly observed changes in MLO coalescing into high intensity AR surrounded 

regions in both androgen depleted and non-canonical ligand conditions. We thus concluded 

that AR and ABI1 can form in vivo MLOs and anti-AR treatments can simultaneously reduce 

nuclear ABI1 and AR. Furthermore, this suggests that AR and ABI1 dynamic MLO 

interactions as well as localization to the nucleus are modulated by AR targeted treatments. 

ABI1 and AR protein interaction occurs in the cytoplasm and nucleus of prostate 

cancer cell lines and patient tumor samples 

To observe if ABI1 interacts with transcriptionally active AR we used proximity ligation 

assay in LNCaP and 22Rv1 cell lines (Figure 5.6). We starved LNCaP cells with 10% 

charcoal stripped serum for 5 hours followed by treatment with 1nM R1881 overnight and 

observed positive detections of ABI1 and ligand activated AR in the nucleus (Figure 5.6 B, 

top panel). We observed robust positive detections of AR-ABI1 in the nucleus and few in the 

cytoplasm compared with a positive control. We then compared these results using an ARV7 

antibody in the 22Rv1 cell line that expresses full-length as well as constitutionally active AR 

variants including V7 and observed fewer positive detections in the nucleus (Figure 5.6 B, 
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middle panel). We observed fewer detections of ARV7 and ABI1 compared with a positive 

control which suggests preferential binding of ABI1 with full-length AR (Figure 5.6 B, 

bottom panel). A main function of ligand activated nuclear AR is to promote transcription 

which is directed through co-activator binding at the NTD region [5]. Co-localization of 

transcriptionally active AR with nuclear ABI1 suggests that ABI1 could acts as a potential 

co-activator [5, 36]. 

We then performed PLA of ABI1 and ARV7 in patient tumor samples that had different 

stages of disease progression such as primary, neoadjuvant hormone treated, and castrate 

resistance (Figure 5.6 A). We observed positive nuclear PLA interactions of ABI1 and ARV7 

in all patient tumor samples. When comparing positive PLA events, we observed an increase 

of events in the primary and castrate resistant samples compared with neoadjuvant. The 

number of events correlated with basal ABI1 immunoexpression observed in patient clinical 

data and LuCAP PDX TMA data (Chapter 4, Figure 4.1 C/D).  

To confirm in celluo PLA data and further understand which cellular compartment AR 

and ABI1 interact in, we performed subcellular fractionation assays as well as subcellular 

fractionation followed by co-immunoprecipitation in 22Rv1 cells (Figure 5.6 C). We 

hypothesized that the interaction would occur in both compartments due to ABI1 

involvement in the actin cytoskeleton. Indeed, we observed that AR and ABI1 are contained 

in both cytoplasmic and nuclear fractions and maintain an interaction (Figure 5.6 C).  We 

then compared the interaction of AR with isoforms of ABI1, isoform 2/3, and observed an 

increased AR and ABI1 co-immunoprecipitation in the nuclear fraction in FBS untreated 

conditions (Figure 5.6 D). The different ABI1 isoforms could preferentially interact with AR 

based on ligand availability and structural differences between the two. Taken together, these  
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Figure 5.6 ABI1 interacts with AR in vivo varying by AR treatment in both nucleus and 

cytoplasm 

A) AR-V7 and ABI1 PLA interactions in primary, neoadjuvant hormone therapy treated, and 

castrate resistant prostate cancer patient tumors performed by Ladin Fazli at Vancouver 

Prostate Cancer Centre. B) AR-FL/AR-V7 and ABI1 PLA interactions counterstained with 

DAPI in LNCaP cell line (top panel); 22Rv1 cell line (middle panel); negative control 

(bottom panel). Cells were incubated in charcoal stripped serum for 5 hours followed by 1nM 

R1881 treatment overnight. Performed by Fan Zhang at Vancouver Prostate Cancer Centre. 

C) Immunoblot detection of AR and ABI1 protein expression in subcellular fractions of 

22Rv1 cells treated with vehicle control or 1nM R1881 for 24 hours. Loading controls 

immunoblotted for include GAPDH (cytoplasmic) and PARP (nuclear). D) Immunoblot 
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detection of AR and ABI1 in samples that underwent subcellular fractionation followed by 

immunoprecipitation of ABI1 in LNCaP cells that were transduced with ABI1 isoform 2 or 

ABI1 isoform 3. Loading control includes GAPDH mouse light chain. *Abbreviations: NHT, 

neoadjuvant hormone therapy; CRPC, castrate resistant prostate cancer; CE, cytoplasmic 

fraction; NE, nuclear fraction; Cyto, cytoplasmic fraction; Nuclear, nuclear fraction; IgG, 

immunoglobulin G (negative control); IP, immunoprecipitation and antibody 

immunoprecipitated for; IB: antibody probed for on immunoblot; AR-FL: AR full length, AR-

V7: AR splice variant 7. Asterisk indicate isoforms of ABI1. 
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 data suggest ABI1 and AR can interact in both cytoplasmic and nuclear cellular 

compartments but notably have a predominant nuclear interaction which could indicate a 

unique genomic role of ABI1 in AR transcriptional programing. 

ABI1 loss decreases AR nuclear localization and AR target gene expression in LNCaP 

cell line 

To determine how the loss of ABI1 affects localization of AR we used subcellular 

fractionation assays. We compared LNCaP cell lines with varying expression of ABI1 such 

as, ABI1-wildtype, ABI1-KO, ABI1-W485N, and ABI1-Rescue isoform 2. We 

immunoblotted for AR, ABI1, PARP, and GAPDH and measured densitometry (Figure 5.7 

A/B). In the nuclear fraction of ABI1-KO cell line there was a decrease in AR expression 

compared with ABI1-wildtype and ABI1-Rescue isoform 2 (Figure 5.7 B). AR levels were 

restored in the nuclear fraction upon rescue of recombinant ABI1-isoform 2. 

We hypothesized that downregulated expression of AR due to the loss of ABI1 would 

decrease AR transcriptional activity. We performed qPCR to test whether downregulated AR 

in the nuclear fraction of ABI1-KO cells resulted in a decrease of AR transcriptional activity 

using known target genes of AR such as KLK3, FKBP5, and TMPRSS2 (Figure 5.7 C). 

Results indicate that loss of ABI1 expression correlated with decreased mRNA expression of 

AR target genes: KLK3 and FKBP5 but not with TMPRSS2 (Figure 5.7 C). Furthermore, we 

also saw a decrease in Wasf1 (WAVE1) mRNA expression in the absence of ABI1 and was 

restored when ABI1 was present. As a control we probed for ABI1 and AR mRNA and saw 

correlation between loss of ABI1 and lower AR mRNA expression (Figure 5.7C). This  
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Figure 5.7 ABI1 loss decreases nuclear AR and gene expression of known target genes 

A) Immunoblot detection of AR, ABI1, PARP, and GAPDH in subcellular fractions of 

LNCaP cells (parental, ABI1 KO, ABI1 isoform 2, ABI1 isoform 2∆W485N). ABI1 KO cells 

showed decreased nuclear localization of AR when compared to WT control, which was 

restored to WT levels upon rescue of ABI1 expression but not SH3 binding mutant W485N, 
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quantified in B. B) Protein expression from (A) was quantified from densitometry 

measurements and normalized to fraction specific loading control either cytoplasmic fraction, 

GAPDH or nuclear fraction, PARP after subtraction of background signal. For each cell line 

we calculated percentage of nuclear accumulation using the following equation: % Nuclear 

accumulation = [Nuclear Fraction/(Cytoplasmic fraction + Nuclear fraction)] * 100. 

Statistical significance was calculated using a One-way ANOVA followed by a student's t-test 

between cell lines and calculated from at least 3 biological replicates. C) AR transcriptional 

activity is reduced in cells expressing ABI1-W485N (SH3 domain mutant). Scatter plots 

represent ΔΔCq mRNA expression collected using TaqMan Probe qPCR assay for known 

target genes of AR. Downregulated mRNA expression was associated with KLK3 (PSA), 

FKBP5, and novel target gene Wasf1 (WAVE1) but not for TMPRSS2. Suggesting ABI1-AR 

program highly specific. ABI1 mRNA expression was included as a control. Statistics 

performed were One-way ANOVA followed by student’s t-test to indicate statistical 

differences across cell lines; each target gene was normalized to loading control GAPDH 

followed by ABI1-Iso2 rescue cell line. 
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suggests that ABI1 could act as a co-transcriptional regulator on a highly specific subset of 

genes in the AR transcriptional program. 

ABI1 regulates specific AR transcriptional functions 

Based on observations indicating localization of ABI1 to the nucleus and previous 

literature indicating ABI1 could bind DNA through a putative ABI1-HHR domain we 

hypothesized that ABI1 could bind chromatin [21, 37]. To test whether ABI1 could bind 

chromatin in coordination with AR, we performed ChIPseq analysis of ABI1 in ABI1 KO 

LNCaP cell line using retrovirus transduction of recombinant ABI1 isoform 2 to restore 

expression of ABI1 similar to endogenous levels (LNCaP Rescue isoform 2) and ABI1 KO 

cell line as a negative control. We incubated cells in 10% charcoal stripped serum phenol free 

RMPI to deplete androgen levels for 3-4 days followed by 48hours of 1nM R1881 

stimulation. Bioinformatic analysis of ABI1 ChIPseq identified >50% of all ABI1 mediated 

chromatin binding was at promoter sites (Figure 5.8 A). When we compared other sites of 

binding, we found that the second most occupied chromatin associated binding, <20%, for 

ABI1 was at the intron and intragenic regions (Figure 5.8 A). In conclusion, we have 

confirmed that ABI1 can indeed bind chromatin independently of AR and may act as some 

recruitment factor at the promoter site upstream of canonical AR chromatin binding at 

intronic sites. 

Then, we tested if ABI1 and AR could occupy similar chromatin associated regions to 

further explain our observations of ABI1 dependent nuclear AR. We performed AR ChIPseq 

analysis in ABI1 KO and ABI1 Rescue isoform 2 cell lines using the same 1nM R1881 

treatment and compared with ABI1 ChIPseq data. We identified five overlapping chromatin 
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associated binding regions for AR and ABI1 (Figure 5.8 B/C). The identified regions contain 

multiple genes and neighboring genes including: LDP3, KIF21B, MROH3P, BATF-3, 

MIR1289-1, EP300-AS1. These genes have roles in tyrosine phosphatase activity (DUSP23, 

kinesins), inflammation (MROH3P),  c-JUN heterodimerization (BATF3), regulated by ERG 

pathway (BATF3, MIR1289-2), predicted transcriptional regulation by 

ERG/FOXP2/BRAC1, downregulated in medulloblastoma (EP300-AS1)  [38]. To further 

verify that ABI1 was binding to these genes we extracted the sequences from UCSC genome 

browser data and designed 18-30bp oligo’s around the peak summit identified in ChIP data. 

We measured binding affinity (Kd) for ABI1 binding to these 5 genes, indeed the binding 

was occurring with single value micromolar affinity (Figure 5.8 C). Therefore, for the first 

time, we have provided evidence that ABI1 can bind DNA and has the potential to 

cooperatively interact with chromatin to promote AR transcriptional function.  

To determine how loss of ABI1 effects AR chromatin binding we used ChIPseq 

datasets comparing changes in AR chromatin occupied regions such as increased vs 

decreased binding. We first identified that there were ~10K unique chromatin binding sites of 

AR when ABI1 was no longer present and >8K unique chromatin binding sites of AR when 

ABI1 was present (Figure 5.8 D). We then compared the top 20 genes associated with loss of 

ABI1 expression and observed significant changes to AR binding (Figure 5.8 E). The genes 

associated with increased or decreased binding are related to cytoskeleton/adhesion; DNA 

binding; cytosolic components; RNA/splicing factors; tumor suppressor; and signaling 

pathways. Our data suggests that the loss of ABI1 contributes to deregulation of AR 

chromatin binding and could lead to the disruption of numerous pathways. Furthermore,    
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Figure 5.8 ABI1 co-occupies chromatin regions with AR and mediate gene expression 

A) Distribution of ABI1 peaks over genomic regions from ABI1 ChIP seq data wherein ABI1 

predominantly binds promoter regions suggesting ABI1 may play a role in transcription 

factor recruitment. To compare peak metrics, overlapping intervals are grouped into “merged 

regions” (union of overlapping intervals) defined by the start coordinate at an upstream 

interval and end coordinate of a downstream interval. Using defined intervals and merged 

regions, the genomic locations and proximity to gene annotations/genomic features are 

determined and grouped respectively. Analysis performed with the help of Alfonso Urbanucci 

and Henna. B) Represent overlapping genes regulated by AR and ABI1. C) ABI1 DNA 

binding affinity assay using dsDNA oligos identified in ChIPseq assay for AR and ABI1 co-
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occupied regions (B) MIR1289-1, L3MBTL2, EP300-AS1, C1orf106, BATF3. DNA binding 

assays indicated ABI1 binds dsDNA of 5 genes dually regulated by AR. Performed by Xiang 

Li, Kotula lab member. D) VENN Diagram of “KO” represents overlapping peaks of AR 

ABI1 KO ChIP replicates 1 and 2 and “Rescue” represents overlapping peaks of AR ABI1 

Rescue ChIP replicates 1 and 2. Unique peaks identified between samples were, KO=9902 

and Rescue=8303 whereas common peaks= 30793. Analysis performed with the help of 

Alfonso Urbanucci and Henna. E) AR ChIP seq data set illustrating 20 genes that have 

increased (left) or decreased (right) AR chromatin binding identified using genomic regions 

containing 1 or multiple overlapping Intervals and the associated FDR or “padj” cutoff for 

significance FDR < 0.001 based on DESeq2 analysis of 50kb. DESeq2 analysis read counts 

for all Merged Regions are first obtained from the unnormalized BAM files (without 

duplicates). The program then normalizes the counts between the samples using the “median 

of ratios” method, and calculates log2 fold-change (Log2FC), shrunken-Log2FC, p-value, 

and adjusted p-value (padj, FDR) for each Merged Region. Labels: green, 

cytoskeleton/adhesion; yellow, DNA binding; blue, cytosolic component; pink, RNA/splicing 

factor; orange, tumor suppressor; purple, signaling molecule. 
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these results indicate that ABI1 is important for AR chromatin binding to associated target 

genes.  

RNAseq analysis further showed distinct changes in ABI1 associated gene clusters 

implicating ABI1 as a negative and positive regulator of gene expression (Figure 5.8 F). 

Interestingly, inducing AR transcriptional activity enhanced the effect of ABI1 as a positive 

regulator. When we compared this data to ABI1-KO we found that actively downregulated 

genes were upregulated in the absence of treatment. Top enrichment pathways from our 

dataset include cell adhesion molecules, JAK/STAT pathway, FOXO signaling pathways 

(Figure 5.8 G). What is more, when we compared the RNAseq data to the ChIPseq data for 

ABI1 specific targets we found correlation between genes including: CRK, CYFIP2, 

CHD4/9, FZD1/8, GlI3, FKBP4, L3MBTL2, MAP9, MED31, NCOA2/3/7, NCOR2, 

PARP1/8, SMAD6, SMARCA4, SOX13, STAT3/5A, among 600 others. The latter genes and 

transcribed proteins are found in multiple ABI1 associated complexes (CRK, CYFIP2, 

STAT), known EMT regulators (SMAD, SMARCA, SOX, FZD), microtubules (MAP), 

transcriptional initiation complex/chromatin remodeling protein (MED, CHD4/9), and AR 

dually regulated genes (FKBP, L3MBTL, MED, NCOR, NCOA, GLI, PARP). Our results 

support our hypothesis that ABI1 could regulate specific pathways relating to downstream 

known functions such as actin cytoskeleton and signaling molecules.  
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Figure 5.9 AR treatment modulates ABI1 regulated gene expression 

A) Hierarchal clustering map from RNAseq data for ABI1-Iso2/WT/KO cell line 

shows 4 groups of genes positively and negatively regulated by ABI1 presence while 

treatment seems to further modulate gene expression patterns. ABI1 seems to negatively 

regulate gene expression of the first seven genes and treatment with AR canonical ligand 
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further induces downregulation when ABI1 is present. B) Pathway enrichment analysis 

from RNAseq data shows that ABI1 is involved in pathways such as cell adhesion, 

JAK/STAT, FoxO, transcriptional misregulation in cancer, indicated with black arrows.  
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5.4 Discussion 

The main findings of this study are that ABI1 and AR have a direct protein 

interaction, modulation of AR can change localization of these two proteins, and the 

mechanism of this interaction is most likely mediated by biomolecular condensate formation 

(Figure 5.4 & Figure 5.5). Unexpectedly, our secondary main findings uncovered a novel 

biological function of ABI1 independent of the WAVE complex to bind DNA. With this 

discovery we were able to uncover ABI1 dependent AR transcriptional functions including 

evidence that loss of ABI1 will reduce AR target gene expression as well as change 

chromatin occupancy (Figure 5.8). Our results provide evidence of a novel feedback pathway 

that can contribute to treatment resistance and biochemical recurrence.  

There is extensive research on the numerous ways in which biochemical recurrence of 

prostate cancer can occur through activating mutations, amplification, and cytoplasmic 

retention of the androgen receptor [11, 39, 40]. To our understanding, this is the first time we 

can explain more than one mechanism of AR reactivation resulting from the disruption of one 

protein interaction. Our first example includes increasing AR cytoplasmic occupancy when 

we have high levels of ABI1 and low ligand availability (Figure 5.5) [36]. Overexpression of 

ABI1 is known to promote predominant cytoplasmic retention and in live cell assay we see 

that not only ABI1 stays predominantly cytoplasmic but also AR indeed co-localizing (Figure 

5.5) [41]. Notably, high cytoplasmic AR retention in androgen deprived conditions and 

enzalutamide treatment mimics AR reactivation mechanism in treatment resistant prostate 

cancer [36]. This allows for more readily available ligand capture and nuclear import for 

transcriptional activation of the androgen pathway. A second example of ABI1-AR 

dysregulation mimicking treatment resistant mechanisms is when we have low ABI1 we have 
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more nuclear AR, not to be confused with loss of ABI1. This example suggests that ABI1 

could be important for nuclear export of AR and acute downregulation allows for AR to re-

activate its pathway promoting tumor re-growth. Note chapter on ABI1 being an AR 

responsive gene. Furthermore, preliminary data (data not shown) suggests that ABI1 nuclear 

localization could be regulated in a phosphorylation dependent manner. In a PTEN 

inactivated system which has hyperphosphorylated state of ABI1 we see less nuclear ABI1 

compared to systems that have active PTEN. When we mutated all tyrosine’s to 

phenylalanine in ABI1 exons 1-11, just outside of the SH3 domain, we saw increased nuclear 

ABI1 and similarly in the ABI1-F213Y rescue mutant. At first look this data suggests that 

hyperphosphorylated ABI1 could hinder nuclear localization. Future studies should look at 

effect of Abl-NLS on ABI1 nuclear localization since Y213 is Abl regulated as well as 

identify if a specific tyrosine phosphorylation event can impede nuclear localization of ABI1 

while another event promotes it.  

Furthermore, our results have shown that the interaction of ABI1 with AR contributes 

to novel nuclear transcriptional function and further alludes to a co-factor interaction of ABI1 

with AR. We have shown that ABI1 can bind promoter regions of chromatin whereas AR 

binds mostly intragenic sites (Figure 5.8). Although we did not show that ABI1 can increase 

the avidity of AR binding to dually regulate genes we can infer the possibility based on the 

shift in chromatin occupancy of AR when ABI1 was knocked out (Figure 5.8). We initially 

hypothesized that ABI1 would predominantly regulated genes important for actin 

cytoskeleton and adhesion and indeed one of the top enrichment pathways was cellular 

adhesion molecules. Thus, ABI1 could act not only in the WAVE2 complex to promote cell 

adhesion but also act upstream in tandem with AR to transcriptionally activate and maintain 
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downstream tissue integrity. Future investigation into the structure and transcriptional 

initiation recruitment mechanisms of ABI1 with chromatin should allow for a comprehensive 

understanding of this.  

Henceforth, phase separation studies have shown that biomolecular condensate 

formation can be a tool leveraged by proteins to tightly organize themselves in regulation of 

DNA damage response, chromatin organization, signal transduction, ribosome biogenesis, 

and RNA assembly [4]. Most LLPS interactions occur through multivalent macromolecule 

formations to achieve a highly organized meshwork [3, 4, 18]. With this in mind, we then 

looked to the intrinsically disordered nature of both proteins which allowed us to investigate 

the mechanism of the AR-ABI1 protein interaction through a LLPS lens. We hypothesized 

that there could be a conserved interaction of SH3 domain with PxxP motifs.  

Therefore, we then hypothesized that ABI1-SH3 could selectively bind one PxxP 

motif of AR.  To determine if the SH3-domain of ABI1 was responsible for mediating the 

interaction with the AR, we deleted the entire SH3 domain of ABI1 and successfully 

abrogated the interaction. Moreover, in vitro studies indicate that ABI1 could bind the NTD 

of AR independent of other domains. However, observations from our mutagenesis studies 

using N terminal deleted-AR showed that the interaction remained. This suggest that other 

PxxP motifs present in AR domains outside of the N terminal contribute to binding with 

ABI1-SH3 domain. When these findings are taken together, we conclude that the interaction 

between ABI1-SH3 domain and AR-PxxP motifs is multivalent. From a clinical perspective, 

published patient data identify mutations of the AR gene and indicate that there are N-

terminal point mutations specifically surrounding PxxP motifs [12, 36, 40]. Therefore, we 
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believe modifications of PxxP motifs could alter AR and ABI1 binding, which may lead to 

changes in AR-mediated gene expression.  

The multivalence of the ABI1-AR interaction most likely contributes to their 

propensity to phase separate in vitro and form biomolecular condensates in vivo [16]. At the 

same time, the LLPS nature of the interaction can explain a need for fast “on” and “off” 

activation when phosphorylation or AR ligand is available in both cytoplasmic and nuclear 

compartments. In addition, preliminary data indicates that phosphorylation with EGF can 

alter condensate formation of ABI1, releasing it from AR. Future studies should investigate if 

ABI1 MLO can form in a phosphorylation dependent manner as well as if nuclear 

translocation of ABI1 is mediated by a specific phosphorylation event.  

In summary, we have shown that ABI1 can directly interact with AR and shift AR 

chromatin occupancy when lost. Additionally, we provide evidence, for the first time, that 

ABI1 itself can interact with DNA through its HHR domain and subsequently modify gene 

expression when treated with an AR modulator. ABI1 has thus far met two of the physical 

requirements to be considered a co-factor for nuclear hormone receptors such as AR [42]. 

Therefore, we believe ABI1 is a newly identified co-factor of AR as just one of its roles in 

the AR pathway and provide a new understanding for how pathway dysregulation by clinical 

therapeutics can lead to re-emergence of AR driven prostate tumors.  
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CHAPTER 6: GENERAL DISCUSSION 
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6.1 Overall conclusions 

In this dissertation, I have presented evidence through a variety of different methods 

which links ABI1 to the androgen receptor (AR) pathway. Firstly, I have shown that AR 

is a transcription factor for ABI1 and through transcriptional modulation of AR we can 

modify downstream signaling pathways of ABI1 such as WAVE complex and cell-cell 

adhesion. Second, I have shown that ABI1 has a physical protein interaction with AR and 

the mechanism of interaction is through transient multivalent interactions mediated by 

ABI1-SH3 domain and AR-PxxP motifs. Third, I have shown that ABI1 can 

independently bind to chromatin (ChIPseq) and modulate gene expression (RNAseq) in a 

subset of highly specific pathways. Fourth, I have shown the effect of ABI1 loss on 

shifting AR chromatin occupancy implicating ABI1 as a co-factor for the AR 

transcriptional program. In summary, I have presented overwhelming evidence that 

ascribes ABI1 as a cofactor of AR and, for the first time, as a novel DNA binding protein. 

Importance of ABI1 in PCa 

Previous studies identifying ABI1 as a putative tumor suppressor have provided us 

with novel insight about ABI1 at just a surface level [1-3]. Further studies link ABI1 and 

WAVE complex dysregulation to initiation of EMT by loss of E-cadherin localization to 

cell-cell junctions [4, 5]. Furthermore, research has also provided us with the 

understanding that loss of ABI1 induces activation of non-canonical WNT/FYN/STAT3 

pathway [4]. It is evident that ABI1 is a key player in prostate cancer metastasis. Due to 

ABI1 ability to regulate WAVE complex and control downstream actin complexes, it is 

understandable that loss of expression would promote actin re-organization [2, 3, 5]. It is 
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even more clear that loss of ABI1 would cause dysregulation of tissue architecture in 

prostate epithelial cells inducing a more metastatic phenotype [2, 4].  

Research presented in this dissertation provides even more meaningful connections 

between ABI1 and prostate cancer linking it to the main driver of PCa, AR. Additionally, 

studies identifying ABI1 as a target of PTEN and implicating it in SFK dysregulation and 

WAVE complex dysregulation contribute to our understanding of prostate cancer 

progression [6-9]. PTEN inactivation is a highly prevalent phenotype present in patients 

with prostate cancer and in patients with such mutations we could use ABI1 as a 

biomarker for tumor treatment responsiveness [10].  

ABI1, a multifunctional protein, can play supportive or dominant roles in pathways 

[3]. Pathways include intracellular signaling response to ECM changes, regulation of 

actin cytoskeleton (adhesion and invasion), upregulation of PI3K-p85, suppression and 

activation of SFK/Abl kinases, dephosphorylation by PTEN, transcriptional regulation, 

and notably androgen receptor signaling [4, 6, 8, 11-15]. In totality, ABI1 competency to 

function within a cornucopia of pathways in a highly dense milieu of proteins requires 

highly stringent regulation. One way we can reasonably infer ABI1 multifunctional role 

is through a culmination of conformational, splicing events, and post-translational 

modifications that give ABI1 directionality within a cell [8, 16, 17]. One of the most 

likely candidates that drive ABI1 specificity is PTEN. Phosphatase activity of PTEN may 

play an essential role in regulating a cascade of phosphorylation events that affect ABI1 

downstream interactions with other proteins and aid in its subcellular distribution [6, 7]. 

Therefore, in a PTEN null system, ABI1 could lose a sense of direction by remaining in a 

hyperphosphorylated state. Moreover, hyperphosphorylation of ABI1 resulting from a 
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lack of PTEN phosphatase activity may indirectly promote aberrant ABI1 activation, 

leading to dysregulation of multiple signaling pathways and promoting tumorigenesis. 

Clinical relevance of AR transcriptional activity on ABI1 

Evidence presented in this dissertation show that, AR modulation with clinical 

therapeutics such as neoadjuvant hormone therapy (+/- 6 months), transurethral proctectomy, 

and anti-AR (enzalutamide) that ABI1 protein expression is downregulated in respect to AR 

transcriptional activity (Chapter 4, Figure 4.1/3). Furthermore, AR transcriptional 

upregulation on ABI1 may provide a mechanistic understanding that underlie distal and 

primary tumor re-growth during a biochemical recurrent event. Much like in breast cancer, 

retained ABI1 can lead to distal metastasis from primary mammary tumor origin. ABI1 may 

be utilized in a similar way through clonal selection and retained expression in distal tumor 

cells with AR. Moreover, ABI1 is a target gene for AR and can be leveraged by AR to 

promote tumor re-growth once adapted to a new microenvironment or re-growth in primary 

tumor origin during a biochemical recurrent event. Furthermore, evidence suggests that AR 

can leverage its activity on ABI1 and involvement of downstream actin cytoskeleton 

activities such as cell-cell adhesion to promote enhanced cell junction formation. 

Therefore, treatments targeting AR for inhibition, can ultimately lead to the 

downregulation of ABI1 thus inducing EMT through dysregulated E-cadherin localization to 

cell junctions and enhancing invasive and more motile cellular phenotypes [4]. Targeted anti-

AR therapies that cause inhibition of AR function but may indirectly cause increased 

expression of AR co-regulators such as ABI1, in a subset of tumor cell populations leading to 

mixed population of cellular phenotypes contributing to re-growth. The identification of 
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highly specific gene targets of AR that can potentially induce metastasis may better inform 

physicians during clinical treatments and lead to a better prognostic outcome for patients. 

Here we have provided information that may increase our understanding of AR specific 

pathways and role in actin cytoskeleton organization that can aid in our understanding of 

what drives cell dissemination and tumor re-growth. The phenotypic switch induced by 

modulated ABI1 expression by anti-AR and anti-androgen treatments can enhance our 

understanding of biochemical recurrence in prostate cancer.  

Reciprocal dynamics of AR and ABI1 in PCa 

From the results of this dissertation, it is clear that AR and ABI1 exhibit a homeostatic 

feedback pathway to maintain epithelial tissue integrity. When AR activity is inhibited, we 

observed downregulation of ABI1 gene and protein expression, resulting in a perturbance of 

the actin cytoskeleton (Chapter 4). Furthermore, the disruption and downregulation of ABI1 

promotes actin cytoskeleton reorganization leading to a more invasive and migratory 

phenotype [2, 4]. Due to AR potency and evasive mechanisms that allow the AR pathway to 

re-activate, we also see restoration of ABI1 protein expression through upstream AR 

transcriptional activity. Based on known functions of ABI1 we can infer the latter would lead 

to re-establishment of cell-cell adhesions and inferred tumor re-growth.  

The dynamic interworking of the ABI1 and AR pathway resemble the switch for 

EMT/MET, a tightly controlled regulatory process throughout development. The EMT and 

associated reversal phenotypes, MET, allow cells to maintain plasticity and undergo cellular 

morphological changes that drive tissue specificity and differentiation. The tissue-specific 

switch back and forth between cells allows for tissue plasticity and, when left uncontrolled in 
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tumor progression, can drive cell dissemination, invasion, and metastasis [18, 19]. When 

considering the ABI1-AR axis as a plasticity pathway, we can draw parallels between 

aberrant over-activation of this pathway and inactivation of this pathway in metastatic 

phenotypes like EMT/MET [4, 20]. 

Implications of ABI1 as a novel DNA binding protein 

Previous research has defined ABI1 homeodomain homologous region (HHR) as a 

putative DNA binding domain that is theoretically reminiscent of conserved homeobox 

binding proteins [15, 21]. However, after sequence analysis and preliminary studies we have 

re-considered the conclusion that ABI1-HHR is a conserved homeodomain binding protein 

(Chapter 3, Figure 3.5). There lacks significant sequence conservation of ABI1-HHR with 

critical positively charged and bulky amino acids which are required for homeobox domain 

protein to promote DNA interactions. Specifically, initial studies identifying ABI-HHR used 

ABI2 sequence for comparison, which has high sequence homology with ABI1 [21]. Dia and 

Pendergast, aligned ABI2 protein sequence starting at amino acids 116KNTSR and ending 

with QNMKM168 but according to extensive domain characterization of ABI1, the HHR 

region should start at amino acids 108EIGIL and end with GHGVK153 [21]. We also see 

discrepancy in conserved amino acid residues with the HHR and specifically, at amino acids 

135V: F, 145K: R, 158H: R, 162V: I, 163S: W, 164T: F ,168K: R (ABI2: homeobox consensus 

binding sequence) (Reference Chapter 3, Figure 3.5). This initial discrepancy within the 

HHR region of ABI as to where it started and ended was troubling and furthermore what is 

considered a conserved amino acid. While ABI1-HHR clearly lacks conserved sequence 

similarity with DNA binding motifs in classical homeobox proteins it does indeed retain 

DNA binding activity. There has not been any continuation of ABI1-DNA binding 
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mechanisms since these initial papers and going forward we want to clarify these keys 

features of ABI1-HHR. Therefore, we would like to redefine ABI1 DNA binding region as a 

unique DNA interaction domain specific to ABI1 which is independent of classical 

homeobox structure and function mechanisms. 

Furthermore, as presented in this dissertation we believe the ABI1-HHR domain to 

mediate DNA binding events at promoter regions (Chapter 5, Figure 5.8). Based on 

preliminary data we hypothesize that ABI1-HHR can bind to unique DNA sequences that are 

not considered hallmark homeobox DNA consensus sequences. The unique interworking 

ABI1 has with DNA is not yet fully defined, however, NMR evidence has suggested that it 

could be a novel DNA binding not yet understood in nature.  

Based on ChIPseq and RNAseq analysis, it remains highly interesting that ABI1 binds 

multiple zinc finger binding proteins as well as MAPKs, H2B (histones 5,8,18), and HERC 

[22, 23]. There is also information available from Epigenomics Roadmap HM ChIP-seq 

dataset which implicates ABI1 with histone modifications H3K4me1/3 and H3K27ac [22, 

23]. Within data we also see associations of ABI1 with cadherin, protocadherin, 

STAT1/2/3/5/6 proteins which further implicates ABI1 in pathways it already has known 

regulatory functions [22, 23]. Similarly, we see chromatin binding of ABI1 (ChIPseq) and 

associated changes in gene expression (RNAseq) with chromodomain helicase DNA binding 

protein (CHD1/2/4/6/8/9). More specifically, we see a significant negative correlation 

between ABI1 isoform 2 expression with CDH2/6 and positive correlation with CHD1 

(CHD4, not significant). Data also show a significant positive correlation of ABI1 isoform 2 

expression and CHD9 and negative correlation with CHD4/CHD6 (CHD8, not significant) in 

ligand activated AR conditions. This suggests that ligand activated AR could potentially 
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enhance ABI1 transcriptional functions in certain gene sets. Furthermore, within the nuclear 

receptor coactivator family, we observed negative correlation of gene expression and 

chromatin binding of ABI1 with NCOA2/3 and positive correlation of gene expression only 

for ABI1 and NCOA1. Additional biochemical analysis is necessary to confirm these 

observations, as we hypothesize ABI1 to play both repressive and activator roles on 

transcription dependent on cellular context. In all, evidence from this dissertation suggests 

that ABI1 can co-regulate AR but could also be associated with histone/chromatin 

remodeling gene expression and maybe even have specific functions within histone 

complexes or chromatin modifiers.  

Dynamics of ABI1 as a co-factor for AR 

Extensive research identifying AR co-factors in biological systems defines specific 

characteristics a co-factor must satisfy [24-27]. These features include direct protein 

interaction with AR, being a transcriptional target of AR, binding to similar genomic 

regions/co-occupancy, co-regulation of AR target genes, or regulation of AR gene expression 

itself [24]. Co-factors of AR do not need to satisfy all these features, but they do need to 

satisfy one or more to be considered. Moreover, researchers have defined two subtypes of AR 

co-regulators based on distinctive regulatory functions [27, 28]. Type I co-regulators 

primarily function at the gene promoter to induce chromatin remodeling, DNA occupancy, or 

RNA polymerase II and general transcriptional factor machinery recruitment [27, 28]. In 

addition, type I co-regulators can modulate AR binding to the recognition sites of AREs and 

promote a bridge formation between DNA and AR with transcriptional machinery [28]. Type 

II co-regulators primarily function in control of AR folding changes associated with N/C 

terminal arrangements or ligand binding events that promote necessary interactions driving 
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competent AR associations at target gene sites [27]. Furthermore, type II regulators also are 

known to induce changes in AR cytoplasmic/nuclear distributions in the presence or absence 

of AR ligands as well as promote AR protein stability [27].  

Here, I have presented evidence that ABI1 can play many of these roles with AR that are 

necessary to define ABI1 as a co-regulator however, the classical type I/II categories do not 

seem a perfect fit. This suggests that there may be a third level to co-regulator classes that 

ABI1 could fit better within. We hypothesize that there could be a secondary binding event of 

ABI1 with LxxL motifs in the LBD of AR which could appropriate it as a type II class co-

regulator. Conversely, ABI1 binding to promoter regions of chromatin suggests that it could 

act more in recruitment of AR to transcriptional start of target genes and subsequently induce 

recruitment of transcriptional initiation complexes. At the same time ABI1 binding to 

promoter sites of target genes can increase AR avidity to target genes fitting it into a type I 

co-regulator category. It has been reported that the physiology of these type I/II co-regulators 

have not been well understood as their in vivo functions have not been studied. In vivo 

studies would provide a proof-of-principal needed to investigate what truly defines a 

physiological co-regulator of AR, and how much overlap exists within these categories.   

Previous research has shown that actin binding proteins, filamin, supervillin, and gelsolin 

can function as co-regulators of AR [29-31]. To further draw parallels with a known co-factor 

mechanism of AR and an actin binding protein I will use the co-factor gelsolin [31]. Previous 

research has shown that gelsolin, an actin binding protein involved in actin disassembly 

through capping and severing, can also function as a co-factor of AR [31]. Specifically, 

gelsolin acts as a co-activator of AR transcription in a ligand-dependent manner through 

predominant nuclear interactions wherein it can enhance AR transcription [31, 32]. 
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Nishimura and colleagues reported that the interaction motif 389FKQFF393 of CTD-gelsolin 

interacts with both AR-DNA binding domain (DBD) and AR-ligand binding domain (LBD) 

[31].  

In short, gelsolin binds to the center of a preformed actin filament and breaks (severing) it 

in half, but it also binds to actin filaments inhibiting monomer exchange (capping) and in 

some instances promotes actin monomer nucleation [33]. Capping is regulated through PIP3, 

and severing is regulated by Ca+2 sensitivity, which promotes actin cytoskeleton organization 

when it occurs in tandem [33]. Conversely, Caspase 3 cleavage of N/C terminal interactions 

inhibits Ca+2 sensitivity and promotes cytosol breakdown and apoptosis [33, 34]. 

Furthermore, gelsolin is a critical protein involved in myofibril formation and during 

differentiation there is an upregulation of gelsolin and subsequent downregulation in 

terminally differentiated [32, 34]. Due to gelsolin specific association and binding of 

myofibrils throughout differentiation it is considered critical for skeletal muscle development 

[32]. At the same time, the changes in AR transcription correlate with prevalence of gelsolin 

associations to myofibril [32]. Thus, skeletal muscle development by myofibril 

differentiation is hypothesized to be a process regulated by androgen pathway [29, 32].  

Notably, the involvement of gelsolin in carcinogenesis has not been well understood 

while it has been reported to have low expression in some cancers and increased expression 

in others [35-37]. This understanding of varying expression levels of gelsolin in a variety of 

cancers is similar to that of ABI1 allowing us to draw a parallel between the known AR co-

regulator. One study by De Corte and colleagues has shown that gelsolin can induce tumor 

invasion downstream of sos1-GEF activation on Ras/PI3K [38]. Another study by Nishimura 

and colleagues showed that gelsolin can function in nuclear compartments in the presence of 
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AR and promote AR activity in prostate cancer cell lines similar to that of AR and ABI1 [31]. 

These are some of the few direct comparisons of AR co-regulator interactions with 

cytoskeleton proteins.  

The interaction of gelsolin and AR contributes to basic regulatory phenotypes of skeletal 

muscle development and increased AR transcriptional activity, yet it highlights a unique 

pattern that could resemble AR and ABI1 role in maintenance of tissue integrity. Moreover, 

ABI1 could have a similar co-regulatory function with AR while more studies need to be 

done on understanding actin-cytoskeleton specific pathways outside of the prostate cancer 

scope. Perhaps ABI1 and AR could play a more basic role in developmental processes like 

that of gelsolin and AR. ABI1 itself has already been associated with development wherein 

ABI1 knock-out is embryonic lethal [12]. 

In summary, based on distinctive co-regulator features of AR we have shown that ABI1 

can co-occupy similar genomic regions, is a target gene of AR, and can co-regulate AR target 

genes (FKBP5, NDRG1, KLF5). In addition, we have shown that ABI1 loss in LNCaP cells 

can shift AR chromatin occupancy on a subset of genes as well as that ABI1 and AR have 

similar cellular distributions and co-localize depending on treatment conditions. This 

suggests that ABI1 is indeed a co-regulator of AR and warrants further investigations into 

specific ABI1 gene signatures in prostate cancer, to further elucidate ABI1 role in prostate 

cancer progression. Structural investigations into the exact mechanisms of ABI1 nuclear 

localization as well as DNA binding domain structural features will enhance our 

understanding of ABI1 as a general co-regulator of transcription. Additionally, based on 

preliminary findings we observed a positive protein interaction between ABI1 and estrogen 

receptor α (ERα) in breast cancer cell lines. Therefore, with these findings in mind we can 
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also expand our research to investigate other potential ABI1 transcriptional co-factors 

including other nuclear hormone receptors such as the estrogen receptor and glucocorticoid 

receptor.  

6.2 Future Directions and closing remarks 

The biological function of ABI1 as both oncogenic and tumor suppressive leads us to 

consider ABI1 as a plasticity gene. When ABI1 tumor suppressive functions are impeded by 

downregulation, splicing events, hyperphosphorylation, and/or dominant-negative isoform 

expression, this leads it to become more oncogenic through promoting aberrant ABI1 

activation in WAVE independent pathways. ABI1 predominantly gets its tumor suppressive 

function by acting as a scaffold for the WAVE complex and thus inability to form active 

WAVE complex or act as a scaffold leads to increased ABI1 activity in other downstream 

pathways [3]. Data within the catalog of somatic mutations in cancer (COSMIC database) 

supports claims of ABI1 as a tumor suppressor indicating ABI1 is a suppressor of growth, 

demonstrated in fibroblast cells by phosphoserine modifications on ABI1 [39]. Furthermore, 

ABI1 was shown to be mutated in 2.88% of prostate and 3.88% of breast cancers [39-41]. 

ABI1 has also been shown to be hypomethylated in breast (2/708 cases, .28%), endometrial 

(14/398 cases, 3.52%), kidney (38/513 cases, 7.41%), large intestine (7/281 cases, 2.49%), 

and lung cancers (33/717 cases, 4.6%) [39-41]. Conserved mutation phenotypes of ABI1 

across different cancers highlights the importance of ABI1 in homeostatic maintenance of 

cellular signaling processes outlined in this dissertation. 

In addition, ABI1 expression data indicate that ABI1 is over-expressed (over) in 

9.24% of breast cancers and under-expressed (under) in 2.72%, over in 5.65% of endometrial 

and under in 2.99%, over in 2.67% of kidney and under in 10.83% cases [39]. Overexpressed 
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in 7.56% of lung, over in 15.04% of ovarian and under in 8.27%, over in 9.5% of pancreatic 

and under in 7.26%. and finally, over in 3.01% of prostate and under in 4.42% of cases [39]. 

The vast mutational landscape of ABI1 and concurrent dysregulated protein expression 

support further investigations into the etiology of aberrant ABI1 activity in a wide variety of 

cancers. The multifunctional ability of ABI1 comes in large part from its involvement in 

multiple protein complexes, ability to act as an adaptor protein, and disordered nature of the 

protein driving its malleable conformation. 

One way to better understand ABI1 is to further study nuclear ABI1 structure and 

function relationship. Previous studies have shown that ABI1 can localize to the nucleus in a 

phosphorylation dependent manner through c-Abl kinase nuclear localization signal [42]. 

Due to ABI1 involvement in multiple actin cytoskeleton complexes it can utilize these 

interactions as a mode of cellular transport, such as microtubules [42]. We originally thought 

the intrinsically disordered nature of ABI1 allows it to form membraneless organelles 

(MLOs) within the cell. One study has shown this phenotype but lacking follow up 

investigations leave a gap in our understanding of ABI1 nuclear transport mechanisms and 

MLO formation [42]. Proepper and colleagues, show that Abl dependent phosphorylation at 

ABI1-Y53 allows for nuclear transport and unbeknownst at the time, disassembly from 

MLOs [42]. Studies show in an ABI1-SH3 domain deleted mutant that there is a lack of 

MLO formation which may indicate that ABI1 requires the both intrinsically disordered 

regions and SH3 to form MLO [42]. ABI1 might self assemble utilizing both disordered 

region and SH3 domain to achieve formation of MLO. 

Furthermore, MLOs containing ABI1 in the cytoplasm (Chapter 5. Figure 5.5) could 

indicate differential phosphorylation status while SFK activation of ABI1 may allow it to 
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perform very specific functions throughout the cytoplasm and nucleus. Based on preliminary 

experiments, in a PTEN inactivated system, we observed more nuclear ABI1 in ABI1-YtoF 

mutants compared to ABI1-wild-type constructs. Our preliminary observations provide 

proof-of-concept to investigate nuclear localization mechanisms of hyperphosphorylated 

ABI1 and its effects on downstream nuclear function. It is paramount to test distinct 

phosphorylation events acting on ABI1 that can either inhibit or activate nuclear localization, 

most likely resulting from conformational changes making ABI1 more malleable for nuclear 

functions. Despite our best efforts, we have yet to characterize the exact mechanisms of 

nuclear localization and nuclear exportation of ABI1. Continued investigation of nuclear 

ABI1 may lead to uncovering a generalized role of ABI1 in transcription. The 

characterization of ABI1 nuclear and cytoplasmic import/export mechanisms going beyond 

our understanding of nuclear ABI1-AR function, could provide a novel way to target ABI1 

and potentially its co-regulators in cancer. 

Throughout this dissertation I hope to have provided convincing evidence of the 

dynamical reciprocal regulation of AR and ABI1 in prostate cancer progression. By multiple 

independent assays and integrating scientific methods from multiple fields of study, we have 

been able to investigate different levels of the AR and ABI1 paradigm (Figure 6.1). This 

includes using tools within the fields of genetics, molecular biology, biochemistry, cellular 

biology, biophysical/structural biology, pathology, medicine, and bioinformatics. Until now 

there has been no link between ABI1 and AR in prostate cancer. For the first time, we have 

shown a direct link between ABI1 and AR in prostate cancer, and its potential implications in 

biochemical recurrence and anti-AR treatment resistance.  
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Figure 6.1 ABI1 multifunctional roles in prostate cancer pathways 

The figure illustrates known functional roles of ABI1 in prostate cancer pathways (1-7) and 

inhibitory effects exerted on downstream signaling by anti-androgen (A) and anti-AR (B) 

targeted treatments as well as potential inhibitory effects of heterodimerization complexes 

(C) interfering with AR-FL transcriptional activity. 1) Ligand binding events on full-length 

AR induce nuclear localization and promote expression of target genes, ABI1 (2). 3) 

Increased expression of ABI1 by AR, increases WAVE complex recruitment and formation 

by ABI1 leading to enhanced cell-cell adhesion. 4) Increased expression of ABI1 also 

promotes enhanced sequestering of SFKs by ABI1 and leads to the suppression of integrin 

activation by focal adhesion kinase (FAK) phosphorylation and inhibition of STAT3 
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phosphorylation inhibiting EMT (5). 6) ABI1 can also translocate to the nucleus and co-

regulate genes with AR by increasing affinity, avidity, or even fine tune AR chromatin 

localization to target genes. ABI1 may also bind promoter regions independent of AR, and 

function as a co-factor with other transcription factors. 7) Binding of AR-PxxP to ABI1-SH3 

promotes biomolecular condensate formation which may be disrupted by tyrosine 

phosphorylation of ABI1. This figure was created with BioRender.com. 
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