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ABSTRACT: 

Title of Dissertation: The Biological Characterization of Galeterone Analogs VNPT-178 

and VNLG-74A for the Treatment of Prostate Cancer 

David J. McCarty, Doctor of Philosophy, 2017 

Dissertation Directed by:  Dr. Vincent C.O. Njar, Professor of Medicinal Chemistry and 

Pharmacology, Department of Pharmacology 

 

The expression of truncated androgen receptor spice-variants (AR-Vs) presents a 

significant clinical challenge for the treatment of advanced stages of prostate cancer and 

confers complete resistance to abiraterone and enzalutamide.  Targeted depletion of these 

receptors in addition to antagonism of the androgen signaling axis has been actively 

evaluated as a superior treatment paradigm but has thus far been unsuccessful in clinical 

trials.  Based on our studies of galeterone and its analogs, we believe these compounds 

possess a specific activity that is both independent and overlapping of their antagonism of 

the androgen receptor (AR).  In this study, we perform basic biochemical techniques 

attempting to better delineate the actions of galeterone analogs VNPT-178 and VNLG-

74A and identify a rational, common target for improved study of their utility against all 

stages of prostate cancer development. 

Direct comparisons of VNPT-178 and VNLG-74A to vehicle or equimolar 

concentrations of abiraterone and enzalutamide reveal both compounds exhibit improved 

antiproliferative activities in multiple prostate cancer cell models of androgen and AR 

dependence.  VNPT-178 and VNLG-74A directly antagonize the full-length AR in 
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LNCaP and CWR22Rv1 (22Rv1) cells while promoting the depletion of full-length and 

truncated receptors with dose- and time-dependency.  Activation of the unfolded protein 

response is rapid and sustained, long preceding appreciable antagonism of the AR in 

22Rv1 cells, and followed by CHOP upregulation and PARP cleavage—an effect also 

seen in PC-3 cells albeit with slower kinetics.  Molecular docking of VNPT-178 and 

VNLG-74A reveals greater potential for binding the ATPase domains of BiP/Grp78 and 

Hsp70-1A compared to the AR’s ligand-binding domain. 

 Severe or sustained activation of the unfolded protein response can induce 

apoptosis. Taken together, our data suggest that galeterone analogs VNPT-178 and 

VNLG-74A directly modulate the substrate interactions of BiP promoting endoplasmic 

reticulum stress and apoptosis independent of AR antagonism.  Depletion of AR proteins 

is possibly the result of similar activities against Hsp70.  The sensitivity of 22Rv1 cells to 

VNPT-178- and VNLG-74A-induced apoptosis may underlie a failure of this cell model 

to adequately represent the clinical challenge of AR-V-expressing prostate cancers. 
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INTRODUCTION: 

Prostate Cancer at a Glance: 

Prostate cancer continues as one of the most frequently diagnosed and lethal 

malignancies affecting American men.  For 2017, the National Cancer Institute (1) 

estimates there will be over 160,000 new cases of prostate cancer accounting for nearly 

10% of all new cancer diagnoses.  Prostate cancer is an age-related, hormone responsive 

disease that is most frequently diagnosed in men between ages 55-74 with a median age 

of 66 at time of diagnosis.  If detected early, prostate cancer can be curable and increased 

early screening and treatment identifies more than 90% of new prostate cancers at the 

local or regional level with five-year relative survival rates approaching 100%.  However, 

not all men are as fortunate and an estimated 5% of new diagnoses will be of metastatic 

prostate cancer for whom there is an estimated five-year survival rate of less than 30%.  

In total, prostate cancer is responsible for nearly 5% of all cancer-related deaths and an 

estimated 26,730 men will succumb to the disease this year.   

 

Prostate Cancer Biology and Clinical Presentation: 

The prostate gland itself has a poorly understood physiological role and is 

believed to contribute to improved sperm motility in the ejaculate.  Situated below the 

bladder, the prostate gland surrounds the urethra and ejaculatory ducts and is divided into 

four primary zones (Figure 1) (2).  The transitional zone surrounding the urethra is the 

most frequent site of benign prostatic hyperplasia (BPH) and is the origin of an estimated 

20% of new prostate cancer cases.  The central zone surrounds the ejaculatory ducts and 
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while fewer than 5% of new prostate cancer cases originate here, they are predicted to be 

more aggressive and likely to invade the seminal vesicles (3).  The peripheral zone is the 

largest, occupying most of the prostate’s glandular tissue and is situated at the posterior 

of the gland nearest the rectal wall.  Between 70-80% of prostate cancer cases originate 

here and can be detected as solid lumps during a digital rectal exam (DRE).  Since age is 

the single most common factor for prostate cancer development and DREs can detect 

nearly 80% of all new cancer cases, prostate examination and cancer screening is 

typically recommended after age 50.  
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While early detection and treatment with surgery or radiation therapy have greatly 

improved overall prostate cancer survival statistics, as indicated, not all cases can be 

identified by palpation.  PSA is a 33 kDa serine protease that is produced and secreted by 

the prostate epithelia and can be readily detected in blood sera thus making it a valuable 

biomarker for evaluation of prostate cancer development and progression.  While 

circulating PSA levels are routinely monitored, its production and secretion can be highly 

variable on an individual basis making it as controversial as it is useful.   

The only definitive tool for diagnosing prostate cancer is tissue biopsy.  Prostate 

cancer diagnoses are rated on a four-point scale with stage 4 being the most advanced (4).  

Stage 1 and 2 prostate cancers are locally confined, early or advanced with higher 

Gleason or PSA scores, respectively.  Stage 3 prostate cancers have spread beyond the 

outer layer of the prostate and may have spread to the seminal vesicles.  Stage 4 prostate 

cancers are metastatic, having spread to nearby tissues and organs including lymph 

nodes, rectum, or bladder or have spread to distal locations including lung, liver or bone.  

Surgery and radiation therapy are largely successful in treating locally confined prostate 

cancer and contribute greatly to the high relative survival rates.  For patients where these 

treatment paradigms are not recommended, systemic therapies including hormone or 

chemotherapy are used as first-line options.   

 

Hormone Therapy for Prostate Cancer: 

Taxane-based chemotherapies (docetaxel, cabazitaxel) are routinely prescribed for 

prostate cancer patients but are broadly-acting cytotoxic agents that can cause serious 
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distress to rapidly-dividing normal cells of the gut and other tissues.  Alternatively, 

hormone therapy is often prescribed for the treatment of all stages of prostate cancer (5) 

having fewer and less-severe side effects than chemo.  Hormone therapy includes 

targeting both the synthesis and availability of androgens (androgen deprivation therapy, 

ADT; also known as castration) as well as the specific action of androgens by blocking 

their interaction with the androgen receptor (AR; referred to as AR antagonism). 

In humans, testosterone is the primary male sex hormone and nearly 90% of all 

testosterone synthesis occurs in the testes with the remaining 10% being converted from 

corticosteroids in the adrenals.  Testosterone synthesis is regulated by the hypothalamic-

pituitary-gonadal/adrenal (HPG/A) axis and can in turn regulate its own production via 

negative feedback inhibition (Figure 2).  Traditionally, luteinizing hormone releasing 

hormone  (LHRH) receptor agonists have been used in ADT although more recently, 

LHRH receptor antagonists have been employed (6).  LHRH receptor agonists promote 

the production of testosterone, resulting in a ‘testosterone surge’ that then shuts down 

further production via its negative feedback inhibition on the hypothalamus and pituitary.  

LHRH receptor agonists will result in approximately 90% decline in serum testosterone 

within 2-3 weeks.  However, using LHRH receptor antagonists block all downstream 

signal for testosterone production, eliminating the testosterone surge and reducing serum 

levels in as little as three days. 

While hormonal therapy of this nature can be effective initially, it does not impair 

de novo synthesis of androgens in tissues outside of the HPA/G axis, namely within 

tumors themselves.  Therefore, specific antagonists targeting the CYP17A1 enzyme, 

which catalyzes two sequential steps (17α-hydroxylase and 17,20-lyase) converting 
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pregnenolone or progesterone to the androgens dehydroepiandrosterone and 

androstenedione, respectively (Figure 3), were evaluated clinically.  Abiraterone, 

administered as its prodrug abiraterone acetate, gained FDA approval when combined 

with prednisone in 2011 for the treatment of metastatic castration-resistant prostate 

cancer (mCRPC). 

Testosterone is the predominant circulating androgen and freely traverses the 

plasma membrane, entering cells where it can be converted to its more potent metabolite, 

dihydrotestosterone (DHT) by the 5α-reductase enzyme.  In a similar fashion to the 
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aromatase inhibitors used in breast cancer treatments, 5α-reductase inhibitors (finasteride 

and dutasteride) have been evaluated for use in treatment of BPH and prostate cancer.  

However, the FDA warns users of these drugs for treating symptoms of BPH that they 

have increased risk of developing more aggressive prostate cancers as they can mask 

signs of its initial development (7).  Ultimately, the androgen receptor (AR) is the 

primary effector of the androgen signaling axis leading to prostate cancer growth and 
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progression.  Consequently, specific competitive AR antagonists (bicalutamide and 

enzalutamide) have been developed and routinely used alone or in combination with 

ADT.  Unfortunately, most men treated with systemic therapies targeting the androgen 

signaling axis will eventually progress to its lethal phenotype, mCRPC. 

 

The Androgen Receptor (AR): 

The androgen receptor is a member of the steroid hormone family of ligand-

dependent nuclear receptors and is necessary for the development of the male phenotype 

including the prostate gland.  The 919-amino acid AR protein is generated from a gene 

containing 8 exons found within the q12 locus on the X chromosome (Figure 4) (8).  The 

structural organization of the AR protein contains three primary domains:  a loosely-

ordered amino-terminal domain  (NTD) (9, 10) encoded by exon 1; a highly-conserved 

central DNA-binding domain  (DBD) (8) encoded by exons 2 and 3; and a highly-ordered 

carboxy-terminal domain  (CTD) encoded by exons 4-8.  Within each primary AR 

domain are sub-domains and motifs with critical roles for the canonical ligand-mediated 

activation and translocation of the AR between the cytosol and nucleus (11).  The AR-

CTD contains a hydrophobic cleft and alpha helix 12 forming the ligand-binding domain 

(LBD), a nuclear localization sequence (NLS), a flexible hinge region, and an activation 

function (AF-2) domain.  The AR-DBD contains two zinc finger motifs that coordinate 

its interaction with DNA.  The AR-NTD contains two sequence motifs FQNLF and 

WHTLF and an activation function (AF-1) domain with important roles in coordinating 

protein-protein interactions.  The AF domains are critical recognition points for the AR’s 

ability to interact with numerous chaperone and transcription cofactor proteins.   
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The labile conformation of the AR-NTD enables the AR to interact with 

numerous proteins having diverse biological roles and cofactors able to promote the cell- 

and tissue-specific activation or repression of AR-regulated genes (12, 13).  This feature 

also makes structure-based drug discovery of novel agents targeting the NTD very 

difficult and few have had much success in preclinical trials (e.g., EPI-001) (14, 15).  The 

AR is reported capable of regulating the expression of some 2000 genes due largely to its 

ability to interact with so many transcription factors and coregulators.  More than 200 

proteins have been identified to interact directly with the AR and another 100 more are 

known constituents of AR-containing heteroprotein complexes.  Of these, many have 

biological roles outside of gene transcription including genome maintenance (16) and 

DNA repair (17) as well as cell cycle regulation (18).  Its broad range of potential actions 

can make targeting the AR dubious as some cells rely heavily on its actions while its 
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roles in other cells can often be redundant.  While this is undoubtedly true on an 

individual patient basis as prostatic tumors are highly heterogenous, the general 

consensus remains that targeting the AR is a viable option for specifically inhibiting 

growth and progression of prostate cancer (19).  Though the androgen receptor’s DBD is 

absolutely required for its transcriptional activity, the sequence homology of this domain 

is too well-conserved among other members of the nuclear hormone family providing 

daunting challenges for the development of AR-specific therapeutics targeting this 

domain (20).  Consequently, the rigid structure of the AR-CTD and unique features of its 

LBD have enabled researchers to identify multiple agents capable of selectively targeting 

the AR.   

The androgen receptor is maintained in the cytosol in a high-affinity-for-ligand 

conformation by a heterocomplex of heat shock proteins (HSPs) and co-chaperones (21).  

This heterocomplex most notably contains Hsp90; however, recruitment of Hsp90 to the 

AR requires an ATP-dependent priming step coordinated by Hsp70.  Upon ligand 

binding, the AR-CTD experiences conformational changes that cause dissociation of the 

AR from its chaperones and translocation to the nucleus (22).  Translocation is made 

possible by an N/C folding of the AR involving the FQNLF motif in the NTD and helix 

12 of the CTD (23, 24) and the flexibility of the AR hinge region.  This N/C interaction 

causes exposure of the NLS, allowing the AR to interact with the microtubule-associated 

dynein motors facilitating its translocation to the nucleus (25, 26).  Within the nucleus, 

the AR can bind to exposed androgen response elements  (AREs) within the promoter, 

enhancer, or intronic regions of its regulated genes  (Figure 5) (27).  The canonical ARE 

contains two complimentary hexamers of consensus sequence 5’-



10 
 

AGAACAnnnTGTTCT-3’ (Figure 6) and variability in this sequence can determine the 

sensitivity of a gene to regulation by the AR under various conditions (28).  For instance, 

it is proposed that deviations in this sequence, either in substitution of nucleotides or 

presence of only a half-site modulate the affinity of the AR-DBD and the presence of 

nearby response elements for other transcription factors can, in combination, greatly 

influence the AR’s transcriptional program (29, 30).  Consequently, the regulation of 
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specific ARE-containing genes can be variably sensitive to ADT or AR-antagonism 

depending largely on the context of the ARE sequence and neighboring response 

elements; how these factors contribute to different tumor responses amidst therapeutic 

challenge are continually being investigated. 

 

Mechanisms of Resistance to AR-Directed Prostate Cancer Therapies: 

While the goal of antiandrogens is to deplete circulating androgens (i.e., ADT), 

most AR antagonists compete with androgens for binding the AR-LBD and induce a 

conformational change that inhibits its activation and nuclear translocation.  However, 

numerous mechanisms of resistance to available interventions have been identified (31).  

Depletion of androgens has seen challenge by AR gene amplification resulting in the 

increased expression of AR proteins sensitizing cancer cells to the very low androgen 

levels in a castrate environment (32).  Numerous mutations in the AR have been 
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identified, conferring ligand promiscuity allowing the AR to be activated by non-

androgens or the reversal of antagonists to agonists by modulating the ligand-induced 

conformational changes in the AR-CTD (33).  The androgen receptor is the recipient of 

multiple post-translational modifications (PTMs) and altering the landscape of protein 

acetylases, kinases and phosphatases, or ubiquitinases and sumo proteins can promote the 

activation and nuclear translocation of the AR independently of ligand binding (34-36).  

Perhaps the most significant and clinically challenging of all resistance mechanisms is the 

expression of alternatively spliced androgen receptor variants (AR-Vs).  AR-Vs are the 

result of changed splicing activity of AR mRNA  (37, 38) leading to the inclusion of 

cryptic exon sequences or premature stop codons and a representation of many known 

variants is summarized in Figure 7 (39).  The end-product of AR-V expression is often a 

protein with C-terminal truncation whereby part or all the AR-CTD and consequently the 

AR-LBD is absent.  While the potential for these proteins to be constitutively active and 

localized to the nucleus has been known for many years (40), our knowledge of their 

clinical significance is continually growing (41).  Two of the best-known AR-Vs, AR-V7  

(42) (also known as AR3 (43)) and ARv567es (44) have been identified in mCRPC patients 

and the loss of the AR-LBD confers complete resistance to even the most-current anti-

androgens  (abiraterone) and AR antagonists  (enzalutamide) (45). 

 

Androgen Receptor Depleting Agents (ARDAs) and Galeterone 

Considering the prolific adaptive responses to AR-directed therapies, particularly 

with respect to our increased awareness of AR-Vs (46), an approach of targeted and 

complete AR depletion has been largely adopted as a viable and superior next-generation 
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strategy.  Multiple natural and synthetic small molecules have been described as 

potentiating the post-translational depletion of the androgen receptor and its splice 
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variants.  These compounds are colloquially referred to as androgen receptor depleting or 

down-regulating agents (ARDAs).  Many of the naturally occurring compounds are 

phytochemicals found within specific dietary foods and supplements including long 

peppers  (piperlongumine) (47), green teas  (epigallocatechin gallate; EGCG) (48), 

rosemary extract  (carnosic acid) (49, 50), red sage  (tanshinone) (51), and ginger 

varietals  (curcumin) (52) while others are anti-bacterial  (nigericin) (53) or anti-

helminthic  (niclosamide) (54) compounds.  Niclosamide is currently enrolled in clinical 

trials in combination with abiraterone (NCT02807805) or enzalutamide (NCT03123978). 

Galeterone, a steroidal anti-androgen was first developed similarly to abiraterone 

as an inhibitor of androgen biosynthesis but was subsequently identified to possess AR 

antagonistic and depletive activities in prostate cancer models (55).  Subsequent efforts 

have focused on galeterone’s ability to promote the polyubiquitination and proteasome-

mediated degradation of the AR and AR-V7 (56-59); however, the specific mechanisms 

underlying its activity and specific targeting of AR proteins remains to be elucidated.  

Since its introduction to clinical trials in 2009 for the treatment of castration-resistant 

prostate cancer (60), galeterone has garnered much attention for its proposed activity 

against AR-Vs and was awarded fast track status for Phase 3 evaluation versus 

enzalutamide for the treatment of patients with AR-V7-expressing mCRPC 

(NCT02438007).  However, it was identified in 2016 that galeterone would fail to meet 

its primary endpoint of improved radiographic progression-free survival (RPFS) and was 

subsequently pulled from further evaluation.  The failure of galeterone to perform as 

anticipated  (59) raises question as to its ability to prevent AR-V7 activity and highlights 

a greater need for expanded understanding of its mechanism (s) of action. 
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Before its inclusion in clinical trials and the focus of attention on AR-V7, 

galeterone was evaluated as a potential drug candidate against prostate cancers that do 

not express the androgen receptor (61).  While it was known then that galeterone could 

directly bind and antagonize the activity of both CYP17A1 and the AR resulting in potent 

attenuation of the androgen signaling axis, galeterone was actively being investigated for 

its ability to disrupt protein homeostasis through its activation of the endoplasmic 

reticulum stress response. 

 

The Endoplasmic Reticulum Stress/Unfolded Protein Response (ERSR/UPR) 

The endoplasmic reticulum is a cellular organelle that functions at the center of 

the folding and processing of proteins destined for secretion or insertion into the plasma 

membrane.  Many cellular stresses can perturb ER function and, as a result, proteins can 

become misfolded or unfolded.  Accumulation of these aberrant proteins within the ER 

lumen activates an evolutionarily conserved response pathway referred to as the 

endoplasmic reticulum stress response (ERSR) or the unfolded protein response (UPR) 

(Figure 8) (62).  At the center of UPR activation is the 78 kDa glucose-regulated protein 

(Grp78), also known as binding immunoglobulin protein (BiP).  BiP is a member of the 

70 kDa heat shock protein family and transcribed by the HSPA5 gene.  BiP has multiple 

functions within the ER lumen including the facilitation of proper protein folding through 

formation of multimeric chaperone complexes (63), maintaining ER calcium homeostasis 

(64), and regulating the activation of the UPR (65).  Like other members of the Hsp70 

family, BiP contains an amino-terminal nucleotide-binding domain (NBD) with intrinsic 

ATPase activity that regulates the conformation and affinity of its carboxy-terminal 
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substrate-binding domain (SBD).  Hydrolysis of ATP to ADP results in a conformational 

change in the SBD increasing BiP’s affinity for its substrates and allows the formation of 

stable complexes with client proteins (66).  

 A generally accepted model of UPR activation revolves around the hydrophobic 

residues of unfolded proteins competing for BiP binding with the lumenal domains of ER 

transmembrane proteins PERK, IRE1α, and ATF-6 which function as sentinels for the 
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detection of ER stress and initiation of the three arms of the UPR.  However, specific 

studies evaluating the interactions between BiP and PERK, IRE1α or ATF-6 reveal these 

protein interactions are stable and dissociation is more likely the result of altered ATPase 

activity, nucleotide exchange, or allosteric mechanisms  (67-69).  In either case, 

dissociation of BiP from these sentinel proteins initiates signaling events that attenuate 

the global translation of proteins, increase the protein-folding capacity of the ER, and 

promotes the proteasome-mediated or autophagic clearance of ER proteins. 

Dissociation of BiP from PERK (protein kinase R (PKR)-like endoplasmic 

reticulum kinase) results in the homodimerization of PERK and subsequent trans-

autophosphorylation of its cytosolic domain leading to activation of its kinase activity.  

Activated PERK phosphorylates the alpha subunit of eukaryotic initiation factor 2 

(eIF2α) (62), preventing the guanine-nucleotide exchange of eIF2β and subsequent 

recycling of eIF2 to its active state.  Inactive eIF2 prevents the 5’CAP mediated 

translation of mRNA and halts global protein synthesis.  Messenger RNAs containing an 

internal ribosome entry site (IRES) are unaffected and, consequently, proteins with 

functions to resolve ER stress including ATF-4 (activating transcription factor 4) are 

indirectly upregulated.  Similarly, dissociation of BiP from IRE1α (inositol-requiring 

enzyme 1 alpha) results in its homo-oligomerization and trans-autophosphorylation, 

activating its cytosolic endoribonuclease activity (70).  Active IRE1α can degrade non-

essential mRNAs through a process known as regulated IRE1-dependent decay (RIDD) 

or facilitate a unique processing of XBP1 (X-Box binding protein 1) mRNA, resulting in 

the inclusion of an exon that results in the translation of a functional transcription factor, 

XBP-1s.  ATF-6 (activating transcription factor 6) dissociation from BiP unmasks a 
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Golgi-localization signal (71) allowing ATF-6 to translocate to the Golgi where it is 

proteolytically processed by site-1 and site-2 proteases (S1P and S2P, respectively).  

Cleavage of ATF-6 liberates its cytosolic domain—an active transcription factor that 

translocates to the nucleus. 

While the activation of each of the three arms of the UPR generally promotes 

recovery from ER stress and cell survival, prolonged or severe activation drives the 

upregulation of genes promoting apoptotic cell death (72-74).  In addition to suppressing 

the UPR, BiP also functions as a gatekeeper against the free diffusion of calcium through 

the Sec61 translocon complex.  The Sec61 translocon is an ER transmembrane pore 

complex that interacts with active ribosomes in the cytosol to facilitate the insertion of 

nascent protein chains into the ER lumen.  In the absence of the protein chain, BiP 

associates with the lumenal face of Sec61 closing off the pore (75).  Deregulated calcium 

homeostasis is known to induce apoptosis through a variety of mechanisms (76-80).  

Although it was previously determined that galeterone-induced ERSR only promoted 

quiescence (61), the concentrations of calcium within different microenvironments of the 

cell can be an influential factor in determining Ca2+ signaling events. 
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PROJECT OVERVIEW AND SPECIFIC AIMS: 

Our primary objective herein is to identify a mechanism by which galeterone 

analogs can inhibit the proliferation of the AR-V7-expressing CWR22Rv1 cell model.  

From a library of novel compounds based on the structure of galeterone, we will identify 

potential leads that exhibit improved antiproliferative action and disruption of androgen 

receptor activity through its antagonism and depletion.  From here, we will evaluate the 

potential inhibition of cell cycle progression and/or induction of cell death and attempt to 

identify a specific modality of inhibited proliferation.  Additionally, we will investigate 

the in vivo safety and efficacy of these leads prior to further preclinical evaluation.  Taken 

together, we anticipate these data to support an investigative bridge between the androgen 

receptor and a next-generation paradigm of therapeutic intervention of prostate cancer 

development and progression. 

 

Specific Aim 1:  Screen a library of novel galeterone analogs for improved 

antiproliferative and AR-antagonistic activities in vitro. 

Hypothesis:  New compounds based on the structure of galeterone that demonstrate 

improved in vitro antiproliferative kinetics will also exhibit improved anti-AR activities. 

S1a:  Compare the antiproliferative activity of novel galeterone analogs to abiraterone 

and enzalutamide using the MTT assay. 

S1b:  Compare the potential of galeterone analogs to inhibit full-length androgen 

receptor transcriptional activation using a transiently-transfected dual luciferase 

reporter system. 
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S1c: Determine which of the novel analogs can deplete the endogenous expression of 

the androgen receptor in 22Rv1 cells. 

Specific Aim 2:  Evaluate the dose- and time-dependent biological responses to 

treatment with galeterone analogs to identify a potential therapeutic window. 

Hypothesis:  Based on prior studies with galeterone, we anticipate a dynamic 

relationship whereby a concentration range of 1-20 µM and a time range of 0-96 hours is 

sufficient to induce inhibition of prostate cancer cell growth. 

S2a:  Determine if longer treatments with lower doses than the predicted GI50 values 

could improve relative activity of galeterone analogs to established controls. 

S2b:  Determine the minimum concentration required to elicit AR antagonism and 

depletion within 24 hours in LNCaP and 22Rv1 cells. 

S2c:  Evaluate cell death associated with dose and time of treatment with VNPT-178 

and VNLG-74A using the Trypan Blue exclusion assay. 

S2d:  Evaluate changes in cell cycle progression following treatment with increasing 

doses of VNPT-178 and VNLG-74A. 

Specific Aim 3:  Identify a potential mechanism of action of VNPT-178 and VNLG-

74A for the induction of death in cellular models of prostate cancer. 

Hypothesis:  Galeterone analogs induce apoptosis independently of an inhibition of the 

androgen receptor signaling axis. 

S3a:  Determine whether galeterone analogs induce necrosis or apoptosis. 

S3b:  Determine the AR-dependency of cell death induction in prostate cancer cells. 
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S3c:  Determine the involvement of the ERSR/UPR for induction of cell death in 

prostate cancer cells. 

S3d:  Identify novel targets of galeterone analogs VNPT-178 and VNLG-74A.  

Specific Aim 4:  Evaluate the safety and efficacy of galeterone analogs in vivo using 

a 22Rv1 tumor xenograft model of castration-resistant prostate cancer. 

Hypothesis:  The improved in vitro antiproliferative activities of selected galeterone 

analogs will translate to more efficacious treatments in vivo.  The safety profile of 

galeterone will largely be maintained and these compounds will be well tolerated in vivo. 

S4a:  Determine the growth-inhibitory effects of galeterone analogs against the AR-

V7-expressing 22Rv1 xenograft model. 

S4b:  Evaluate the safety and tolerability of galeterone analogs administered via oral 

gavage in male athymic nude mice. 
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MATERIALS AND METHODS: 

Cell Lines and Culture 

LNCaP (CRL-1740), 22Rv1 (CRL-2505), and PC-3 (CRL-1435) cells were 

purchased from ATCC (Manassas, VA) and cultured in Phenol red-containing RPMI-

1640 media (Mediatech; Manassas, VA) supplemented with 10% standard fetal bovine 

serum (GE Healthcare Life Sciences; Logan, UT) and 1% penicillin:streptomycin  

(Gemini Bio-Products; West Sacramento, CA).  All culture and treatments were 

performed using tissue culture-treated polystyrene dishes (Corning Inc.; Corning, NY) in 

humidified incubators at 37°C and 5% CO2.  Unless otherwise indicated, media was 

refreshed at 24-hour intervals during treatments to maintain optimum metabolic 

conditions and emulate in vivo dynamics.  For experiments running longer than 24 hours, 

but not multiples of 24, a media refresh schedule was customized to allow a final, 24-

hour period before sample collection. 

Compounds 

Galeterone, DHT, VNPT-178, VNLG-74A, and abiraterone were synthesized in-

house as previously described (55, 58).  Enzalutamide (a.k.a. MDV3100, #SRP016825m) 

was purchased from Sequoia Research Products (Pangbourne, UK).  Methyltrienolone 

(a.k.a. R1881, #965M935) was purchased from OChem Incorporation (Des Plaines, IL).  

Z-VAD-FMK (FMK001) was purchased from R&D Systems (Minneapolis, MN).  

Etoposide (E1383) was purchased from Sigma (St. Louis, MO).  Calpeptin (SC-202516) 

was purchased from Santa Cruz Biotechnology (Dallas, TX).  All compounds were 
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solubilized in 95% ethanol (Pharmco-AAPER; Brookfield, CT) or ultrapure DMSO 

(AmericanBio; Natick, MA). 

MTT Cell Viability 

 Cells were seeded in 96-well plates at a density of 2000 (PC-3) or 3000 (LNCaP 

& 22Rv1) cells per well in 100μL culture media and allowed 24 hours for attachment.  

The next day, compound stocks were diluted as a 2x formulation in culture media and 

100μL was added topically to each well to a final concentration within the range of 10 

nM-100μM (n=6).  All plates were returned to culture incubators.  After 72 hours, media 

was aspirated and refreshed (200μL with indicated concentrations of each compound) and 

plates were returned to incubators for another 72 hours.  On the final day, Thiazolyl Blue 

Tetrazolium Bromide (M2128; Sigma; St. Louis, MO) was solubilized in culture media 

as a 5x formulation and added topically to each well to a final concentration of 0.5% w/v 

and cells were given 2 hours of incubation before the media was aspirated and replaced 

with 100μL DMSO.  To promote cell lysis, plates were agitated on a BT1500 orbital 

shaker (Benchmark; Edison, NJ) for 10 minutes at 500 rpm.  Absorbance was measured 

at 570 nM wavelength light using an ELx800 plate reader and Gen5 software (BioTek 

Instruments; Winooski, VT).  Data was exported to and organized in Microsoft Excel; 

50% and 90% Growth Inhibitory (GI) values were calculated based on a non-linear 

regression curve fit using GraphPad Prism4 software (La Jolla, CA).  Plots represent the 

absorbance mean ± SEM of each [compound] versus vehicle-treated controls from at 

least three independent experiments. 
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Colony Formation 

22Rv1 cells were seeded in 6-well plates at a density of 500 cells per well in 2mL 

culture media (refreshed 2x weekly) containing vehicle or compound (1 or 5μM) and 

adherent colony formation was evaluated on day 15 using 0.05% (w/v) Crystal Violet 

Staining Solution (10mM PBS containing 1% (v/v) Formaldehyde and 1% (v/v) 

Methanol; pH 7.4).  Images of the 6-well plates were generated using a digital scanner.  

Colonies were manually counted (>30 cells) and total colony area was calculated using 

ImageJ software with “Colony Counter” and “ColonyArea” plugins.  Representative 

images and plots of the mean ± standard deviation of treated groups versus vehicle 

controls are shown.  Statistical analysis was performed using Student’s t test and the 

significance level was determined by the largest p-value within each treatment group. 

Luciferase Reporter 

Competent E. coli (JM109) were transformed by heat-shock to express either the 

firefly or Renilla luciferase reporters and grown on ampicillin-containing agar plates.  

The firefly luciferase gene is fused to an ARR2-modified rat Probasin promoter (ARR2-

Luc; kindly provided by Dr. Yun Qiu) while the Renilla luciferase reporter is pRL-null 

(Promega, #E2271).  A single bacterial colony containing each reporter was selected and 

grown in 40mL LB broth overnight (37°C, 220 rpm constant agitation).  Plasmid DNA 

was purified using an EndoFree Plasmid Maxi Kit (Qiagen, #12362) and quantified using 

a BioPhotometer Plus (Eppendorf, #6132).  LNCaP and 22Rv1 cells were seeded in 12-

well tissue culture-treated plates and grown overnight in phenol red-free RPMI-1640 

supplemented with 10% charcoal/dextran-treated FBS and 1% penicillin/streptomycin 

(C/D Media) to reduce androgen availability.  The cells were co-transfected with the 
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firefly and Renilla luciferase reporters using Effectene (#301425) transfection reagents in 

accordance with the manufacturer’s suggested protocol (Qiagen; Hilden Germany) for six 

hours in C/D media.  After transfection, media was aspirated and replaced with C/D 

media containing vehicle or 10μM of each compound for a four-hour pre-treatment 

before the addition of DHT (C/D media with vehicle or 10μM compound and 20 nM 

DHT to be added topically 1:1 to each well to a final concentration of 10 nM).  Cells 

were incubated for an additional 20 hours at 37°C and 5% CO2.  Media was aspirated 

from each well and 200μL of 2.5X Passive Lysis Buffer (Promega) was added.  Plates 

were agitated on automated plate shakers for four hours at 4°C to complete cell lysis.  

Full-length AR transcriptional activation was analyzed using a Dual-Luciferase Reporter 

Assay System (E1980) in accordance with the manufacturer’s recommendations 

(Promega; Madison, WI).  Luciferase activity was measured in white 96-well flat bottom 

plates (Corning) using a Tecan M1000 plate reader.  For three independent experiments 

(n=4), mean relative luciferase units (RLU) and standard errors were calculated using 

Excel and presented as fold-change versus vehicle-treated positive control.   

AR/AR-V7 Knockdown 

Short hairpin RNAs (shRNA) specific for the human androgen receptor (AR) and 

AR-V7 (aka AR3) were packaged into the pLKO.1-puro vector for the transient 

transfection of 22Rv1 cells.  The oligo sequences used for plasmid construction are as 

follows:  fAR 5’-TGC ACT GCT ACT CTT CAG CAT TCA AGA GAT GCT GAA 

GAG TAG CAG TGC TTT TTT C-3’ and 5’-TC AGA AAA AAG CAC TGC TAC TCT 

TCA GCA TCT CTT GAA TGC TGA AGA GTA GCA GTG CA-3’; AR-V7 5’-TGT 

AAT AGT GGT TAC CAC TCT TCA AGA GAG AGT GGT AAC CAC TAT TAC 
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TTT TTT TTC-3’ and 5’-TCG AGA AAA AAA AGT AAT AGT GGT TAC CAC TCT 

CTC TTG AAG AGT GGT AAC CAC TAT TAC A-3’. 

22Rv1 cells were seeded in 6 well plates at a density of 150,000 cells per well and 

incubated overnight.  The following day, the media was aspirated and refreshed 

containing an optimal dosage of mature lentivirus (empty vector, fAR shRNA, or AR-V7 

shRNA).  22Rv1 cells were cultured in the presence of the lentivirus for 48 hours before 

the media was aspirated and refreshed with media containing vehicle or VNPT-178 for 

another 24 hours. 

Microscopy 

Representative LNCaP, 22Rv1, and PC-3 cell images were taken at 200x total 

magnification using a Fisher Scientific Micromaster inverted digital microscope and the 

Micron software.  Images shown are a 300x300 pixel crop (600x600 for vehicle controls) 

of the original 3MP (2048x1536) image for clarity purposes. 

Western Blotting 

Antibodies (primary 1:500) purchased from Santa Cruz Biotechnology (Santa 

Cruz, CA) include:  AR N20 (SC-816, Lot# I1014), p21 (SC-397, Lot# K300).  

Antibodies  (primary 1:1000; secondary 1:3000) purchased from Cell Signaling 

Technology  (Boston, MA) include:  PSA/KLK3  (#5877, Lot 1), PARP  (#9542, Lot 14), 

Caspase-3  (#9665, Lot 7), β-Tubulin  (#2128, Lot 3), GAPDH  (#2118, Lot 8), CHOP  

(#2895, Lot 3), LC3-A/B  (#12741, Lot 3), Beclin-1  (#3495, Lot 2), PERK  (#5683, Lot 

5),  (p)eIF2α  (#3398, Lot 2), eIF2α  (#5324, Lot 3), ATF-4  (#11815, Lot 4), ATF-6  

(#65880, Lot 1), IRE1α  (#3294, Lot 9), XBP-1s  (#12872, Lot 3), Calnexin  (#2679, Lot 
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4), BiP/Grp78  (#3177, Lot 8), ERO-1Lα  (#3264, Lot 4), PDI  (#3501, Lot 3), anti-

Rabbit IgG  (#7074, Lot# 26), anti-Mouse IgG  (#7076, Lot# 31).  Antibodies (primary 

1:1000) purchased from Abcam (Cambridge, MA) include: (p)PERK (ab192591, Lot 

GR185975-32).  Whole cell lysates were collected for each condition in RIPA buffer 

(#R0278; Sigma) supplemented with 0.02% EDTA (#E8008; Sigma), Complete protease 

inhibitor cocktail (#11697498001; Roche), and phosphatase inhibitor cocktails 1 and 2 

(#P2850, #P5726; Sigma).  Samples containing 15-30μg total protein were resolved by 

SDS-PAGE using 8, 10, or 12% polyacrylamide gels.  Proteins were captured on PVDF 

membrane (#162-0177) purchased from Bio-Rad Laboratories (Hercules, CA) and HRP-

conjugated secondary antibodies were detected using SuperSignal West Pico 

chemiluminescent substrate (#34080) purchased from Thermo Scientific (Rockford, IL) 

and X-Ray film. 

Molecular Docking 

The ligands VNPT-178 and VNLG-74A were docked to the AR, BiP/Grp78 and 

Hsp70-1A binding sites by sampling their rotational and translational degrees of freedom 

and the generated poses were subsequently scored by their estimated free energy of 

binding (ΔG).  Docking computations were performed on the AR-LBD, BiP/Grp78, and 

HSP70-1A crystal structures (Protein Data Bank: 2PNU, 3IUC and 5AR0, respectively). 

The ligand SMILES strings were first converted to 2D MOL format by Indigo  (EPAM) 

then to 3D MOL format by OpenBabel (81). Subsequently, the 3D MOLs were converted 

to PDBQT format by using a ligand preparation script of ADT (82).  The Vina docking 

algorithm developed by Oleg Trott et al. was used to perform the docking computations 

(83). The initial binding center coordinates were derived from the sc-PDB database or 
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original ligands co-crystallized in the structures (84). Essential hydrogen atoms and 

Gasteiger charges were added. Non-polar hydrogens, lone-pairs, water molecules and 

non-standard residues were removed.  Position, orientation, and torsions of the ligand 

molecule were initialized by a random seed. The binding search space was set to 22Å per 

dimension, and the exhaustiveness of conformational sampling was set to eight to balance 

search thoroughness and simulation time. 

Cell Cycle Analysis 

 Cells were seeded onto 10cm tissue culture-treated petri dishes at a density of 

6x105 cells per dish and incubated overnight at 37°C and 5% CO2.  Cells were treated 

with ARDA or controls at indicated concentrations for 96 hours before a gently being 

washed and detached by trypsinization.  Cells were gently pelleted by centrifugation, 

washed in DPBS to remove residual media and trypsin solution, and resuspended in ice-

cold ethanol (95%) during gentle vortexing to prevent aggregate formation.  Cells were 

fixed for at least 24 hours at -20°C.  Ethanol was diluted out through two wash steps in 

DPBS and cells were suspended at 1x106 cells per mL in DPBS containing 10 µg/mL 

RNase A for at least 30 minutes at room temperature.  Cell number was estimated based 

on pellet size.  Propidium Iodide solution (#421301, BioLegend; San Diego, CA) was 

added per the manufacturer’s recommendations and cells were incubated on ice for at 

least 15 minutes before data acquisition and analysis.  Cell cycle phase population data 

was acquired for 10,000 cells per condition using a BD FACSCanto II flow cytometer 

(Becton Dickinson; Franklin Lakes, NJ) and analyzed using FlowJo software (FlowJo; 

Ashland, OR).  Cell cycle phase populations are plotted as the mean ± S.D. of total viable 

cells (G1+ S + G2/M) from three independent experiments.   
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22Rv1 Tumor Xenografts 

Male athymic nude mice age 5 weeks were acquired from the National Cancer 

Institute-Frederick Cancer Research Center (Frederick, MD), tagged, and provided a 

week of acclimation time within UMB’s animal facility before initiation of the study.  

Mice were housed in a pathogen-free environment under light- and humidity-controlled 

conditions and provided food and water ad libitum.  At 6 weeks of age, mice flanks were 

injected subcutaneously with 2x106 22Rv1 cells suspended in 1:1 mix of RPMI-1640 

media and Matrigel basement membrane matrix (#354234, Corning; Corning, NY).  Mice 

were monitored until tumors developed to an average of at least 90mm3 and stratified into 

five groups of six mice using a random number generator (RNG; www.random.org/).  

Mice were ordered based on estimated initial tumor volume and assigned a treatment 

group using an RNG-based system to ensure that each treatment group had a mouse from 

each of 6 strata of tumor volumes.   

The average mouse body weight was used to determine the formulation of 

compound mixtures in β-cyclodextrin.  100 µL of vehicle or galeterone, VNPT-178 and 

VNLG-74A at a concentration of 148mmol/L or enzalutamide at a concentration of 

25mg/kg were administered twice daily by oral gavage.  Enzalutamide was intended on a 

schedule of 25mg/kg once daily and corrected after day 7 to include 1 administration of 

drug and 1 administration of vehicle for the remainder of the experiment.  On day 8 it 

was discovered that one mouse from the VNPT-178 treatment group had died from an 

apparent esophageal or gastric hemorrhage.  Mice were observed daily for signs of overt 

toxicity.  Tumor volumes were estimated using digital caliper measurements and the 

formula V = (L x W x W)/2 where L represents the longest dimension and W represents 
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the shortest dimension.  Tumor volume estimates and body mass measurements were 

recorded twice weekly.  After a single group reached an estimated mean tumor volume of 

1750mm3 all mice were euthanized and tumors extracted for mass measurements. Plots 

represent the mean ± standard error for each condition.  All mice were handled in 

accordance to UMB policies and an IACUC approved methods (protocol #0512013). 

Statistical Analysis 

 Where applicable, significance of change between treatment groups and vehicle 

controls were evaluated using a two tailed, two-samples of equal variance Student’s T 

test in Excel.  Significance is determined at the 95, 99, and 99.9% confidence intervals. 

 

  



31 
 

SPECIFIC AIM 1:   

A library of novel galeterone analogs has been synthesized featuring 

modifications to the carbon-carbon bond organization within the steroid backbone, the C3 

or C16 positions, or the C17 benzimidazole moiety of galeterone.  A partial account of 

these analogs is depicted in Figure 9.  Within this specific aim, our goal is simply to 

identify which compounds demonstrate both an antiproliferative effect and attenuation of 

androgen receptor activity.  Antiproliferation will be judged based on the estimated dose-

dependent decline in cell number of analog-treated cells versus vehicle treatment and 

compared against galeterone and the clinically-available controls abiraterone and 

enzalutamide.  Antagonism of the full-length androgen receptor will be determined using 

a dual luciferase reporter assay in a direct competition model.  Depletion of androgen 

receptor at the protein level will be performed using Western blotting of whole cell 

lysates following dose- and time-dependent treatments in the 22Rv1 cell model.  

Maintaining alignment with the currently accepted paradigm of androgen receptor-

dependent prostate cancer development and progression, identification of new lead 

compounds that effectively impair both androgen receptor action and cell proliferation 

will establish a foundation for successful, further preclinical evaluation of lead drug 

candidates. 
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Specific Aim 1a:  Compare the antiproliferative activity of novel galeterone analogs 

to abiraterone and enzalutamide using the MTT assay. 

Our first objective is to establish a list of potential leads following an assessment 

of the net antiproliferative activity of these compounds versus galeterone and the clinical 

controls, abiraterone and enzalutamide.  Using the MTT assay, LNCaP, 22Rv1, and PC-3 

cells were seeded in 96-well plates and treated with each analog or control within a 

concentration range of 10 nM-100 µM for six days.  These three cell lines were selected 

based on their diverse dependence on androgens and the androgen receptor and together 

represent a comprehensive model of prostate cancer progression from androgen 

dependence to both androgen and androgen receptor independence (Table 1).  Following 

treatment, relative cell numbers were determined by the metabolism of MTT reagent (3- 

(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) and analysis of absorbance 

at 570 nM wavelength light.  Non-linear regression curves of the mean absorbance for 

each concentration were generated using GraphPad Prism software and a summary of the 

estimated concentrations whereby 50% and 90% growth inhibition (GI50 and GI90) 

occurred within each cell line, as well as the inverse fold-change to each of the three 

controls, is provided in Tables 2-4.      

Arbitrarily, we assigned conditional formatting to the table to identify compounds 

that were at least twice as potent as abiraterone and enzalutamide and improved upon 

galeterone by at least 15% (Green background).  Instances in which compounds were less 

than half as effective as abiraterone or enzalutamide or 85% of galeterone are highlighted 

in red.  White boxes reflect instances in which only marginal improvements were 

observed and dashes indicate conditions in which the GI50 or GI90 concentration could 
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not be determined (ND) or where an estimated baseline value exceeded 100 µM and 

therefore irrelevant for comparison here.  As our primary objective revolves around 
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identifying compounds that may be more effective in prostate cancers expressing AR-V7, 

the greatest emphasis for selection was placed on performance within the 22Rv1 cell 

model.  We therefore selected five leads for continued evaluation and a depiction of their 

regression curve-fit plots are provided (Figure 10).  An understated observation when 

performing these assays is the shape of the plots that can be generated.  If a curve is 

generated with too steep a slope, the therapeutic window may be very narrow and can 

provide difficult to work within depending on the stability and action of the compounds.  

Conversely, if it is too shallow, the compound may require a concentration that is 

difficult to achieve in vivo due to poor solubility or bioavailability. 
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Specific Aim 1b:  Compare the potential of galeterone analogs to inhibit full-length 

androgen receptor transcriptional activation using a transiently-transfected dual 

luciferase reporter system. 

As the androgen receptor (AR) remains a primary target for systemic therapies 

against prostate cancer, our next objective was to determine the ability for the five 

selected galeterone analogs to impair the transcriptional activation of the AR.  Using an 

established method of selectively identifying androgen-sensitive gene expression, LNCaP 

and 22Rv1 cells were transfected with dual luciferase reporters.  The first reporter is the 

firefly luciferase gene fused to an ARR2-modified rat Probasin promoter.  The ARR2 

denotation identifies two sequential androgen response elements (AREs).  The second 

reporter is a promoter-less Renilla luciferase gene construct to be used as a negative 

control for non-specific activation.  LNCaP and 22Rv1 cells seeded into 12-well culture 

plates were incubated for 24 hours in media supplemented with charcoal/dextran-stripped 

serum (CSS) to deplete residual androgens before transfection.  Following transfection, 

the cells were pre-incubated with 10 µM of each compound before addition of 10 nM 

dihydrotestosterone (DHT) to stimulate AR transcriptional activity.  After addition of 

luciferin substrate, the relative luciferase units (RLUs) of firefly and Renilla luciferase 

activity was determined using a light spectrophotometer and the mean fold-change RLUs 

of three independent experiments are plotted (Figure 11).  As negative controls, cells that 

were exposed to both constructs in the absence of Effectene reagent or were transfected 

normally but not exposed to DHT gave a virtually-zero reading of light production.  

Addition of 10 nM DHT serves as the primary positive control of AR-mediated luciferase 

expression and activity (85).  Abiraterone, enzalutamide, and galeterone all serve as 
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secondary positive controls for the inhibition of DHT-mediated activation of the AR.  

While all five analogs performed better than both abiraterone and galeterone, only 

VNPT-178 and VNLG-74A exhibited strong AR antagonism nearly equaling that of 

enzalutamide.  As mentioned, this assay depicts the androgen-sensitive activation of the 

firefly luciferase construct, i.e. the transcriptional activity of the full-length AR, and 

successfully excludes any potential AR-V7 activity (compare—vehicle only).  
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Specific Aim 1c:  Determine which of the novel analogs can deplete the endogenous 

expression of the androgen receptor in 22Rv1 cells. 

As has been proposed by many groups, depletion of the AR protein may serve to 

improve upon direct AR antagonism by further reducing the pool of activatable receptors.  

However, a potential caveat also exists as it has been identified that androgen-bound AR 

can bind elements in its own gene enhancer regions and regulate its further expression.  

This is believed to function as a negative feedback loop to maintain appropriate AR 

protein levels in the normal prostate.  As androgen deprivation therapy (ADT) may 

contribute to relief of this negative feedback inhibition and thus promote the upregulation 

of the AR, we sought to determine whether galeterone analogs could successfully 

promote AR depletion in the context of ADT.  22Rv1 cells were seeded in 10cm petri 

dishes and cultured overnight in CSS-supplemented media to deplete residual androgens.  

Galeterone or its analogs were administered for 3-24 hours in a hybrid time- and dose-

response assay and whole cell lysates were collected for evaluation using SDS-PAGE and 

Western blotting.  The relative abundance of full-length and truncated AR isoforms was 

compared against beta-tubulin and plotted (Figure 12).  Representative blots are provided 

below the plots for each compound tested.  From these data, we can see that 

administration of galeterone and its analogs promote an initial rise in AR protein 

expression that can be attenuated at later time points or with higher concentrations. 
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Summary and Conclusions from Specific Aim 1: 

The MTT assays allowed us to sort compounds based on their relative potencies 

in comparison with galeterone, abiraterone, and enzalutamide.  As the 22Rv1 cell model 

represents a challenging, clinically relevant model of aberrant AR expression and 

activity, it served as our priority for selection.  The galeterone analogs VNLG-74A, 

VNPP-334, VNPP-397, VNPT-178, and VNPT-191 demonstrated improvement in at 

least half of the direct, fold-change comparison tests against abiraterone, enzalutamide, 

and galeterone in 22Rv1 cells with similarly positive results in the LNCaP and PC-3 

models.  In the presence of 10 nM DHT, VNPT-178 and VNLG-74A performed nearly 

equally as well as the potent AR antagonist enzalutamide at inhibiting the AR-mediated 

transcriptional activation of the ARR2-luciferase construct.  These data are particularly 

important as not only do they narrow the selection to two leads, they also indicate a 

potential for specific action versus broad cytotoxicity.  The Western blots within 22Rv1 

cells reveal an additional potential activity extending beyond the full-length androgen 

receptor with the depletion of the truncated AR-V isoform as well. 

Taken together, these data helped us identify five galeterone analogs with 

improved antiproliferative activities in three diverse cellular models of prostate cancer.  

Further consideration of full-length androgen receptor antagonism and potential depletion 

of total androgen receptor protein expression helped us identify VNPT-178 and VNLG-

74A as our top two leads for characterization.  Interestingly, though, the predicted GI50 

and GI90 values for these two analogs do not appear to be dependent on AR status and 

deviate only slightly between the three cell lines examined.  While it therefore seems 

these compounds can interact with at least two targets in prostate cancer cells, it is 
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nonetheless important to establish an origin of anti-AR activity.  From here we can more 

reliably expand our investigation into mechanisms of action while potentially maintaining 

at least partial selectivity for malignant prostatic versus normal tissues.   

Of final note is the marked structural differences between VNPT-178 and VNLG-

74A about the C3 position.  The bulky C3 substituent within VNPT-178 may be tolerated 

at lower concentrations (around the GI50) but offer an advantage at higher concentrations 

(around GI90).  We therefore maintain an open mind that the AR may be a secondary 

target that can modulate a cell’s response to disruption of a primary target or that its 

antagonism within the time points evaluated here is inconsequential. 
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SPECIFIC AIM 2:   

Our second objective is to determine a potential experimental window within 

which a specific dose and duration of treatment can reliably inhibit the proliferation and 

AR signaling of prostate cancer cells in vitro.  For the preclinical evaluation of new drug 

candidates, it is important to know an approximate baseline or minimum effective 

concentration and its temporal dependence.  This is especially important when targeting 

transcription factors (TF) as the anticipated outcome is potentially dependent upon the 

loss or gain of multiple TF-regulated gene products over time.  We will therefore expand 

upon the MTT assays to determine if lower concentrations over longer durations improve 

the antiproliferative outcome compared to additional controls.  Next, we will evaluate the 

minimum concentration needed to elicit marked depletion of endogenous AR and PSA 

expression in LNCaP and 22Rv1 cells within 24 hours.  Finally, we will determine 

whether changes in proliferative kinetics are dependent upon increased rates of cell death 

or attenuated cycle progression.  Together, these data will help us identify a modality in 

which a desired combination of impaired AR signaling and cell growth can be reliably 

tested.  Based on prior galeterone studies, we hypothesize that ARDA treatments within a 

concentration range of 1-20 µM for a duration of 0-96 hours will effectively disrupt AR 

signaling and inhibit prostate cancer cell growth. 
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Specific Aim 2a:  Determine if longer treatments with lower doses than the 

predicted GI50 values could improve relative activity of galeterone analogs to 

established controls. 

With the identification of two potential lead galeterone analogs, our next objective 

was to determine whether lower doses treated over longer time points could improve 

upon the relative antiproliferative activity of the compounds compared to established 

controls.  Using an adherent colony formation assay, we evaluated the relative 

antiproliferative activities of VNPT-178 and VNLG-74A compared to multiple controls.  

The MTT results in the 22Rv1 model predict cell growth could be inhibited by 

approximately 50% with the addition of 5 µM of either analog.  As galeterone studies 

have identified decreased cell cycle kinetics as a primary means of activity in PC-3 cells, 

we anticipate this effect may be more pronounced extending treatments from six to 15 

days.  22Rv1 cells seeded at very low density in 6-well plates were treated with various 

anticancer agents and the number and size of colonies formed were determined (Figures 

13A and 13B).   

Our MTT data predicted that approximately 10 or 20 µM of abiraterone or 

enzalutamide, respectively, would inhibit 22Rv1 proliferation by 50%.  Galeterone was 

slightly more potent than abiraterone with an estimated GI50 of 7.5 µM.  Here, 5 µM 

concentrations of abiraterone and galeterone demonstrated slightly improved kinetics in 

22Rv1 cells with an approximate reduction of colony number and size by 50%.  

Enzalutamide, on the other hand, failed to attenuate the growth of 22Rv1 colonies.  Three 

additional controls were included here for comparison.  Palbociclib is a potent CDK4/6 

inhibitor and is being investigated for use in triple-negative breast cancers.  In this assay, 
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inhibition of cell cycle progression with 0.5 µM Palbociclib reduced colony formation by 

approximately 80% compared to vehicle-treated controls.  CGP-57380 is an experimental 

Mnk1 kinase inhibitor.  Disruption of global protein translation with 5 µM CGP-57380 

reduced 22Rv1 colony formation nearly as well as both abiraterone and galeterone.  

VNPT-55, a galeterone analog, has been reported to target multiple cellular pathways 
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including the AR axis, cell cycle progression, and the 5’CAP-mediated translational 

complexes.  VNPT-178 and VNLG-74A appear to parallel the activities of VNPT-55 as 5 

µM concentrations significantly reduced 22Rv1 colony formation.  An important 

observation here, though, is the relative lack of activity by any galeterone analog at 1 

µM. 

 

Specific Aim 2b:  Determine the minimum concentration required to elicit AR 

antagonism and depletion within 24 hours in LNCaP and 22Rv1 cells. 

Dr. Bruno, previous member of our lab, estimated that while galeterone could 

effectively antagonize the CYP17A1 enzyme in the nanomolar range, more than 1 µM 
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would be necessary for effective antagonism of the androgen receptor and more than 10 

µM is required for significant depletion of AR proteins.  Additionally, it was determined 

that upwards of 20 µM concentrations of galeterone could be achieved in vivo.  To create 

a parallel to these studies, we evaluated increasing concentrations of VNPT-178 and 

VNLG-74A for the ability to antagonize and deplete endogenous AR proteins.  LNCaP 

and 22Rv1 cells seeded in 10cm petri dishes were treated with 1, 2.5, 5, 10, or 10 µM 

VNPT-178 or VNLG-74A for 24 hours and AR and PSA expression in whole cell lysates 

were compared to vehicle-treated controls (Figures 14A and 14B).  Predictably, 

increasing concentrations of both analogs resulted in a nearly linear depletion of PSA 

expression in LNCaP cells.  AR depletion experienced a lag-phase reminiscent of 

treatments in CSS conditions and, in accordance with Dr. Bruno’s observations, was 

markedly enhanced with 10 and 20 µM concentrations of both compounds.  22Rv1 cells 

do not exhibit the same kinetics of AR antagonism/depletion as do LNCaP cells with at 

least 20 µM or 24 hours being required for significant depletion of AR and PSA 

expression in these conditions.
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Specific Aim 2c:  Evaluate cell death associated with dose and time of treatment 

with VNPT-178 and VNLG-74A using the Trypan Blue exclusion assay. 

While the androgen receptor’s role in promoting growth and differentiation of the 

prostate is well-supported, evidence underlying assumptions that its antagonism or 

removal directly activates cell death is much less abundant.  The apparent presumption 

seems to be that, in an environment where both pro- and anti-apoptotic signals exist, the 

attenuation of one signal vs the other will drive the cell towards death or survival.  The 

consequence of this model as it relates to prostate cancer therapy requires, then, that a 

sufficient pro-apoptotic signal be present upon the removal of AR’s anti-apoptotic signal.  

In the clinic, men undergoing ADT or other AR-directed therapies inevitably develop 

resistance and progress to a lethal phenotype of metastatic castration-resistant prostate 

cancer (mCRPC).  Therefore, we may surmise that while depletion of AR activity may 

attenuate anti-apoptotic signals in the cell, without concomitant pro-apoptotic therapies, 

the cancerous tissues persist in a dormant state until successful acquisition of new 

malignancy drivers.   

It is our goal here to identify whether treatment of LNCaP cells could result in 

observable cell death or if our compounds merely promote cytostasis.  We performed 

trypan blue assays to determine if reduction of cell numbers relative to control might be, 

at least partially, the result of activating a cellular death pathway.  In Figure 15, we can 

see LNCaP cells grown in the presence of vehicle for 96 hours experience minimal 

turnover.  Conversely, treating these cells with 10 or 20 µM galeterone, VNPT-178 or 

VNLG-74A results in increased dye uptake concomitant with decreased overall cell 
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numbers suggesting there is, in these conditions, a sufficient signal for activation of cell 

death. 
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Specific Aim 2d:  Evaluate changes in cell cycle progression following treatment 

with increasing doses of VNPT-178 and VNLG-74A. 

Previous studies with galeterone in AR-negative cell lines attributed its ability to 

inhibit proliferation to its induction of an endoplasmic reticulum stress response and 

subsequent decrease in the translation of cyclin-D1 mRNA to protein.  We have seen 

throughout our work that galeterone analogs can proficiently inhibit cell proliferation and 

this may be largely attributable to the accumulation of cells in the G1 phase of the cell 

cycle.  While the study evaluated the cell cycle progression of serum starved cells trapped 

in G1 following co-administration of galeterone and fully-supplemented media for 24 

hours, we instead believe a more useful model would be the capture of cell populations 

spontaneously trapped in a specific cycle phase upon treatment with our compounds.  

LNCaP, 22Rv1, and PC-3 cells seeded in 10cm petri dishes were treated with anticancer 

agents for 96 hours before collection, fixation, propidium iodide (PI) staining, and 

analysis by flow cytometry (Figures 16A-16C).  As all three cell lines have doubling 

times less than 48 hours, we anticipate an observable shift in cell cycle phase populations 

upon treatments with increasing concentrations of our compounds.  The CDK4/6 

inhibitor Palbociclib was used as the primary positive control for the accumulation of 

cells into G1 as these kinases are strictly required for progression to S phase.  CGP-57380 

seemed to have variable effect in each of the three cell lines, however increased 

concentrations may be necessary to identify more significance.  Docetaxel promoted S 

phase accumulation and cell death (<G1 phase) in all three cell lines.  Both abiraterone 

and enzalutamide exhibited virtually no effect on any cell line with abiraterone promoting 

only modest G1 accumulation in 22Rv1 cells.  Interestingly, only 10 µM concentrations 
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of VNPT-178 seemed to promote G1 arrest in LNCaP and 22Rv1 cells and neither analog 

had an appreciable effect on PC-3 cell cycle progression.  Of important note, however, is 

the increase in <G1 and decrease in S-phase populations in 22Rv1 cells treated with 10 

µM of both galeterone analogs not seen here in PC-3 cells.  The sub-G1 phase as 

determined here is often characterized as ‘apoptotic’ as DNA is actively being broken 

down in an otherwise fully-constituted cell.  S phase are cells actively growing and 

replicating DNA in preparation for division and, although statistical significance could 

not be determined for G1 phases, significant decreases in S phase numbers could support 

prior claims of G1 arrest.  
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Summary and Conclusions from Specific Aim 2: 

Our colony formation assay provided valuable information by identifying that, 

while increasing the duration of treatment can improve the relative responses of 22Rv1 

cells to concentrations of ARDAs lower than the predicted GI50 values, 5 µM remains a 

realistic absolute minimum concentration to achieve significant reduction in tumor 

growth.  Comparing the responses of LNCaP and 22Rv1 cells to increasing 

concentrations of ARDAs over 24 hours supports the potential for AR-Vs to regulate 

both AR and PSA expression during antagonism of the full-length AR.  Additionally, 

though 5 µM treatments may be effective inhibitors of 22Rv1 cell proliferation over 

longer durations, within 24 hours the AR signaling axis remains largely intact.  

Furthermore, caspase-3 cleavage does not strictly correlate negatively with AR or PSA 

expression indicating cell death observed by 24 hours is likely due to an extraneous 

mechanism (Figures 14A and 14B).  By examining the cells directly using a light 

microscope we can see clearly that galeterone and its analogs VNPT-178 and VNLG-74A 

reduce LNCaP cell numbers after 96 hours compared to vehicle-treated controls.  

Collecting all cells and performing a Trypan blue exclusion assay confirms that VNPT-

178 and VNLG-74A are capable of inducing cell death at 10 and 20 µM concentrations.  

Performing a parallel assay using propidium iodide staining of fixed cell DNA and 

analysis by flow cytometry, we see that in 22Rv1 and LNCaP cells, 10 µM 

concentrations are sufficient to induce cell death but neither compound largely impairs 

cell cycle progression in PC-3 cells within these conditions.   

As an aside, we frequently observed culture media acidification upon treatments 

with higher concentrations of ARDA as determined by the colorimetric pH scale of 
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Phenol red-containing RPMI-1640 (Figure 17A).  These observations were most 

prominent within LNCaP cells treated with VNLG-74A (Figure 17B) and appear to be
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dose-dependent.  We found that the compounds themselves do not alter media pH (data 

not shown) and the magnitude of the pH change was largely dependent on the total 

number of viable cells upon treatment initiation but not a strictly a function of cell death 

induction as etoposide elicited no change in media pH.  Concerned how these changes 

could impact our results we subsequently analyzed LNCaP and 22Rv1 cells for AR and 

PSA expression after three different treatment conditions (Figure 18).  Cells were treated 

with vehicle or 20 µM VNPT-178, VNLG-74A, etoposide, abiraterone, or enzalutamide 

as either a 24-hour treatment, a continuous 48-hour treatment, or two serial 24-hour 

treatments totaling 48 hours and whole cell lysates were examined via Western blotting.  

Surprisingly, although all four AR-directed compounds maintain durable antagonism of 

the AR across all six conditions, AR expression fluctuates markedly in the LNCaP cell 

line.  After a single, continuous 48-hour treatment with VNPT-178 and VNLG-74A, AR 

expression is fully recovered despite maintained depletion of PSA.  Refreshing the media 

after 24 hours and examining the cells after 48 hours reveals our anticipated results 

whereby AR depletion is further enhanced compared to a single 24-hour treatment.  

Expression of the AR is under control of numerous transcription factors that act during 

multiple cellular stresses including metabolic (PPARγ), cell proliferation (FOXO1), DNA 

damage (p53), or inflammation (NFκB) and, consequently, allowing continuous 

treatments may introduce too many confounding variables to clearly identify ARDA-

specific mechanisms of action. 

Taken together, our data from Specific Aim 2 have allowed us to identify a 

concentration of 20 µM VNPT-178 and VNLG-74A as reliably effective for experimental 

evaluation of ARDA activity in prostate cancer cells under short-term treatments and 
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daily media refreshment is likely obligatory for evaluation of time points longer than 24 

hours.  Additionally, further evidence has been obtained indicating the induction of cell 

death following ARDA administration may be independent of the AR signaling axis. 
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SPECIFIC AIM 3:   

Our third objective is to identify a potential, specific mechanism of action by 

which galeterone analogs induce cell death in prostate cancer cells.  The androgen 

receptor is largely considered a driver for cellular differentiation and survival.  Using a 

model in which the relative strength of pro-survival and pro-death signals determines the 

fate of a cell, the simple attenuation of a pro-survival signal is insufficient to induce cell 

death if it remains the dominant signal.  Based on our observations in AR-expressing and 

-null prostate cancer cells, we hypothesize that VNPT-178 and VNLG-74A actively 

promote cell death induction via up-regulation of pro-death signals and this action is 

independent yet potentially overlapping any disruption of AR signaling. 

To test our hypothesis, we will determine whether galeterone analogs induce 

apoptosis and if this event is related to depletion of the androgen receptor.  We will 

examine again the role of the endoplasmic reticulum stress response and attempt to 

identify a novel target or class of targets for ARDA interaction.  Together, our aim is to 

better delineate the consequences of ARDA exposure and reconcile how potentially 

diverse actions within prostate cancer cells can, together, be effectively employed as a 

next generation anticancer approach. 
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Specific Aim 3a:  Determine whether galeterone analogs induce necrosis or 

apoptosis. 

Our first objective is to determine whether the galeterone analogs VNPT-178 and 

VNLG-74A promote apoptosis or necrosis.  Apoptotic cell death is an important 

consideration during development of new cancer therapies as necrosis can promote a pro-

tumorigenic inflammatory response.  As we have seen with our Western blot (Figures 

14A and 14B) and trypan blue exclusion (Figure 15) assays already, there is a good 

chance that both VNPT-178 and VNLG-74A activate either the intrinsic or extrinsic 

apoptotic pathways.  Indeed, studies with galeterone and VNPT-55 indicate that 

mitochondrial dysfunction, cytochrome c release and intrinsic apoptosis may cause the 

cell death observed here but considering the potential for media acidification to 

contribute to these consequences, we sought to evaluate LNCaP, 22Rv1, and PC-3 cells 

at multiple time points over 72 hours to identify the kinetics of cell death induction.  

Depicted in Figure 19, digital micrographs were collected following treatments of 20 µM 

VNPT-178 (top panels) or VNLG-74A (bottom panels) and assembled for easy visual 

comparison to initial cell appearance or cells treated with vehicle for 72 hours (right land 

left large panels, respectively).  In LNCaP cells, morphological signs of apoptosis 

including membrane blebbing, cell shrinkage, and cell detachment are present as early as 

24 hours.  22Rv1 cells appear slightly more sensitive to treatments exhibiting 

morphological signs of apoptosis as early as 18 hours while PC-3 cells appear markedly 

less sensitive to cell death with barely detectable membrane blebbing seen through 72 

hours.  This is not unlike the incidental cell death observed during the flow cytometric 

analysis of PI-stained cells after 96 hours.  As we have identified a peculiar relationship 
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between AR expression/activity and caspase-3 cleavage in our earlier analysis of 22Rv1 

cells, we performed western blots using whole cell lysates for each time point.  AR 

protein expression declines steadily over time in 22Rv1 cells treated with VNPT-178 

correlating with loss of PSA and increases in the cleavage of both caspase-3 and PARP 

(Figure 20). 
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Specific Aim 3b:  Determine the AR-dependency of cell death induction in prostate 

cancer cells. 

While we can routinely see a correlation between a decline in AR activity, AR 

expression, and induction of cell death, we are not certain as to the AR-dependency of 

this phenomenon.  Galeterone was promoted as being better than castration or AR 

antagonism alone and in combination as it could also deplete the expression of the 

androgen receptor.  However, this argument is difficult to test as AR depletion has never 

been absolute and thus a minimum threshold of AR expression necessary to confer its 

survival benefits is unknown.  Therefore, to evaluate whether attenuated AR expression 
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itself could promote the effects observed following treatment of 22Rv1 cells with VNPT-

178, we transiently transfected these cells with shRNA capable of selectively targeting 

the full-length AR and AR-V7.  After 72 hours of specific or combined knockdown of 

AR mRNA, we compared the effects of vehicle treatment to that of 20 µM VNPT-178 

treatment for 24 hours via western blotting (Figure 21).   

The plots represent the fold-change in mean full-length AR and AR-V7 

expression normalized to β-tubulin controls for each condition compared to vehicle-

treated cells not treated with either empty virus or virus loaded with the shRNA against 

the AR.  From these data, we can determine that the shRNA constructs are specific for 

each indicated AR isoform and that their combination does not additively or 

synergistically enhance depletion in comparison to each agent alone.  Additionally, the 

loss of either the full-length or truncated AR individually or in combination failed to 

appreciably deplete PSA expression.  Furthermore, shRNA against the AR resulting in 

approximately 30% reduction in fAR and 50% reduction in AR-V7 did not result in the 

cleavage of caspase-3 or PARP.  Altogether these results are not surprising given our 

estimation that the androgen receptor is abundantly expressed in these cell lines and, in 

general, prostatic tumors and incomplete reduction in its expression is unlikely a 

significant contributor to the overall effect observed in these models.  Contrarily, a 24- 
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hour treatment of VNPT-178 was sufficient to antagonize the AR and induce robust 

caspase-3 and PARP cleavage across all conditions of vehicle or shRNA treatments.   

Comparing VNPT-178 to vehicle in the presence or absence of empty virus we 

see an approximate 20% decline in AR protein with a substantial reduction in PSA.  

Combining VNPT-178 with shRNA against fAR or AR-V7 further reduces the loss of 

AR proteins from 30% and 50%, respectively, to 65% and 70%.  However, this 

observation is not paralleled by further decreases in PSA expression.  This does not 

exclude the argument that VNPT-178 induces apoptosis due to a more pronounced 

reduction in AR expression concomitant with antagonism of the AR compared to shRNA 

treatments alone, but it does indicate a greater depletion of AR protein is necessary.  

Returning to Dr. Bruno’s work with galeterone in PC-3 cells, it was identified that 

induction of the endoplasmic reticulum stress response (ERSR) effected the inhibition of 

cell proliferation.  When we look outside the AR axis here, we can see that VNPT-178 

very clearly induces the expression of CHOP and promotes the lipidation of LC-3 which 

are not observed in response to shRNA or vehicle treatments alone.  Dr. Bruno concluded 

that galeterone did not induce cell death but rather promoted quiescence.   

Since we also observe induction of the ERSR, we were curious if extending our 

treatments of PC-3 cells to 96 hours could elicit similar responses.  Indeed, PC-3 cells 

treated with greater concentrations of VNLG-74A for 96 hours appear to undergo 

apoptotic cell death concomitant with CHOP expression and LC-3 lipidation (Figure 22).  

Additionally, re-evaluating LNCaP cells treated with 20 µM concentrations of ARDAs, 

Etoposide, abiraterone, or enzalutamide for 48 hours (with a media refresh at 24 hours) 

reveals that what was potent antagonism of the AR by abiraterone and enzalutamide 
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(Figure 18) as marked by decreased AR and PSA expression was not coincidental with 

PARP cleavage unlike treatments with VNPT-178 and VNLG-74A (Figure 23).  

Therefore, we conclude that any observed activation of apoptosis within 72 hours not 

attributable to potent disruption of AR expression and/or activity. 

 

Specific Aim 3c: Determine the involvement of the ERSR/UPR for induction of cell 

death in prostate cancer cells. 

Our objective here is to evaluate the activation of the endoplasmic reticulum 

stress/unfolded protein responses and its sufficiency to induce apoptosis following 

administration of galeterone analogs.  As stated, previous studies examining the ERSR 

following galeterone treatments failed to identify a specific mechanism of action or the 
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culmination of apoptosis.  Herein we aim to better understand the kinetics of the 

ERSR/UPR to determine a potential target for VNPT-178 and VNLG-74A.  After 

treating 22Rv1 cells with 20 µM ARDA for up to 72 hours we evaluated changes in the 

expression of initiator and effector proteins of the UPR via western blot (Figure 24 upper 

panels).   

Within three hours, phosphorylation of PERK and eIF2α is observed concomitant 

with upregulation of ATF-4.  CHOP is abundantly expressed by six hours and XBP1 

splicing steadily increases expression of this potent transcription factor through 72 hours.  

These data clearly indicate the rapid induction of the UPR ahead of appreciable down-

regulation or antagonism of the androgen receptor.  Additionally, the UPR is wholly 

engaged before detectable caspase-3 and PARP cleavage and not just present during these 

events.  Interestingly, a steady up-regulation of the UPR sentinels ATF-6 and IRE1α is 

observed in response to VNPT-178.  As the dissociation of BiP/Grp78 from these 

proteins (and PERK) is argued to cause the UPR in the first place, an increase in these 
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proteins would likely expand the pool of unbound UPR activators.  We therefore 

examined the abundance of ER chaperones expecting to see a concomitant increase in 

these proteins to manage the accumulation of misfolded proteins within the ER lumen.  

To our surprise, the chaperone proteins calnexin, BiP/Grp78, and PDI remain stably 

abundant during VNPT-178 treatments (Figure 24 lower panels).  While this seems 

counter-intuitive, other studies have proposed IRE1α plays a critical role in the ER 

quality control and autophagic clearance of unfolded or aggregated proteins (86).  The 

concomitant increase in LC-3 lipidation without change in Beclin-1 expression may 

support these claims and suggest the severity of UPR induction following ARDA 

treatments.   

We next sought to identify whether the UPR was required for the activation of 

PARP cleavage in these cells.  As we still do not know how the ARDAs initiate the UPR, 

we decided to work backwards and first determine whether cleavage of PARP is in fact a 

consequence of the caspase-3 cleavage we have repeatedly observed.  We treated 22Rv1 

cells with vehicle, VNPT-178, or VNLG-74A in the presence or absence of increasing 

concentrations of the pan caspase inhibitor Z-VAD-FMK for a total of 26 hours and 

performed western blots using the whole cell lysates (Figure 25).  This inhibitor is a 

consensus peptide sequence mimetic that specifically inhibits the catalytic domains of 

both initiator and effector caspases.  Neither vehicle nor increasing doses of Z-VAD-

FMK caused appreciable cleavage of caspase-3 or PARP.  Treatments with VNPT-178 

and VNLG-74A alone both caused marked caspase-3 and PARP cleavage and increasing 

the presence of Z-VAD-FMK resulted in the dose-dependent decrease of PARP cleavage.  
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However, with respect to caspase-3, even concentrations of 100 µM Z-VAD-FMK were 

insufficient to completely block the appearance of the 19/20 kDa fragment.   

As caspase-3 is natively expressed as a 32 kDa zymogen that is cleaved by 

initiator caspases to complementary 19/20 and 12 kDa fragments and subsequently 

undergoes rapid autoproteolytic processing of the 19/20 kDa fragment resulting in a 17 

kDa fragment, we expected to see a complete attenuation of caspase-3 cleavage products 

during Z-VAD-FMK inhibition (87).  However, lingering abundance of a 19/20 kDa 

fragment may indicate that a non-caspase protease is responsible, at least in part, for the 

activation of caspase-3.  Since it was identified that calcium efflux from the ER to the 
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cytosol was a primary consequence of galeterone treatments in PC-3 cells and calpains 

have known roles in cell death induction (88), we replicated these treatment conditions 

using the calpain 1 and 2 inhibitor calpeptin.  Calpains are calcium-dependent, neutral pH 

cysteine proteases with very broad target specificity thought to be determined primarily 

by tertiary conformation compared to the strict sequence-specific cleavage by caspases.  

Treatments of 22Rv1 cells with 100 µM calpeptin and vehicle exhibited a slight induction 

of PARP cleavage without observable caspase-3 contribution (Figure 26).  However, 

calpeptin dose-dependently decreased PARP cleavage following the administration of 

VNPT-178 and VNLG-74A for 24 hours.  Calpeptin also reduced, but did not completely 

abolish caspase-3 cleavage compared to ARDA treatments alone.  Relief of caspase 

inhibition by Z-VAD-FMK resulted in normal caspase cleavage product abundance with 

prominent bands appearing at 17 and 12 kDa exclusively. 

 

Specific Aim 3d:  Identify novel targets of galeterone analogs VNPT-178 and 

VNLG-74A. 

Our primary objective here is to evaluate whether the functional assays performed 

up to now are sufficient to identify novel targets for galeterone analogs VNPT-178 and 

VNLG-74A.  With these data, we conclude that VNPT-178 and VNLG-74A rapidly 

activate the UPR like galeterone treatments and do so independently of their action 

against the androgen receptor signaling axis.  The activation of the UPR is either in 

response or concomitant to deregulated calcium signaling resulting in the activation of 

calpains and subsequent induction of apoptosis within 24 hours.  As both VNPT-178 and 

VNLG-74A are based on a steroidal scaffold, their hydrophobic properties enable them to 
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easily traverse cellular membranes.  Dr. Bruno’s work left with the conclusion that 

galeterone, due to its hydrophobicity, could interact with any number of membrane-

localized proteins.  However, the specific and intense activation of the UPR suggests 

instead there may be a single, alternate protein target or a domain/motif shared by 

multiple proteins that have essential roles for maintaining protein homeostasis.  As the 

androgen receptor contains a large, hydrophobic cleft for ligand binding, we used this and 

the requirement for UPR activation to focus our attention on the Hsp70 chaperone 

BiP/Grp78.   

BiP is the key ER chaperone protein ensuring proper protein folding within the 

ER lumen and specifically binds the luminal domains of the UPR sentinels PERK, 
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IRE1α, and ATF-6 (65).  Bound by BiP, these UPR sentinels are maintained in their 

inactive, monomeric conformations.  Additionally, BiP binds the lumenal face of the 

Sec61 transclocon complex acting as a gatekeeper against the efflux of calcium from the 

ER to the cytosol (89).  Since Hsp70 family proteins contain a hydrophobic nucleotide 

binding domain (i.e. ATPase domain) that allosterically regulate the affinity of their 

substrate binding domains (66), it seems probable that VNPT-178 and VNLG-74A could 

interact with BiP.   

Using an in silico molecular docking approach, the crystallographically resolved 

structures of BiP’s ATPase domain (90) were evaluated for potential interaction with 

ARDAs.  We have determined previously that VNPT-178 can bind the AR-LBD using 

surface plasmon resonance but did not pursue determining Kd values as its interaction 

was notably weaker than that of galeterone (data not shown).  Therefore, to provide a 

baseline for predicted interactions, we first determined the predicted binding energy of 

VNPT-178 and VNLG-74A with the AR-LBD (Figures 27A and 27B).  Both compounds 

exhibit a potential for spontaneous binding with the AR-LBD and the free energy of this 

association (ΔG°) is predicted to be -7.2 and -6.6 kcal/mol for VNPT-178 and VNLG-

74A, respectively.  Docking each compound into the ATPase domain of BiP revealed a 

greater potential for interaction with free energies of binding predicted to be -8.0 and -8.3 

kcal/mol for VNPT-178 and VNLG-74A, respectively (Figures 27C and 27D).  Inspired 

by these results, we also evaluated whether the ARDAs could interact with another 

member of the Hsp70 chaperone family, Hsp70-1A.  Using the same methods, we 

estimate Gibb’s free energy of binding for VNPT-178 and VNLG-74A to be -7.8 and -7.1 

kcal/mol, respectively (Figures 27E and 27F).  Taken together, these molecular docking 
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studies predict that both galeterone analogs VNPT-178 and VNLG-74A have a greater 

potential to bind the ATPase domains of Hsp70 chaperones BiP/Grp78 and Hsp70-1A 

than they do the ligand-binding domain of the androgen receptor. 
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Summary and Conclusions from Specific Aim 3: 

Direct observation of cells in response to treatment is substantially more telling 

than relying on biochemical reporters and our side-by-side micrograph comparison of 

ARDA treatments in LNCaP, 22Rv1 and PC-3 cells clearly indicates that 22Rv1 cells are 

very sensitive to 20 µM treatments of VNPT-178 and VNLG-74A.  Not only do they 

exhibit morphological signs of apoptosis earlier than LNCaP and PC-3 cells but a greater 

proportion of the cells appear to be actively dying.  Performing western blots of 22Rv1 

cell lysates following treatment with VNPT-178 at multiple time points supports our 

visual observations of cell death induction.  However, based on these blots alone one 

could still make the argument that cell death induction is a graded consequence of AR 

antagonism and depletion.  We therefore evaluated whether AR depletion via shRNA 

knockdown or AR antagonism alone were sufficient to induce PARP cleavage.  Selective 

or combined AR knockdown as well as direct AR antagonism are insufficient to induce 

cell death.  ARDA treatments are, contrarily, necessary and sufficient to promote PARP 

cleavage in LNCaP, 22Rv1, and PC-3 cells.  Additionally, despite the apparent negative 

correlation of AR expression and activity to cell death induction, induction of the UPR is 

rapid and sustained through 72 hours of treatment.  This is an important observation as it 

more realistically accounts for time when considering the stability of mRNA and proteins 

transcriptionally regulated by the AR—just because the AR is lost doesn’t mean cells are 

instantly and linearly sensitive to apoptosis.   

The molecular docking studies proved paramount for the reconciliation of our 

observations here and elsewhere in the literature in which compounds targeting the AR 

and promoting its depletion simultaneously promote UPR and cell death.  As mentioned, 
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we believe AR antagonism/depletion is insufficient to induce the apoptotic effects 

observed, especially within the time frame of 24-72 hours.  By identifying an enhanced 

potential for binding BiP/Grp78 and Hsp70-1A we have given plausibility to an argument 

that the AR is not the primary effector of ARDA action. 

CHOP is a putative pro-apoptotic transcription factor  (72, 73) and its expression 

is an early response to ARDAs and is maintained at high levels at all time points where 

apoptosis is observed.  Additionally, based on the inhibitor studies using Z-VAD-FMK 

and calpeptin, our data expand on observations by Dr. Bruno that calcium efflux from the 

ER to the cytosol may sensitize prostate cancer cells to apoptosis.  While the roles of 

calcium and calpains are not yet fully elucidated, we conclude that VNPT-178 and 

VNLG-74A actively promote apoptosis by inhibiting BiP and their overlapping ability to 

antagonize the AR axis my tune the sensitivity of prostate cancer cells to cell death 

induction.   
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SPECIFIC AIM 4:   

Herein we will evaluate the safety and efficacy of VNPT-178 and VNLG-74A in 

vivo using a 22Rv1 tumor xenograft model.  Based on previous studies using Galeterone 

and VNPT-55, we anticipate oral gavage administration of these analogs twice daily will 

both be relatively safe and inhibit the outgrowth of 22Rv1 tumors.  We will monitor 

tumor growth and, upon termination of the study, will evaluate the efficacy of galeterone 

and its analogs compared to vehicle and enzalutamide based on change in tumor mass.  

Mouse body weights and behavior will be the primary determinant for safety and 

tolerability of the vehicle and each compound. 
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Specific Aim 4a:  Determine the growth-inhibitory effects of galeterone analogs 

against the AR-V7-expressing 22Rv1 xenograft model. 

Six-week old male athymic nude mice injected subcutaneously with 22Rv1 cells 

suspended in Matrigel were randomly stratified into six groups of six upon development 

of tumors measuring an estimated 100 cubic millimeters.  Treatment groups included β-

cyclodextrin vehicle control, enzalutamide (25mg/kg), and galeterone, VNPT-178, and 

VNLG-74A (148mmol/kg twice daily).  Vehicle or compound was delivered by oral 

gavage every day until tumors grew to an estimated 1750 cubic millimeters.  Mice were 

evaluated daily for overt signs of toxicity and both body weights and tumor dimensions 

were measured twice weekly.  Without intervention, the 22Rv1 xenografts grew rapidly 

and exceeded the primary endpoint within two and a half weeks (Figure 28).  Caliper 

measurements and estimated tumor volumes are plotted as a function of the mean volume 

± the standard error of the mean.  Estimated tumor volumes indicated both galeterone and 

VNPT-178 may reduce tumor growth up to 75% while enzalutamide and VNLG-74A 

were less effective, reducing tumor growth by an estimated 50%.  However, the mass 

measurements of excised tumors indicate only that galeterone treatments differed with 

statistical significance versus vehicle-treated controls (Figure 29).  No statistically 

significant differences were observed upon comparing tumor volume or mass of 

galeterone or its analog-treated groups to the enzalutamide-treated positive controls. 
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Specific Aim 4b:  Evaluate the safety and tolerability of galeterone analogs 

administered via oral gavage in male athymic nude mice. 

Throughout the xenograft study all mice in each group exhibited normal behavior, 

were relatively equal in appearance and activity, and fought with fervor against oral 

gavage needle.  Measurement of body weights throughout the xenograft study resulted 

positive weight gain within all treatment groups, and this weight gain was more than the 

measured tumor masses indicating a low level of toxicity for all treatment conditions 

(Figure 30).  One mouse in the VNPT-178 group died during the study and we expect this 
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was the result of it having bitten and damaged the gavage needle upon administration 

causing trauma to the esophagus.  The plastic needles were damaged and frequently 

replaced during the study. 
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Summary and Conclusions from Specific Aim 4: 

These data indicate that although not overtly toxic and potentially safe at doses 

more than 148mmol/kg, additional inquiry is necessary to evaluate the in vivo 

bioavailability and activity of these novel galeterone analogs.  As the dosing schedules 

used here were determined from previous studies comparing galeterone and VNPT-55, 

we will need to do a thorough examination of dosing quantity and route of administration 

for continued study of these analogs.  Additionally, the rapid growth of the 22Rv1 

xenografts may have contributed greatly to the variability in tumor development within 

all mouse groups.  Injections of fewer cells, 5x105 instead of 2x106 for instance, may 

improve the consistency of tumor development, reducing deviations between mice, and 

enabling collection of more-statistically significant data. 
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SUMMARY AND FUTURE DIRECTIONS: 

The androgen receptor (AR) remains a primary target for the treatment of all 

stages of prostate cancer development and progression.  Despite many advances in the 

development of new and more potent agents targeting the AR signaling axis, mechanisms 

of therapy resistance continually emerge (91).  This observation alone is significant when 

viewed through the lens of Darwinian evolution as it strictly implies these aberrations and 

subsequent reactivation of the AR axis are advantageous to and sufficient for tumor 

proliferation.  Aptly, it has been proposed by many that depletion of the AR would be a 

superior treatment paradigm compared to attenuation of its activity through androgen 

deprivation or direct antagonism, alone or in combination (92).  Indeed, multiple 

compounds have been described as depleting AR availability through upregulation of 

post-translational degradation and these studies also often depict increases in cell death 

induction, namely apoptosis.  However, there is much we do not know about the precise 

mechanisms by which the AR is selectively targeted by the ubiquitin-proteasome 

pathway (93, 94) and how its loss can directly promote apoptosis versus quiescence. 

Our objectives herein were straightforward:  identify novel galeterone analogs 

with the potential for improved antiproliferative and anti-AR activity; determine a 

modality in which those analogs could be reliably evaluated in vitro; identify a 

mechanism of apoptosis induction and its dependency on AR status; and finally, evaluate 

their activity in vivo using a xenograft model of castration-resistant prostate cancer.  In 

general, our hypotheses in which galeterone analogs exhibiting improved antiproliferative 

activity would also be more potent AR antagonists and depletive agents, and that these 

compounds would be effective at concentrations at or less than 20 µM and within 96 
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hours are supported by our data.  Further, a critical finding that both VNPT-178 and 

VNLG-74A exhibit a greater potential for binding the ATPase domains of Hsp70 

chaperones BiP/Grp78 and Hsp70-1A than the AR-LBD provides plausible explanation 

for how ARDAs induce apoptosis extraneously to effects on the androgen signaling axis 

and a summary model is depicted in Figure 31.  However, our tumor xenograft 

experiment failed to support our hypothesis of greater in vivo efficacy of ARDAs VNPT-

178 and VNLG-74A compared to galeterone, enzalutamide, or vehicle-treated controls 

despite supporting their relative tolerability.   

The experiments performed within Specific Aim 3 significantly advance our 

understanding of how galeterone analogs can affect malignant cell proliferation.  

Although prostate cancer therapies may continue to benefit from restricting the activation 

and expression of the AR over many months, we can almost universally reject any notion 

that these analogs inhibit malignant cell proliferation within 96 hours via targeting the 

fAR or AR-V7.  Firstly, only VNPT-178 and VNLG-74A, and not abiraterone or 

enzalutamide, induced PARP cleavage in LNCaP cells (Figure 23).  Therefore, 

antagonism of the AR is not sufficient to induce apoptosis within 48 hours.  Secondly, 

only VNPT-178, and not shRNA knockdown, induced apoptosis in 22Rv1 cells (Figure 

21).  Therefore, incomplete loss of full-length and/or truncated AR proteins is insufficient 

to induce apoptosis within 72hrs.  Thirdly, VNLG-74A induced caspase-3 and PARP 

cleavage in PC-3 cells (Figure 22).  Therefore, galeterone analogs do not require the 

expression, activation, or losses thereof of the androgen receptor to induce apoptosis 

within 96 hours.  Additionally, the differences in AR and PSA expression kinetics 

between LNCaP and 22Rv1 cells (Figures 14A and 14B) as well as the AR-V7 shRNA 
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knockdown in 22Rv1 cells reveal that neither galeterone analog sufficiently antagonizes 

AR-V7 activity.  However, we do concede that these experiments were designed around a 

global ARDA-mediated induction of apoptosis and do not strictly exclude the potential 

for a partial or specific inhibition of AR-V7 function unrelated to this endpoint.  

Additionally, as these compounds simultaneously target the AR and Hsp70 proteins, we 

cannot be certain that the overlapping of effects is not significant at longer time points. 

Future studies expanding on our identification of novel ARDA targets will greatly 

improve our understanding of the context-specific activities and limitations of galeterone 

analogs and their use as anticancer agents.  Based on our rationalization of functional 

assays, we identified two heat shock proteins containing nucleotide-binding domains with 

which VNPT-178 and VNLG-74A can directly interact.  However, adenosine phosphates 

are the primary energy currency within cells and, consequently, numerous proteins 

contain ATP/ADP-binding domains and may thus be inhibited or promoted by galeterone 

analogs.  Hsp70-1A and BiP/Grp78 share only 67% sequence homology within the NBD; 

however, their 3D structures as determined by crystallography are highly similar (90).  

Therefore, it seems likely that we have only partially described the totality of potential 

ARDA-interaction partners and there may be examples with even greater affinity than 

BiP.  Likewise, evaluation of galeterone analogs in comparison to epigallocatechin 

gallate (EGCG), which also binds BiP, Hsp70, and the AR, may provide additional 

clarity versus enzalutamide comparisons (48, 95, 96). 

A functional characterization of ARDA-bound BiP would help us improve our 

model of UPR and apoptosis induction.  We presume, based on our studies, that VNPT-

178 and VNLG-74A likely emulate an ATP-bound BiP conformation which favors 



90 
 

transient interaction with its substrates.  As the exact mechanisms for BiP dissociation 

from PERK, IRE1α, and ATF-6 are still being investigated (68-71), it would be valuable 

to know whether galeterone analogs compete with adenosine phosphates or modulate the 

kinetics of ATP hydrolysis or ADP-ATP exchange.  Additionally, the effects on Hsp70 

and, subsequently the AR and AR-V7, have yet to be fully resolved.  Using current 

models of Hsp70 action for the recruitment of Hsp90 to its client proteins (CPs), which 

include nuclear hormone receptors, it is plausible that accumulation of Hsp70 in its ATP-

bound state and inhibiting subsequent hydrolysis to ADP could elicit the proteasome-

mediated degradation of Hsp90 clients (i.e. fAR).  However, studies on Hsp70-mediated 

clearance of polyQ AR in neurodegenerative disorders demonstrate that efficient 

clearance of these androgen receptors requires ADP-bound Hsp70 to recruit the E3 ligase 

CHIP (97, 98).  Additionally, AR-Vs lacking the AR-CTD do not require Hsp90 

chaperone activity for stabilization and activity (99-101) but can still be targeted by CHIP 

(102).  Therefore, it remains to be determined whether Hsp70 is necessary to recruit 

CHIP to AR-Vs and, if so, whether Hsp70 can efficiently promote this interaction locked 

in an ATP-bound conformation.  As the kinetics of AR-V protein depletion are slow, 

taking nearly 72 hours, this may not be an efficient process and thus independent of a 

stable Hsp70-AR interaction. 

Additionally, the involvement of calcium and calpains for the induction of cell 

death is not fully resolved.  Outside of cell-specific differences in calpain expression or 

localization, additional factors, namely p53, have been implicated in calcium-mediated 

apoptosis (80, 103, 104).  While performing parallel studies comparing action of 

galeterone analogs to R1881 in LNCaP, 22Rv1 and PC-3 cells we noticed that p21 
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induction was markedly upregulated in LNCaP and 22Rv1 but not PC-3 cells following 

treatments with 20 µM VNPT-178, VNLG-74A, and R1881 (Figure 32).  P21 is a potent 

cyclin-dependent kinase inhibitor (CKI) capable of universally inhibiting CDK 

complexes and stalling cell cycle progression in all phases (105, 106).  While we did not 

fully pursue this avenue of investigation as the role of p53 in cancer development is 

broad, it may indeed be a critical factor in regulating cell responses to ARDA treatment. 

An obvious, related observation is the relative insensitivity of PC-3 cells to both VNPT-

178- and VNLG-74A-mediated cell death despite rapid induction of apoptosis in LNCaP 

and 22Rv1 cells.  P53 activation could sensitize cells to early death induction while 

sustained ERSR and CHOP upregulation inevitably promote apoptotic death over longer 

treatment durations.   

Altogether, continued evaluation of VNPT-178 and VNLG-74A, in addition to 

revised re-screening of galeterone analogs, could enable the identification of highly 

effective anticancer agents for all stages of prostate cancer development and progression.  

While 22Rv1 cells have been extensively used as a model of AR-V7-mediated castration-

resistant prostate cancer, it is apparent from these studies that galeterone analogs VNPT-

178 and VNLG-74A are potent inhibitors of 22Rv1 cell proliferation through AR- and 

AR-V-independent mechanisms.  Therefore, evaluation in additional AR-V-expressing 

models of CRPC, including LuCaP and VCaP, may aid our determination of the clinical 

utility of galeterone analogs in a broader context of AR-V expression and tumor 

resistance to currently available AR-directed therapies.    
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