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ABSTRACT 

Prostate cancer (PCa) continues to be a leading cause of cancer-related death in 

United States men due to the subset of patients who develop metastatic disease. 

In spite of recent advances, two substantial clinical challenges remain today: 

identifying who is at risk for (1) metastatic recurrence and (2) developing 

resistance to current therapies. In order to address these two main challenges, 

three novel approaches were taken to evaluate the potential of PCa genetic 

alterations as biomarkers and the roles that these genetic alterations have in 

therapeutic response and resistance. For our first study, genetic aberrations 

discovered by the next-generation sequencing (NGS) of patients’ primary tumor 

DNA (which was isolated from radical prostatectomy samples) were probed for 

by droplet digital PCR (ddPCR) in the corresponding patient’s plasma-derived 

cell-free DNA (cfDNA) isolated before radical prostatectomy. Determining if it is 

possible to assess the genetic landscape of primary PCa by liquid biopsy, may 

ultimately lead to the discovery of biomarkers for disease risk stratification as well 

as the ability to better predict disease outcomes and treat localized PCa patients. 

For our second study, metastatic castration-resistant prostate cancer (mCRPC) 

patients were prospectively enrolled in order to validate gene alterations, such as 

androgen receptor (AR) ligand-binding domain (LBD) mutations and/or AR copy 

number (CN) gain, detected in cfDNA as markers of enzalutamide and 

abiraterone resistance. Here, we show that AR LBD missense mutations are 

associated with a shorter progression-free survival (PFS). In addition, loss of the 

tumor protein p53 (TP53) gene and defects in the phosphoinositide 3-kinase 
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(PI3K) pathway are associated with a worse overall survival (OS). In our third 

study, the CRISPR/Cas9 system was used to generate an isogenic panel of PCa 

cell lines, containing both individual and multiple hotspot AR LBD mutations. The 

findings from these in vitro models will illuminate the biological role that these 

genetic alterations have in resistance to contemporary next-generation therapies, 

such as abiraterone and enzalutamide. Taken together, our studies provide 

valuable insight on how to better identify which PCa patients are at risk for 

developing lethal disease and resistance to current treatments. 
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Introduction 

 

Prostate Cancer (PCa) and PCa Screening 

 PCa is the second most common cancer in men worldwide [1]. It is 

estimated that in 2018, PCa will be diagnosed in 164,690 men in the United 

States alone and that 29,430 men will die of this disease, which is equivalent to 

9% of the total cancer-related deaths in United States men [2]. This high 

incidence of PCa can be attributed to multiple genetic and demographic factors, 

such as age, family history, and race [3]. However, due to advances in PCa 

screening, the five-year relative survival rate for PCa, regardless of race and 

disease stage at diagnosis, is 99% [2].  

The Prostate-Specific Antigen (PSA) blood test has allowed for the early 

detection of PCa. In fact, regular PSA screening aids in the diagnoses of men 

with prostatic carcinoma, on average, 10-12 years earlier in their natural history 

of the disease than those men who remain unscreened [4-7]. Thus, due to the 

PSA blood test, the majority of initially detected PCa (~90%) is still localized 

disease [4]. Today, it is widely acknowledged that the PSA blood test can detect 

high levels of circulating PSA that may be present due to noncancerous 

conditions of the prostate, such as inflammation. Therefore, the PSA blood test 

alone cannot be used as a reliable diagnostic tool for primary PCa, but can still 

assist in the monitoring of disease progression once the disease has been 

confirmed [8]. 
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Localized PCa and Disease Risk Stratification 

Localized PCa is a clinically and molecularly heterogeneous disease, 

which is best highlighted by the fact that some patients are cured of their indolent 

disease with initial therapy, while others will die from their more aggressive 

cancers [9]. It is due to this subset of aggressive and metastatic cancers that 

PCa remains a leading cause of death. Over the past two decades, many 

researchers have attempted to gain a better understanding of who is at risk for 

metastatic disease in order to positively impact clinical disease management. 

Earlier research efforts focused on developing accurate disease risk stratification 

systems, relying on both clinical and pathological parameters. These initial 

systems, which involved Gleason grading or assessing free PSA levels alone, 

have been shown to be severely deficient in predicting disease outcomes [10-

12]. Today, enhanced risk stratification systems, such as five-grade grouping and 

the Prostate Health Index (PHI), exist [13, 14]; however, due to the 

heterogeneous nature of PCa, these systems do not have perfect predictive 

abilities. Thus, molecular and genetic features of localized PCa are still being 

studied with the intention of further improving the ability to distinguish between 

indolent and aggressive disease in the clinic. 

 

Genetic Landscape of Primary PCa 

 Multiple studies have identified genetic alterations (such as mutations, 

copy number variations, rearrangements and fusions) in primary PCa, aiming to 

determine if the genomic status of a tumor could be used to additionally 
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differentiate between low- and high-risk disease [15-22]. In 2015, a 

comprehensive molecular profiling study of primary PCa found that 74% of 

tumors could be assigned to one of seven genomically distinct subtypes (Figure 

1.1) [9]. The mutually exclusive subtypes defined by this study were fusions in 1) 

ETS-related gene (ERG), 2) ETS variant 1 (ETV1), 3) ETS variant 4 (ETV4), 4) 

Friend leukemia virus integration 1 (FLI1) and mutations in 5) Speckle-type 

BTB/POZ protein (SPOP), 6) Forkhead box A1 (FOXA1), 7) Isocitrate 

dehydrogenase 1 (NADP+) (IDH1) [9]. 

Fusions between ERG or the other members of the ETS family of 

transcription factors and the promoters of androgen receptor (AR)-targeted 

genes are extremely common in localized PCa. In fact, the TMPRSS2:ERG gene 

fusion is the most common genetic alteration in primary PCa, occurring in 40-

50% of tumors [9, 23, 24]. However, multiple studies in the past decade have 

shown that TMPRSS2:ERG gene fusions do not significantly correlate with long-

term patient outcomes, the risk of biochemical recurrence, or even PCa-specific 

mortality [25, 26].  

While somatic point mutations are less common in PCa than in other solid 

malignancies, genetic mutations have been discovered in recent years. SPOP 

missense mutations occur in up to 15% of clinically localized PCa, making SPOP 

one of the most commonly mutated genes in primary PCa [9, 16, 17, 27]. The 

SPOP gene encodes for a substrate-binding adapter protein that provides 

specificity to a CUL3-based E3 ubiquitin ligase [28]. To date, multiple oncogenic 

substrates of SPOP have been discovered, such as DEK [29], tripartite motif-
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containing 24 (TRIM24) [29, 30], and AR [31, 32]. The Y87, F102, W131, and 

F133 residues are located in the SPOP protein’s MATH domain, are important for 

substrate-binding, and are the most commonly mutated residues in primary PCa 

[16, 28]. In 2017, Blattner et al. showed with a conditional mouse model that 

mutated SPOP drives prostate tumorigenesis in vivo by activating both AR and 

phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/mechanistic target of 

rapamycin (mTOR) signaling [33]. 

The FOXA1 gene encodes for a transcription factor that has been 

previously shown to target the AR [34], to be required for prostate epithelial cell 

differentiation [35], to play a role in PCa oncogenesis [36], and to promote cell 

cycle progression in castration-resistant prostate cancer (CRPC) [37]. In multiple 

studies, it has been found that FOXA1 mutations occur in about 4% of localized 

PCa [9, 16, 38]. Mutations in FOXA1 have been found in its DNA-binding 

domain, Forkhead domain, and C-terminal trans-activating domain [9, 16, 38]. 

Today, it is still unclear if these mutations impact FOXA1’s binding to its DNA 

targets or interaction with its transcriptional coregulators [9, 16]. Meanwhile, the 

IDH1 gene encodes for the cytoplasmic form of IDH [39]. IDH1 mutations have 

been shown to occur in only 1 to 3% of primary PCa and significantly correlate 

with early onset disease [9, 39, 40].  

The following genes have also been discovered to be consistently altered 

in primary PCa across multiple studies; however, they do not necessarily form 

mutually exclusive subgroups. The oncogene PI3K-alpha (PIK3CA) and the 

tumor suppressor phosphatase and tensin homolog (PTEN), both of which are 
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genes in the PI3K/mTOR pathway, have been found to be altered in 4% and 17% 

of localized PCa, respectively [9, 16]. Interestingly, PTEN gene deletion is an 

established prognostic biomarker in PCa, as it is reproducibly associated with 

poor outcomes [41-43]. Other tumor suppressor genes harboring aberrations in 

primary PCa are lysine methyltransferase 2D (KMT2D; 3%) and tumor protein 

p53 (TP53; 7%) [9, 16]. In the past decade, TP53 mutations have been shown to 

significantly contribute to tumor recurrence in PCa [44]. Lastly, lysine 

demethylase 6A (KDM6A; < 2%), mediator complex subunit 12 (MED12; 5%), 

and sodium voltage-gated channel alpha subunit 11 (SCN11A; 5%) genetic 

aberrations have also been identified in localized disease. A recent study 

concluded that genetic alterations in epigenetic regulators and chromatin 

remodelers, such as KMT2D and KDM6A, are significantly enriched in metastatic 

tumors when compared to primary tumors, implying that these genetic alterations 

could be potential biomarkers for high-risk disease [45]. While aberrations in a 

few of the aforementioned genes are known to contribute to poor outcomes in 

PCa patients, the significance of the other previously discussed genetic 

alterations as they relate to PCa progression is still unclear [9, 16].  

 

Tissue vs. Liquid Biopsies 

Today, tissue biopsies are collected from patients for diagnostic purposes; 

however, the molecular and genetic landscape of primary and metastatic tumor 

biopsies can also be evaluated. In fact, Gerlinger et al. (2012) characterized 

multiple tumor specimens obtained from the same patient and determined that 
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there were spatial (genomic differences between separate regions of the same 

tumor) and temporal (genomic differences between the primary tumor and 

recurrences) heterogeneities amongst this patient’s samples [46]. Thus, tissue 

samples provide a limited view of a tumor’s genomic makeup at only one point in 

time. In addition, tissue biopsies are extremely invasive and can have high 

complication rates [47].  

In recent years, liquid biopsies have been considered as the replacement 

for tissue biopsies as they better capture genomic heterogeneity of a given 

patient’s disease and allow for consistent monitoring throughout the natural 

history of one’s disease [47, 48]. Additionally, liquid biopsies are minimally 

invasive and easily obtainable [47]. One type of liquid biopsy is the collection of a 

patient’s blood so that circulating cell-free DNA (cfDNA) can be isolated and 

examined for diagnostic genetic aberrations. Since it has been previously shown 

that the amount of circulating cfDNA correlates with disease burden [49] and that 

a portion of cfDNA is tumor-derived [50], it is thought that liquid biopsies will have 

the ability to benefit all stages of cancer therapy (i.e. from assisting in the early 

diagnosis of primary disease to predicting treatment response in patients with 

metastatic disease). 

 

Liquid  Biopsies for Primary PCa 

In the past decade, many studies have discovered how plasma-derived 

cfDNA from metastatic PCa patients can be utilized to predict disease recurrence 

and treatment response [51-59]. However, there has been very little research 
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concerning the use of cfDNA in order to diagnose early PCa, determine 

biomarkers that risk-stratify localized disease, or even improve prognostic 

abilities before patients receive surgery and/or radiation. In fact, since the 

majority of primary PCa is still contained within the prostate itself when initially 

diagnosed and circulating cfDNA correlates with disease burden, it is unknown if 

cfDNA is even reliably detectable in localized PCa patients or those with a low 

disease burden. 

The primary goal of this study was to determine if genetic aberrations 

discovered by the next-generation sequencing (NGS) of patients’ primary tumor 

DNA (which was isolated from radical prostatectomy samples) could also be 

found by droplet digital PCR (ddPCR) in the corresponding patient’s plasma-

derived cfDNA isolated before radical prostatectomy. The secondary aim of this 

study was to determine if the same genetic aberrations discovered in the primary 

tumor DNA and pre-radical prostatectomy, plasma-derived cfDNA samples could 

additionally be probed for by ddPCR in the corresponding patient’s plasma-

derived cfDNA isolated after radical prostatectomy. The findings from this study 

will determine if it is possible to assess the genetic landscape of primary PCa by 

liquid biopsy. Ultimately, this study could lead to the usage of a noninvasive 

technique in order to discover potential biomarkers for disease risk stratification 

as well as better predict disease outcomes and treat patients with localized PCa. 
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Materials and Methods 

 

Patients and Sample Collection 

This biomarker study was approved by the Johns Hopkins Medicine 

Institutional Review Board (IRB). All patients provided written informed consent 

prior to enrollment. Eligibility criteria included patients diagnosed with localized 

PCa who had no documented metastatic disease by either computed 

tomography (CT) or by bone scans with technetium-99mm-labeled methylene 

diphosphonate. Patients were enrolled between May 2013 and March 2014 at 

the Johns Hopkins Hospital (Baltimore, MD). The 17 patients enrolled in this 

study had histologically confirmed prostate adenocarcinoma and radical 

prostatectomies. Radical prostatectomy samples were formalin-fixed and 

paraffin-embedded (FFPE). In a dedicated bleach- and ultraviolet (UV)-cleaned 

hood, primary tumor DNA was isolated from the FFPE samples using QIAamp® 

DNA FFPE Tissue Kit (Qiagen; Cat. #56404) as per the manufacturer’s protocol. 

To limit cross-contamination of samples, no more than four patient samples were 

processed at a time.  

Blood was collected before and after radical prostatectomy for all 17 

subjects. Clinical follow-up data, including patient PSA levels, were also obtained 

before and after radical prostatectomy for all 17 subjects. 
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Plamsa and cfDNA Isolations from Blood Samples 

Three, 10mL blood samples were collected in Streck BCT tubes pre- and 

post-surgery for each patient. Blood was stored at room temperature and then 

processed for plasma isolation within 24 hours. To optimize patient sample 

integrity and to limit DNA contamination, plasma was extracted in a bleach- and 

UV-cleaned hood specifically for plasma extraction in a room dedicated for blood 

processing, storage, and cfDNA isolation. Plasma was extracted from blood by 

centrifugation for 10 minutes at 1500 x g followed by a second centrifugation for 

10 minutes at 3000 x g as previously described [60-63]. Plasma was stored at  

-80°C in 1.5mL aliquots. In a dedicated bleach- and UV-cleaned hood, cfDNA 

was extracted from plasma using the QIAamp® Circulating Nucleic Acid Kit 

(Qiagen; Cat. #55114) as per the manufacturer’s protocol. To limit cross-

contamination, samples were processed individually.  

 

Deep NGS 

GeneRead™ DNAseq Custom Mix and Match Targeted Panel V2 

(Qiagen; 47 genes; 352,096 bases; Table 1.1) was used to prepare libraries of 

the primary tumor DNA isolated from the FFPE samples for NGS as per the 

manufacturer’s protocol. NGS libraries were prepared in a dedicated bleach- and 

UV-cleaned hood. Primary tumor DNA was quantified using Qiagen’s QIAseq™ 

DNA QuantiMIZE Assay (DNQC-100Y-F) as per the manufacturer’s protocol. 

Between 0.8 and 13.0ng of primary tumor DNA was used for library generation. 

Samples were PCR-amplified using Qiagen’s GeneRead™ DNAseq Panel PCR 
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Reagent V2 (Cat. #181942) for 22 cycles as per the manufacturer’s protocol. 

PCR panel amplicons were purified using AMPure XP beads (Beckman Coulter, 

Cat. #A63880) and then quantified by the Agilent 2100 Bioanalyzer. Qiagen’s 

GeneRead™ DNA Library Prep I Kit (Cat. #180435) and GeneRead™ Adapter I 

Set A and B 12-plex (Cat. #180985 and #180986, respectively) were used to 

construct all libraries according to the manufacturer’s instructions. Purified 

libraries were amplified using Qiagen HiFi PCR Master Mix for 5 cycles according 

to the manufacturer’s protocol. Purified libraries were amplified using Qiagen HiFi 

PCR Master Mix for 5 cycles according to the manufacturer’s instructions. 

Prepared libraries were quantified using QIAseq™ Library Quant Assay (Qiagen; 

QSTF-ILZ-F). NGS was performed on the Illumina Hi-Seq with a median on-

target coverage of 701x.  

 

Sequence Alignment and Analysis of Variants  

Raw sequencing data was aligned to Human Genome (build 

GRCH37.p13/hg19) reference [64] using BWA aligner(v0.7.10) [65]. Post-

alignment data was passed through Picard Tools (V1.125] [66] to assess the 

alignment quality. Quality-controlled alignment data was employed to call the 

variants using an in-house variant caller, MDLVC, which scans through the 

alignment data for raw variants. Resulting raw variant calls were further applied 

with various filters including minimum base quality of q25, minimum base depth 

of 25, strand bias threshold, and allele frequency of ≥5%. In addition to the above 

filters, false positive variant calls arising due to the given sequencing run were 
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assessed, tracked, and filtered out using two negative controls (i.e. DNA isolated 

from normal, FFPE prostate tissue) sequenced in this study. Variant calls that 

were coding silent or that were designated as common in populations by dbSNP 

[67], EXaC [68], TCGA [69], and ClinVar [70] reference databases were excluded 

from analyses. ClinVar was used to determine pathogenicity of missense 

mutations [70]. Missense mutations that were pathogenic or likely pathogenic by 

ClinVar were used for analyses. High-confidence somatic variants were further 

annotated with information from COSMIC [71], Mutation Assessor, and 

cBioPortal [72]. Final variant calls were visualized and assessed further for 

validity using Integrated Genome Viewer (IGV) [73].  

 

ddPCR 

 ddPCR for the SPOP gene’s mutational status was performed as 

described previously [60]. All cfDNA was first PCR-amplified using Platinum 

SuperFi™ (Invitrogen) and the following primers (IDT; depending on the given 

SPOP mutation of interest): preAMP-Int6-F1 (GGCTTTGATCTGGTTTTTGCG) 

and preAMP-Ex7Int7-R1 (GAATACAAGGACTCACCTCG; for F125L mutation 

only) or preAMP-Int7-R1 (TCAGATCTGGGAACTGCTAG; for W131C and F133L 

mutations). The annealing temperatures for these primers were 60°C for 

preAMP-Int6-F1 and preAMP-Ex7Int7-R1 and 55°C for preAMP-Int6-F1 and 

preAMP-Int7-R1. The following primers (IDT) were used in the ddPCR: (1) For 

F125L: dd-SPOP-Int6Ex7-F1 (TTTTCCCCACCCCAGAGAG) and dd-SPOP-Ex7-

R3 (ATCAGGGAGAAGCCCGTTGG) (2) For W131C and F133L: dd-SPOP-Ex7-
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F1 (CCAGAGAGTCAACGGGCAT) and dd-SPOP-Ex7-R1 

(GCTTGTCATCAGGGAGAAGC). Dual-labeled (FAM or HEX) fluorescent-

quencher hydrolysis probes (IDT) were designed for SPOP mutations (F125L, 

W131C, and F133L) and their respective wild-type loci. The following are the 

probes that were used for each loci in this ddPCR (with the mutated amino acid 

in bold): (1) F125 region: SPOP-F125-WT (HEX: 

GGCATATAGGTTTGTGCAAGGCA) and SPOP-F125L-MUT1 (FAM: 

GGCATATAGGTTGGTGCAAGGCA) (2) F131 region: SPOP-W131-WT (HEX: 

TGCAAGGCAAAGACTGGGGATTCA) and SPOP-W131C-t-MUT1 (FAM: 

TGCAAGGCAAAGACTGTGGATTCA) or SPOP-W131C-c-MUT2 (FAM: 

TGCAAGGCAAAGACTGCGGATTCA) (3) F133 region: SPOP-F133-WT (HEX: 

CAAAGACTGGGGATTCAAGAAATTC) and SPOP-F133L-MUT1 (FAM: 

CAAAGACTGGGGATTGAAGAAATTC). The following annealing temperatures 

for these primer and probe combinations are as follows: (1) 55°C (2) 58°C (3) 

62°C for mutations W131C (t-mutant), W131C (with c-mutant) and F133L, 

respectively. 

Wild-type male cfDNA was used as a control. The following gBlocks® 

Gene Fragments were designed (with mutated amino acids in bold) and ordered 

from IDT to act as additional controls for the ddPCR: (1) SPOP-Ex7-WT: 5’-

TTCATACACTGACAAGTTGTGGCTTTGATCTGGTTTTTGCGTAACCTTAAATA

TGACTTTTTTTTTCCCCACCCCAGAGAGTCAACGGGCATATAGGTTTGTGCA

AGGCAAAGACTGGGGATTCAAGAAATTCATCCGTAGAGATTTTCTTTTGGAT

GAGGCCAACGGGCTTCTCCCTGATGACAAGCTTACCCTCTTCTGCGAGGTG
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AGTCCTTGTATTCTGCTGAGACTAGCAGTTCCCAGATCTGATGAGTATTGGT

AGACTTAAT-3’ (2) SPOP-Ex7-F125L: 5’-

TTCATACACTGACAAGTTGTGGCTTTGATCTGGTTTTTGCGTAACCTTAAATA

TGACTTTTTTTTTCCCCACCCCAGAGAGTCAACGGGCATATAGGTTGGTGCA

AGGCAAAGACTGGGGATTCAAGAAATTCATCCGTAGAGATTTTCTTTTGGAT

GAGGCCAACGGGCTTCTCCCTGATGACAAGCTTACCCTCTTCTGCGAGGTG

AGTCCTTGTATTCTGCTGAGACTAGCAGTTCCCAGATCTGATGAGTATTGGT

AGACTTAAT-3’ (3) SPOP-Ex7-W131C-1: 5’-

TTCATACACTGACAAGTTGTGGCTTTGATCTGGTTTTTGCGTAACCTTAAATA

TGACTTTTTTTTTCCCCACCCCAGAGAGTCAACGGGCATATAGGTTTGTGCA

AGGCAAAGACTGTGGATTCAAGAAATTCATCCGTAGAGATTTTCTTTTGGAT

GAGGCCAACGGGCTTCTCCCTGATGACAAGCTTACCCTCTTCTGCGAGGTG

AGTCCTTGTATTCTGCTGAGACTAGCAGTTCCCAGATCTGATGAGTATTGGT

AGACTTAAT-3’ (4) SPOP-Ex7-W131C-2: 5’-

TTCATACACTGACAAGTTGTGGCTTTGATCTGGTTTTTGCGTAACCTTAAATA

TGACTTTTTTTTTCCCCACCCCAGAGAGTCAACGGGCATATAGGTTTGTGCA

AGGCAAAGACTGCGGATTCAAGAAATTCATCCGTAGAGATTTTCTTTTGGAT

GAGGCCAACGGGCTTCTCCCTGATGACAAGCTTACCCTCTTCTGCGAGGTG

AGTCCTTGTATTCTGCTGAGACTAGCAGTTCCCAGATCTGATGAGTATTGGT

AGACTTAAT-3’ (5) SPOP-Ex7-F133L: 5’-

TTCATACACTGACAAGTTGTGGCTTTGATCTGGTTTTTGCGTAACCTTAAATA

TGACTTTTTTTTTCCCCACCCCAGAGAGTCAACGGGCATATAGGTTTGTGCA

AGGCAAAGACTGGGGATTGAAGAAATTCATCCGTAGAGATTTTCTTTTGGAT
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GAGGCCAACGGGCTTCTCCCTGATGACAAGCTTACCCTCTTCTGCGAGGTG

AGTCCTTGTATTCTGCTGAGACTAGCAGTTCCCAGATCTGATGAGTATTGGT

AGACTTAAT-3’. ddPCR (Bio-Rad) was performed in a dedicated, UV-equipped 

hood and according to the manufacturer’s protocol. Total molecules were 

quantified by the QX200 Droplet Reader software.   

 

  

Results 

 

Patient Cohort  

In total, 17 patients with localized PCa were enrolled prior to radical 

prostatectomy. Patient characteristics are summarized in Table 1.2. The median 

age at enrollment for the overall cohort was 62 years. The majority of patients 

were of the Caucasian/White racial background and were diagnosed with their 

primary PCa in 2013. All patients had a representative pre-surgery samples, 

while 4 patients (or 23.5% of patients) did not have a representative post-surgery 

sample. The median pre-surgery PSA level for the cohort was 8.1ng/mL and the 

median post-surgery PSA level for the cohort was undetectable.   

The patient’s primary PCa characteristics in this study are summarized in 

Table 1.3. Seven (or 41% of) localized PCa patients had a clinical stage of T1c. 

The median biopsy and pathological Gleason sums of this cohort were both 

equal to eight, while the range of the biopsy and pathological Gleason sums were 

both six to 10. Six (or 35% of) patients in this cohort had a pathological stage of 
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pT2 pN0. Only two (or 12% of) patients had positive lymph nodes. While over 

three-quarters of the patients had negative bone scans, the results of the bone 

scans for the remaining one-quarter of patients were not recorded in this study. 

After surgery, four patients (or 24% of patients) still had a positive surgical 

margin. 

 

Genetic Alterations in Localized PCa Patient Cohort 

It was discovered by NGS of primary tumor DNA that each of the 17 

patients possessed multiple genetic alterations in their respective FFPE, radical 

prostatectomy samples. For simplification purposes, Table 1.4 only lists the one 

genetic alteration that was chosen for follow-up with ddPCR. Currently, a genetic 

alteration has not been chosen for pursuit by ddPCR in two (or 12%) of the 

patients. Twenty-seven percent (4/15) of the remaining mutations listed in Table 

1.4 were annotated by ClinVar as pathogenic or likely pathogenic. Interestingly, 

five patients (or 29% of the total patients in this study) had the following SPOP 

missense mutations, all of which are found within the MATH domain of the 

protein: F125L, W131C, and F133L. While ClinVar annotated three of the SPOP-

W131C and F133L mutations as pathogenic or likely pathogenic, it is important to 

note that a prior study demonstrated that SPOP mutations are not associated 

with worse outcomes, such as shorter length of time to biochemical recurrence, 

in PCa patients [27].  

Two (2/17; 12%) additional patients had TP53 mutations causing 

frameshifts of unknown clinical significance. Another two patients had KMT2D 
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mutations both of which were single nucleotide deletions. Only one (1/17; 6%) 

patient had a missense mutation in KDM6A. However, over 76% of the total read 

counts for this locus in this patient’s NGS library contained this mutation, and so 

it is possible that this KDM6A missense mutation is germline. Interestingly, two 

patients had one mutation in the following mismatch repair genes: mutS homolog 

2 (MSH2) and mutL homolog 1 (MLH1). While the missense mutation in MSH2 is 

of unknown significance, the MLH1 mutation is involved in splicing and is 

predicted to have pathogenic consequences [71]. One patient had a neutral 

missense mutation in SCN11A that was found in over 56% of the total read 

counts, meaning that this patient could also have a germline mutation. One 

patient had a splice site mutation in the MED12 gene and another patient had a 

frameshift mutation in the Fanconi anemia complementation group M (FANCM) 

gene. The FANCM protein is involved in the DNA damage repair pathway, 

possibly even assisting BRCA2 [74], however, it is unclear if the particular 

mutation found in this study’s patient sample is of clinical relevance.  

 

Mutational Status of Patient cfDNA by ddPCR  

The ddPCR results for the cfDNA analyzed from four patients thus far can 

be viewed in Figure 1.2. From these results, it was determined that Patients 1, 6, 

and 9 are not positive for the anticipated SPOP mutations that were originally 

discovered in their primary tumor DNA by NGS. However, the SPOP-W131C 

mutation was found in Patient 14’s cfDNA by ddPCR at very low levels. The 

frequency of this SPOP-W131C mutation in Patient 14 is 0.0002.  
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Discussion and Future Directions 

 

One limitation of this study is its small sample size (n=17). Thus, the 

percentages of patients who have a given genetic alteration in this study and the 

percentage of primary tumors that have the same genetic alteration in the 

previously mentioned studies available through cBioPortal (Figures 1.1 and 1.3) 

cannot be compared. For example, in this study five out of the 17 total subjects 

(29%) had SPOP mutations in their primary tumor DNA isolated from the FFPE, 

radical prostatectomy samples; however, it is estimated that only about 10% of 

primary tumors available on cBioPortal have genomic aberrations in the SPOP 

gene. If this study consisted of a larger number of consented patients, then the 

percentage of SPOP mutations may not have been so high. 

Another limitation of this study is that it is currently in-progress as both 

aims are still being addressed. All plasma-derived cfDNA samples taken before 

radical prostatectomies for the remaining 13 patients are being assessed by 

ddPCR for the presence of each genetic alteration listed in Table 1.4. As for the 

four patients whose cfDNA was probed by ddPCR for the given SPOP mutations 

discovered by NGS, the mutations of interest were not detected in three of the 

patients thus far. Meanwhile, Patient 14 was confirmed to contain the mutation of 

interest in his cfDNA at extremely low levels. Before absolute conclusions can be 

drawn from these results, the remaining 13 patients’ cfDNA samples need to be 

assessed by ddPCR for the chosen mutation of interest. In addition, all 17 

plasma-derived cfDNA samples taken after radical prostatectomy still need to be 
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assessed by ddPCR. The completion of these ddPCRs is imperative for truly 

discerning whether or not plasma-derived cfDNA from primary PCa patients can 

be reliably utilized to detect genetic alterations at this early stage of the disease. 

Ultimately, this small study could discover potential biomarkers for the purpose of 

distinguishing between an indolent and aggressive PCa, thereby better predicting 

disease outcomes and treatment responses in patients with localized PCa.  
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Figure 1.1: The seven genomically distinct subgroups of primary PCa [9, 15, 20], 

as analyzed by cBioPortal for Cancer Genomics [72, 75]. 

 

 

 

Figure 1.2: Determining the SPOP mutational status of patients’ cfDNA by 

ddPCR. ddPCR results for (A) Patients 1 and 14, (B) Patient 9, and (C) Patient 6. 

SPOP W131 or F133= given SPOP WT gBlock controls; SPOP W131C or 

F133L=given SPOP mutant gBlock controls; HM8=healthy male control cfDNA; 

dH2O=water (negative) control. 
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Figure 1.3: The general genomic aberration status of primary PCa [9, 15, 20] for 

the specific genes found altered in this study, as analyzed by cBioPortal for 

Cancer Genomics [72, 75]. 
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Abstract 

 

PURPOSE. Androgen receptor (AR) gene alterations, including ligand-binding 

domain (LBD) missense mutations and copy number (CN) gain, as predictive 

markers of resistance to enzalutamide and abiraterone in men with metastatic 

castration-resistant prostate cancer (mCRPC) have yet to be fully established. 

The goal of this study was to validate AR gene alterations detected in cell-free 

DNA (cfDNA) as markers of enzalutamide and abiraterone resistance in mCRPC 

patients. 

 

METHODS. Patients with mCRPC (n=62) were prospectively enrolled between 

2014 and 2018. Blood was collected prior to therapies: enzalutamide (n=25), 

abiraterone (n=35), or concurrent enzalutamide and abiraterone (n=2) and at 

progression. Deep next-generation sequencing (NGS) was used to analyze 

cfDNA for sequence variants and CN status in AR and 46 additional cancer-

associated genes. The primary endpoints were PSA response, progression-free 

survival (PFS), and overall survival (OS). 

 

RESULTS. Elevated tumor-specific cfDNA (ctDNA) was associated with a worse 

PSA response (HR: 3.17; 95%CI: 1.11-9.05; P=0.031), PFS (HR: 1.76; 95%CI: 

1.03-3.01; P=0.039), and OS (HR: 2.92; 95%CI: 1.40-6.11; P=0.004). AR LBD 

missense mutations (HR: 2.51; 95%CI: 1.15-5.72; P=0.020) were associated with 

a shorter PFS in multivariable models. AR CN gain was associated with a shorter 
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PFS; however, significance was lost in multivariable modeling (P=0.060). Genetic 

alterations in tumor protein p53 (TP53; HR: 2.70; 95%CI: 1.27-5.72; P=0.009) 

and phosphoinositide 3-kinase (PI3K) pathway defects (HR: 2.62; 95%CI: 1.12-

6.10; P=0.026) were associated with a worse OS. 

 

CONCLUSION. These findings support that high ctDNA, AR LBD hotspot 

missense mutations, and, to a limited extent, AR CN gain are associated with a 

worse response to next-generation anti-androgen therapies and that ctDNA 

burden, TP53 loss, and PI3K pathway defects are associated with worse OS in 

men with mCRPC. 

 

 

Introduction 

  

 Prostate cancer remains a leading cause of cancer-related death in US 

men due to the subset of patients who develop metastatic disease. Most patients 

with metastatic prostate cancer respond initially to contemporary androgen 

deprivation therapies (ADT), but eventually progress to mCRPC. Next-generation 

therapies targeting the androgen-AR axis, such as abiraterone and 

enzalutamide, have improved survival outcomes for men with mCRPC [1-4], but 

both primary and acquired resistance to these drugs continue to be a substantial 

clinical challenge. Thus, there is a need to identify robust biomarkers to guide 

therapy decisions for patients with mCRPC, especially given the availability of 
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various non-hormonal therapies (i.e. chemotherapy, immunotherapy, and bone-

targeted therapy). 

Resistance mechanisms to therapies targeting the androgen-AR axis are 

not fully understood; however, some forms of resistance likely involve AR gene 

alterations, including amplification and mutations. AR gene alterations are rare in 

primary prostate cancers with a reported incidence of less than 2% of cases [5-

7]. In contrast, AR gene alterations are highly prevalent in mCRPC with a 

combined frequency of 50-60% [8-11], thereby, supporting their association with 

resistance to androgen-AR axis therapies [12, 13]. Moreover, amplification of AR 

occurs far more commonly than AR LBD missense mutations in mCRPC 

(approximately 50% vs. 15% of cases) with some cases exhibiting multiple AR 

alterations [10]. Thus, AR gene alterations may be relevant biomarkers for 

decision-making in clinical practice.  

Metastatic tissue biopsies as a sole means to determine and follow 

changes in AR status is impractical, and thus cfDNA is gaining traction as a 

minimally invasive and easily obtainable tumor biopsy surrogate. Prior studies 

using cfDNA from the blood to evaluate the association of AR gene aberrations 

with resistance to abiraterone and enzalutamide are inconclusive [14-17]. 

Elevated AR levels in cfDNA as measured by CN gain [18, 19] and/or 

amplification [20], or detection of two or more AR mutations [20] have been 

associated with worse outcomes when men are treated with therapies such as 

abiraterone and enzalutamide. In contrast, neither AR CN gain nor AR LBD 

mutations were significantly associated with time to progression on abiraterone 
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and enzalutamide therapies in multivariate models [17]. Thus, the role of AR 

gene aberrations in mediating resistance to androgen-AR axis therapies has not 

been fully determined and definitive prospective studies are needed for clinical 

validation.  

AR gene alterations are only detected in a subset of patients who have 

either primary or acquired resistance to androgen-AR axis therapies, thereby 

highlighting the need to determine other mechanisms that may mediate 

resistance. The AR splice variant, AR-V7, is associated with resistance to 

enzalutamide and abiraterone [21-23] and is also associated with increased AR 

CN [24]. In addition to AR, alterations in other genes such as TP53, phosphatase 

and tensin homolog (PTEN), and breast cancer gene 2 (BRCA2) are enriched in 

lethal prostate cancer [8-11]. Recent studies support that lineage plasticity from 

an AR-dependent to an AR-independent state through loss of TP53 and 

retinoblastoma-associated protein 1 (RB1) mediates resistance to androgen-AR 

axis therapies [25-27]. Consistent with this, TP53 defects have been shown to be 

associated with worse outcomes with abiraterone and enzalutamide therapies 

[17]. Similar to TP53, PTEN may promote a less AR-dependent state to mediate 

castrate-resistance [28-31]. The role of BRCA2 and other homology-directed 

repair (HDR) genes in mediating resistance to enzalutamide and abiraterone has 

not been definitively determined. While it has been reported that truncating 

mutations in BRCA2 and ataxia-telangiectasia mutated gene (ATM) are 

associated with a shorter time to progression on enzalutamide and abiraterone 
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[17], other studies indicate that HDR defects may be associated with a better 

response to therapy [32, 33].  

The primary goal of this study was to validate AR LBD mutations and/or 

AR CN gain detected in cfDNA as predictive markers to enzalutamide and 

abiraterone resistance in patients with mCRPC. The secondary goal was to 

determine if mutations in other genes enriched in lethal prostate cancer such as 

TP53, PTEN, and BRCA2 were associated with response to enzalutamide and 

abiraterone. In this study, high ctDNA burden was significantly associated with 

PSA response, PFS, and OS. Study findings also validate that AR LBD mutations 

are significantly associated with a shorter PFS, even after controlling for factors 

such as ctDNA burden. Pre-therapy AR CN gain was significantly associated with 

both a shorter PFS and a worse OS, but lost significance when controlled for 

ctDNA burden. TP53 loss and defects in the PI3K pathway were both associated 

with worse OS. 

 

 

Results  

 

Patient Cohort  

Patient characteristics are summarized in Table 2.1. Pre-therapy PSA, 

PSA response, and PFS were not significantly different between patients on 

abiraterone and enzalutamide (Table 2.1; Figure 2.1A-C). Approximately one-

quarter of patients had prior abiraterone or enzalutamide. Prior abiraterone or 
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enzalutamide was not significantly associated with PSA response (P=0.146), 

PFS (P=0.620) or OS (P=0.284) (Tables 2.2 and 2.3; Figure 2.1D). ClinVar-

annotated pathogenic or likely pathogenic mutations and/or CN alterations [34] 

were detected in cfDNA from 89% of patients prior to therapy initiation and in 

92% of patients at progression (Figures 2.2A-D and 2.3). 

 

ctDNA  

Total cfDNA concentration prior to therapy was associated with PSA 

(P=0.002; Figure 2.4A). Deep NGS was used to analyze cfDNA for CN variation 

and mutations in 47 cancer-associated genes (Table 1.1). Nearly all patients 

(61/62) had detectable CN variation(s) and/or mutation(s) with an allelic 

frequency above the 1% cutoff (Figure 2.2B-C). High allelic fractions of ctDNA 

have been associated with poor prognosis [14, 17, 20]. High ctDNA burden was 

detected in approximately 44% of patients prior to therapy. High ctDNA burden 

was significantly associated with a worse PSA response (OR: 3.17; 95%CI: 1.11-

9.05; P=0.031) by logistic regression analyses (Table 2.2). High ctDNA burden 

was associated with a shorter median time to progression (14.0 weeks vs. 34.0 

weeks; P=0.022) and a shorter PFS (HR: 1.76; 95% CI: 1.03-3.01; P=0.039) 

using proportional hazards modeling (Table 2.3; Figure 2.5A). High ctDNA 

burden was also significantly associated with a shorter median survival (62.7 

weeks vs. 134.9 weeks; P=0.003) and a worse OS (HR: 2.92; 95%CI: 1.40-6.11; 

P=0.004) using proportional hazards modeling (Table 2.3; Figure 2.6A). Other 

clinical variables such as prior abiraterone or enzalutamide therapy, PSA, age, 
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and visceral metastases were not significantly associated with PSA response, 

PFS, or OS in univariate analyses (Tables 2.2 and 2.3).   

 

AR  

Prior studies evaluating the associations between AR gene alterations, 

including CN gain and LBD missense mutations, with therapeutic outcomes are 

conflicting [14, 15, 17-20, 35]. AR CN gain was detected in approximately half of 

patients prior to therapy and at progression (Figures 2.2C-D and 2.3; Table 2.4). 

AR CN gain was not significantly associated with PSA response (P=0.119; Table 

2.2; Figure 2.5B), but was associated with a shorter median time to progression 

(16.1 weeks vs. 34.0 weeks; P=0.013) and a shorter median survival (62.7 weeks 

vs. 144.9 weeks; P=0.002) (Figures 2.5C and 2.6B). Using proportional hazards 

modeling, PFS (HR: 2.07; 95%CI: 1.20-3.57; P=0.009) and OS (HR: 3.26; 

95%CI: 1.52-7.11; P=0.002) were shorter in patients with AR CN gain; however, 

significance was lost upon inclusion of ctDNA burden in multivariable modeling 

(Figures 2.5C and 2.6B; Table 2.3).  

Pathogenic AR LBD missense mutations were detected in cfDNA from 

13% of patients prior to therapy initiation and in an additional 15% of evaluable 

patients at progression who were AR LBD missense mutation-negative prior to 

therapy (Figures 2.2C-D and 2.5D; Table 2.5). Using logistic regression 

analyses, pre-therapy pathogenic AR LBD missense mutations neared 

significance for a worse PSA response rate (P=0.072; Table 2.2). Pre-therapy 

pathogenic AR LBD missense mutations were significantly associated with a 
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worse ≥ 30% decline in PSA (OR: 6.00; 95%CI: 1.10-32.76; P=0.039; Table 2.2; 

Figure 2.5E), that remained significant when controlled for other factors including 

prior abiraterone or enzalutamide therapy (P=0.048), pre-therapy PSA (P=0.044), 

or ctDNA burden (P=0.039) in multivariable logistic regression analyses (Tables 

2.2 and 2.5).  

Median time to progression was significantly shorter in patients who had 

an AR LBD missense mutation than in AR LBD mutation-negative patients (11.4 

weeks vs. 28.7 weeks; P=0.021; Figure 2.5F). Using proportional hazards 

modeling, AR LBD missense mutations detected prior to therapy were 

significantly associated with a shorter time to progression (HR: 2.39; 95%CI: 

1.11-5.14; P=0.026) even when controlled for ctDNA burden (P=0.020; Table 

2.3). However, AR LBD mutations were not significantly associated with a worse 

OS (P=0.364; Table 2.3).  

AR CN gain and AR LBD missense mutations were not mutually exclusive 

in cfDNA (Figure 2.2C). Collective AR alterations, including CN gain and LBD 

missense mutations, were significantly associated with a shorter PFS and OS, 

but significance was lost upon inclusion of ctDNA burden in multivariable 

modeling (Table 2.3).  

Interestingly, two AR mutations at different allelic frequencies (T878A at 

9.4% and L702H at 1.5%) were detected in one patient progressing on 

abiraterone plus prednisone who also had AR CN gain (Figure 2.2C; Table 2.4). 

Studies support that the AR L702H mutation mediates an acquired response to 

glucocorticoids thereby providing rationale to switch from prednisone to 
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dexamethasone [14, 20, 36]. In support of this notion, replacement of prednisone 

with dexamethasone resulted in a greater than 80% PSA decline for this patient 

(Figure 2.4B).  

 

TP53 and RB1  

Genetic alterations in TP53 are highly enriched in lethal prostate cancer 

[8-11]; and have recently been shown to be associated with worse PFS and OS 

in patients treated with abiraterone and enzalutamide [17]. TP53 was highly 

altered in patients’ cfDNA (Figures 2.2C-D and 2.6C); however, TP53 defects 

(pathogenic mutations and/or CN loss) were not associated with PSA response 

(P=0.602) or PFS (P=0.314; Tables 2.2 and 2.3). Conversely, median OS was 

shorter in patients with a TP53 defect compared to patients without a detectable 

TP53 defect (68.1 weeks vs. 134.9 weeks; P=0.001; Figure 2.6D). Using 

proportional hazards modeling, TP53 defects were associated with worse OS 

(HR: 3.19; 95%CI: 1.53- 6.64; P=0.002) that remained significant after adjusting 

for clinical variables including ctDNA (P=0.009), prior abiraterone or 

enzalutamide (P=0.003), or PSA (P=0.001) (Tables 2.3 and 2.6). Patients with 

both TP53 and RB1 defects had an even shorter median OS compared to 

patients with a TP53 defect alone or to patients with intact TP53 (35.4 weeks vs. 

77.4 weeks vs. 157.7 weeks; P<0.001; Figure 2.6E). TP53 defects in conjunction 

with RB1 defects were associated with worse OS (HR: 4.50; 95%CI: 1.79-11.28; 

P=0.001) that remained significant after adjusting for ctDNA burden (P=0.002) 

(Table 2.3). 
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PI3K and wingless-type MMTV integration site (WNT) Pathways  

PI3K pathway defects involving genetic alterations in PTEN (CN loss 

and/or truncating mutations) and phosphatidylinositol-4,5-bisphosphate 3-kinase 

catalytic subunit alpha (PIK3CA; CN gain) were detected in nearly one-quarter of 

patients prior to therapy (Figure 2.2C-D). Patients with PI3K pathway defects 

prior to therapy had a significantly shorter median survival (49.4 weeks vs. 134.9 

weeks; P<0.001) and a worse OS (HR: 3.64; 95%CI: 1.69-7.86; P=0.001), even 

after controlling for ctDNA burden (P=0.026) (Figure 2.6F; Tables 2.3 and 2.7). 

PI3K pathway alterations were also associated with a worse PSA response that 

remained significant after adjusting for ctDNA burden (HR: 8.53; 95%CI: 2.09-

34.81; P=0.003). WNT pathway defects involving genetic alterations in 

adenomatous polyposis coli (APC; CN loss and truncating mutations) and beta-

catenin (CTNNB1; CN gain and pathogenic missense mutations) were detected 

in 15% of patients prior to therapy (Figure 2.2C-D). WNT pathway defects were 

associated with a worse OS (HR: 2.92; 95%CI: 1.28-6.68; P=0.011) using 

proportional hazards modeling; however, significance was lost after controlling 

for ctDNA burden (P=0.051) (Figure 2.6G; Table 2.3). 

 

BRCA1, BRCA2, and ATM 

Men with lethal prostate cancer are more likely to have germline mutations 

in DNA repair genes [37, 38]; however, the association of BRCA1, BRCA2, ATM, 

and other HDR gene defects with response to androgen-AR axis therapies such 

as abiraterone and enzalutamide is conflicting [17, 32, 33]. Approximately one-



 47 

third of patients had germline and/or somatic deleterious mutations in or CN loss 

of BRCA1, BRCA2, or ATM prior to therapy with some patients having more than 

one mutation (Figures 2.2C-D and 2.7A-C), a prevalence that is consistent with 

published literature [17]. Collective ClinVar deleterious missense mutations, 

truncating mutations, and/or CN loss in BRCA2, BRCA1, or ATM were not 

significantly associated with PSA response (P=0.417), PFS (P=0.855), or OS 

(P=0.326) (Tables 2.2 and 2.3). Analysis of truncating mutations in BRCA1, 

BRCA2, and ATM did not improve prognostic significance. 

 

 

Discussion 

 

Liquid biopsies using cfDNA as a tumor analyte are rapidly being 

developed for cancer diagnostics of solid tumors [39-41]. When obtained 

concurrently, plasma-derived cfDNA is highly concordant with tissue biopsies 

from prostate [42] and other [43] cancers for tumor-specific genetic alterations. 

Liquid biopsies using cfDNA are advantageous over traditional tissue biopsies for 

numerous clinical reasons including ease of accessibility and the ability to 

provide a global “snapshot” of the mutational landscape. Furthermore, cfDNA 

better recapitulates tumor heterogeneity than single-site biopsies and can be 

used sequentially to monitor cancer dynamics. Clinical development of cfDNA 

has the potential to advance prostate cancer precision medicine [44].  
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Mechanisms of resistance to abiraterone and enzalutamide likely involve 

alterations to androgen-AR axis signaling. Prior studies have indicated that 

collective genetic aberrations to AR, including CN gain and mutations, are 

associated with worse outcomes in patients on abiraterone or enzalutamide 

therapies [14, 15]. The value of AR LBD mutations alone as a predictive marker 

for response to enzalutamide and abiraterone in patients with mCRPC has yet to 

be fully established. A prior study showed that mCRPC patients harboring two or 

more AR mutations had worse outcomes on enzalutamide [20]. An additional 

retrospective study showed that AR mutations (L702H and T878A) were 

associated with shorter PFS and OS in post-docetaxel mCRPC patients on 

enzalutamide or abiraterone [19]. In a recently reported prospective study, 

missense mutations in the AR LBD were not associated with time to progression 

on abiraterone or enzalutamide therapies in treatment naïve mCRPC patients 

[17]. We found that ClinVar pathogenic/likely pathogenic AR LBD missense 

mutations detected in cfDNA prior to enzalutamide and abiraterone therapies 

were significantly associated with a shorter time to progression that was 

independent of PSA, prior therapy, or ctDNA fraction. Discrepancies between 

study findings may be due to several factors including prior therapy, study 

therapy, specific AR LBD mutation, AR amplification, and disease burden. Due to 

their low prevalence, AR LBD missense mutations are often combined for 

analyses; however, studies support that AR LBD missense mutations have 

distinct functional properties that mediate therapy resistance including ligand 

promiscuity and agonistic activity [25, 36]. Future prospective studies and meta-
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analyses will be necessary to determine fully the roles individual mutations in 

drug resistance. Overall, our findings support that the presence or absence of 

pathogenic AR LBD missense mutations detected in cfDNA by NGS may afford 

clinical utility as predictive markers of response to enzalutamide and abiraterone 

therapies; however, large-scale, multi-center prospective validation is necessary 

to determine their biomarker potential.  

Recent reports also indicate that AR CN gain as a single marker is 

associated with worse outcomes in mCRPC patients on abiraterone and 

enzalutamide [19, 20]. A retrospective study of three biomarker protocols 

reported that AR CN gain was significantly associated with worse PFS and OS in 

men treated with enzalutamide or abiraterone for mCRPC [19]. A similar report 

showed that AR CN gain was associated with significantly worse PSA response 

and PFS in patients on enzalutamide [20]. Consistent with prior reports, our study 

showed that AR CN gain was significantly associated with shorter PFS and OS. 

However, significance was lost when controlling for high ctDNA burden in 

multivariable modeling. Consistent with our findings, a recent report also 

indicates that AR CN gain is not significantly associated with time to progression 

in multivariable modeling [17]. Clearly, further prospective studies are needed to 

assess the clinical utility of AR CN gain as a predictive biomarker for therapeutic 

response to enzalutamide and abiraterone in patients with mCRPC.  

In our study, TP53 and PI3K pathway defects were associated with worse 

OS. Deregulation of these pathways likely mediates resistance to androgen-AR 

axis therapies. Concurrent TP53 and RB1 defects are highly enriched in AR-
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independent neuroendocrine mCRPC compared to adenocarcinoma mCRPC 

[45]. Combined TP53 and RB1 loss has been shown to promote lineage 

switching from an AR-dependent to an AR-independent state [25-27], and 

consequent resistance to AR-targeted therapies. Similar to TP53, genetic 

alterations in PTEN are enriched in mCRPC compared to metastatic castration-

sensitive prostate cancer and localized prostate cancer [11]. Studies suggest that 

PTEN loss may mediate castration resistance by downregulating AR [28-31], 

thereby supporting a rationale for combined inhibition of PI3K and AR in PTEN-

deficient mCRPCs [46, 47].  

The association of pathogenic mutations in HDR genes, such as BRCA1, 

BRCA2, and ATM, with response to abiraterone and enzalutamide therapy is 

conflicting. A recent clinical trial in patients with mCRPC suggested that genetic 

alterations in HDR genes detected by NGS of metastatic biopsy tissue may be 

associated with longer PFS when on abiraterone therapy [32]. Concordant 

findings were observed in a second study that suggested that mCRPC patients 

harboring a germline BRCA1/2 or ATM mutation may also have improved 

outcomes to abiraterone and enzalutamide [33]. In contrast, a recent study 

showed that truncating mutations in BRCA2 and ATM detected in cfDNA were 

associated with a shorter time to progression on abiraterone and enzalutamide 

therapies in treatment naïve mCRPC patients [17]. In our study, collective 

somatic and germline genetic alterations, including ClinVar pathogenic mutations 

and/or CN loss, in BRCA1, BRCA2, and ATM were not associated with PSA 

response, PFS, or OS. Truncating mutations alone in BRCA1, BRCA2, and ATM 
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were also not associated with worse outcomes to enzalutamide and abiraterone. 

Association differences may reflect variables such as sample size, prior 

treatment status, disease burden, disease heterogeneity, somatic vs. germline, 

and single vs. dual loss. Certainly, further prospective investigation is needed to 

determine the clinical significance of HDR mutations as predictive markers to 

abiraterone and enzalutamide therapies.  

In the current study, many patients had detectable alterations that could 

serve as potential therapeutic targets. Prior studies have shown that mCRPC 

patients with either germline or somatic mutations in HDR genes had significant 

responses to olaparib [48] and to abiraterone plus veliparib [32]. Over one-

quarter of patients in our study had a deleterious germline or somatic BRCA1, 

BRCA2, or ATM mutation detected prior to therapy or at progression suggesting 

that these patients may benefit from therapies targeting poly (ADP-ribose) 

polymerase (PARP) or platinum-based chemotherapy [32, 48, 49]. In addition, 

immunotherapy trials have been largely unsuccessful in men with mCRPC [50], 

however, rare responders have been reported [51]. A seminal clinical trial 

showed that microsatellite instable cancers caused by mismatch repair (MMR) 

gene deficiency were sensitive to PD-1 blockade perhaps due to the formation of 

neoantigens resulting from increased mutational burden [52]. Inactivation of 

MMR genes and elevated mutational burden have been detected in some men 

with aggressive prostate cancers [37, 53, 54]. One patient in our study had a 

detectable noncanonical MMR gene mutation in his cfDNA and a correspondingly 

high mutational burden suggesting that he may be an ideal candidate for 
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checkpoint immunotherapy. This study supports that cfDNA may be a useful 

analyte for directing clinical decisions in prostate cancer precision medicine. 

Several limitations to our study exist. Notably, the small sample size 

precluded multivariable analyses incorporating more than two variables and 

analyses by therapy subgroup. Larger prospective studies will be needed to 

validate our findings. Samples were obtained from two hospitals, and future 

prospective studies would benefit from inclusion of a larger number of 

institutions. A final limitation was our inability to evaluate AR splice variants, 

including AR-V7, due to the requirement of circulating tumor cells or whole-blood 

RNA; presence of AR-V7 is certainly another established mechanism of primary 

and acquired resistance to next-generation hormonal therapies [21-23]. Future 

studies should aim to simultaneously analyze the full complement of AR 

aberrations, including gene mutations, amplifications, genomic structural 

rearrangements, and mRNA splice variants from a single liquid biopsy.  

In summary, our findings indicate ctDNA burden is highly associated with 

worse outcomes to enzalutamide and abiraterone. In addition, pathogenic AR 

LBD missense mutations are associated with a shorter time to progression on 

abiraterone and enzalutamide in men with mCRPC. TP53 loss, especially in the 

context of concurrent RB1 defects, and PI3K pathway defects are associated 

with a worse OS. These studies provide the rationale for larger prospective multi-

institutional studies to further assess the clinical utility of integrating genetic 

alterations detected in cfDNA for optimal management of metastatic prostate 

cancer. 
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Materials and Methods  

 

Patients  

 This prospectively collected biomarker study was approved by the Johns 

Hopkins Medicine Institutional Review Board (IRB). All patients provided written 

informed consent prior to enrollment. Eligibility criteria included patients 

diagnosed with mCRPC who were about to begin either abiraterone or 

enzalutamide therapy. Seventy patients were prospectively enrolled between 

September 2014 and June 2017 at the Johns Hopkins Hospital (Baltimore, MD) 

and Sibley Memorial Hospital (Washington, D.C.) and followed through April 

2018. Patients had histologically confirmed prostate adenocarcinoma, 

progressive disease despite ADT, and documented metastatic disease by 

computed tomography (CT) or bone scan with technetium-99mm-labeled 

methylene diphosphonate. Of the 70 enrolled patients with mCRPC who were 

about to begin either abiraterone or enzalutamide therapy, three patients were 

excluded due to concurrent treatment with other therapies (Veliparib or 

Docetaxel). Five eligible patients were excluded due to the absence of clinical 

follow-up data. Blood and clinical follow-up data were obtained for the remaining 

62 patients. Blood was collected prior to initiation of therapy for all patients with 

most pre-therapy samples collected within one week prior to start of therapy 

(median collection day was on the day of therapy initiation). Patients were treated 

with enzalutamide (n=25), abiraterone + prednisone (n=35), or concurrent 

enzalutamide plus abiraterone + prednisone (n=2). 
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Study Endpoints  

Study endpoints were PSA response, PFS, and OS. PSA response was 

defined by a ≥ 50% decline in PSA from pre-therapy baseline PSA. A ≥ 30% 

decline in PSA from pre-therapy baseline PSA was also evaluated. Progression 

was defined by an increase in PSA by ≥ 25% above the baseline or nadir PSA, 

radiographic progression, or death from prostate cancer. PSA increase by ≥ 25% 

above the baseline or nadir PSA was confirmed by a subsequent PSA increase, 

radiographic progression, death from prostate cancer, or physician-determine 

change of therapy. PFS was defined by the time to the first of the following 

events: an increase in PSA by ≥ 25% compared to baseline or nadir PSA, 

radiographic progression, or death from prostate cancer. Blood was also 

collected following PSA increase from nadir prior to change in therapy for 26 of 

the 35 patients who had a decrease in PSA following therapy and then 

progressed as determined by an increase in PSA by ≥ 25% above the baseline 

or nadir PSA, radiographic progression, or death from prostate cancer. 

 

Plasma and cfDNA Isolations from Blood Samples 

 Three, 10mL blood samples were collected in Streck BCT tubes prior to 

therapy initiation and if applicable, at progression. Please refer to the same 

subsection in Chapter 1’s Materials and Methods section for all remaining 

protocol details. 
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Deep NGS  

NGS libraries were prepared from cfDNA similarly to the protocol in the 

same subsection of Chapter 1’s Materials and Methods section. Between 0.5 and 

40.0ng of cfDNA was used for library generation. Additional differences between 

these study protocols include the following: samples were PCR-amplified using 

Qiagen’s GeneRead™ DNAseq Panel PCR Reagent V2 for 18-22 cycles 

depending on input cfDNA concentration and only the GeneRead™ Adapter I Set 

A 12-plex was used to construct all libraries. Prepared libraries were then 

quantified using two QIAseq™ Library Quant Assay Kits (Qiagen; QSTF-ILZ-F or 

NGTF-ILZ-R). Lastly, the median on-target coverage for these cfDNA libraries 

was 6,631x.  

 

Sequence Alignment and Analysis of Variants  

Please refer to the same subsection in Chapter 1’s Materials and Methods 

section for all protocol details. Major differences between these study protocols 

include the following: the filter applied for allele frequency was ≥ 1% with the 

exception of AR which had a previously validated allele frequency threshold of ≥ 

0.5% [16]. Additionally, false positive variant calls arising due to the given 

sequencing run were assessed, tracked, and filtered out using 11 negative 

controls sequenced in this study. For patients with allelic fractions of ClinVar [54] 

pathogenic or likely pathogenic BRCA1 or BRCA2 mutations that were ≥ 20%, 

germline information was obtained through clinical records or by sequencing 

germline leukocyte DNA obtained from isolated buffy coat.  
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CN Variation  

NGS-based CN detection was performed using an in-house developed 

algorithm, TMM-CNV and third-party tool, CNVKit [55]. TMM-CNV calculates 

trimmed mean and corresponding two standard deviations from mean relative 

coverage depths obtained for the sample and a mean of multiple references 

including sequence of 9 healthy controls (pool of controls). Data distribution at 

the gene-level was used to apply a trimmed mean of 0.2, 0.1, and corresponding 

standard deviation to calculate and set the lower and upper thresholds for calling 

focal deletions and focal amplifications, respectively. For autosomes a log2 value 

of mean relative coverage depth between sample and pool of controls was used, 

whereas for chromosome X, logarithmic value of mean relative coverage depth 

between sample and pool of controls was used. Final CN calls between TMM-

CNV and CNVKit were compared for consensus. Conservative thresholds based 

on heterozygous SNP fractions of control cfDNA were used to call CN gain and 

deletion. Given that a targeted gene panel was used for sequencing and tumor 

cellularity varies in cfDNA sequencing, two thresholds were applied to detect 

copy gains and losses. CN gain for autosomes was defined by a log2 ratio of 

mean relative sequencing coverage at the gene level ≥ 0.4 and ≥ 1.2. CN loss for 

autosomes was defined by a log2 ratio of mean relative sequencing coverage at 

the gene level ≤ -0.4 and ≤ -0.6. For chromosome X, CN gain was defined by a 

logarithmic ratio of mean relative sequencing coverage at the gene level ≥ 0.7 

and ≥ 1.2, and CN loss was defined by a logarithmic ratio of mean relative 

sequencing coverage at the gene level ≤ -0.4 and ≤ -0.6. 
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Estimation of ctDNA Fraction  

 Estimation of high verse low ctDNA fraction was based upon both mutant 

allele fraction (MAF) and CN alterations. The fraction of ctDNA (% ctDNA) was 

estimated based upon the highest autosomal variant allele fraction. ctDNA 

burden was dichotomized into high and low for statistical analyses. Patients with 

low ctDNA burden had a ClinVar pathogenic missense or truncating MAF < 7%. 

Conversely, patients with a high ctDNA burden had a ClinVar pathogenic 

missense or truncating MAF ≥ 7% and/or a CN loss ≤ -0.55 and/or a CN gain ≥ 

1.0. 

 

Statistical Analyses  

Sample size estimate of 60 informative patients was calculated prior to 

study initiation. Power and confidence bounds were calculated using PASS 11 

(NCSS Software). Chi-squared tests and logistic regression were used to 

determine associations between genomic status and PSA response. Kaplan-

Meier methods and log-rank tests were used to estimate survival functions. Cox 

proportional-hazard modeling was used to estimate PFS and OS. Due to small 

sample size, clinical variables were dichotomized. PSA was dichotomized at 

20ng/mL based on the median PSA of 19.3ng/mL. Age was dichotomized at 72 

years based on the median age of 71.5 years. Prior abiteraterone and 

enzalutamide was dichotomized as yes or no, visceral metastases was 

dichotomized as yes or no, and ctDNA burden was dichotomized as low or high. 

Multivariable models included only two variables to reduce the likelihood of 
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overfitting. Statistical analyses were performed using STATA SE/15.1, and 

GraphPad Prism 5 was used for figure generation.  
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Figure 2.1. PSA response and PFS were similar between patients on 

abiraterone + prednisone and patients on enzalutamide. (A) Waterfall plot of best 

PSA response for patients receiving abiraterone + prednisone therapy (n=35) as 

determined by best percentage fold change in PSA. (B) Waterfall plot of best 

PSA response for patients receiving enzalutamide therapy (n=25) as determined 

by best percentage fold change in PSA. Chi-squared analysis of PSA response 

in patients receiving abiraterone + prednisone compared to patients on 
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enzalutamide (P=0.583). (C) Kaplan-Meier method and log-rank test to determine 

median time to progression for patients who were treated with abiraterone + 

prednisone (n=35) compared to patients who were treated with enzalutamide 

(n=25) therapy (26.1 weeks vs. 24.7 weeks; P=0.645). (D) Kaplan-Meier method 

and log-rank test to determine median time to progression for patients who had 

prior abiraterone + prednisone or enzalutamide therapy (n=15) compared to 

patients who were abiraterone + prednisone and enzalutamide naïve (n=47) 

(17.9 weeks vs. 26.0 weeks; P=0.660). 
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Figure 2.2. Genetic alterations detected in cfDNA prior to therapy and best PSA 

response. (A) Waterfall plot of best PSA response for all patients (n=62) following 

therapy as determined by best percentage fold change in PSA. (B) Total number 

of protein altering genetic changes in 47 genes detected by NGS of cfDNA from 

62 patients prior to abiraterone and enzalutamide therapy. (C) Genetic alterations 

(CN status, ClinVar pathogenic/likely pathogenic missense and germline 

mutations, and truncating mutations) in 47 genes detected by NGS of cfDNA 

from 62 patients prior to abiraterone and enzalutamide therapy in order of best 

PSA response. (D) The total number of genetic alterations (CN and mutations) in 

47 genes detected by NGS of cfDNA from 62 patients prior to abiraterone and 

enzalutamide therapy. 
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Figure 2.3. Genetic alterations detected in cfDNA following progression. Genetic 

alterations (CN status, ClinVar pathogenic/likely pathogenic missense and 

germline mutations, and truncating mutations) in 47 genes detected by NGS of 
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cfDNA from 26 patients following progression on abiraterone + prednisone or 

enzalutamide therapy.  

 

 

 

Figure 2.4. Pre-therapy PSA is associated with cfDNA concentration prior to 

therapy and a patient’s PSA changes while progressing on treatment. (A) Pre-

therapy PSA is associated with cfDNA concentration prior to therapy as 

determined using Pearson correlation (r=0.40; P=0.002). Pre-therapy PSA was 

compared with the amount of cfDNA isolated per 1.5mL plasma prior to therapy. 

(B) PSA for a patient progressing on abiraterone + prednisone with a detectable 

AR L702H mutation and then switched to abiraterone + dexamethasone.    
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Figure 2.5. PFS: pathogenic AR LBD mutations are associated with a shorter 

time to progression. (A) Kaplan-Meier method and log-rank test to determine 

median time to progression for patients who had high vs. low ctDNA prior to 

therapy. (B) Waterfall plot of best PSA response for all patients (n=62) following 

therapy as determined by best percentage fold change in PSA. AR CN gain 

determined by deep NGS of cfDNA prior to therapy. Chi-squared analyses for a ≥ 

30% and ≥ 50% PSA decrease. (C) Kaplan-Meier method and log-rank test to 

determine median time to progression for patients who were positive vs. negative 

for AR CN gain prior to therapy. The association of AR LBD mutations with PFS 

controlled for ctDNA burden using multivariable proportional hazards modeling. 

(D) Gene schematic illustrating pathogenic AR LBD mutations detected by 

targeted NGS of cfDNA prior to abiraterone and enzalutamide therapies (NTD=N-

terminal domain, DBD=DNA binding domain). (E) Waterfall plot of best PSA 

response for all patients (n=62) following therapy as determined by best 

percentage fold change in PSA. AR LBD mutations determined by deep NGS of 

cfDNA prior to therapy. Chi-squared analyses for a ≥ 30% and ≥ 50% PSA 

decrease. (F) Kaplan-Meier method and log-rank test to determine median time 

to progression for patients who were positive vs. negative for AR LBD mutations 

prior to therapy. The association of AR LBD mutations with PFS controlled for 

ctDNA burden using multivariable proportional hazards modeling. 
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Figure 2.6. OS: TP53 and PI3K pathway defects are associated with worse OS. 

(A) Kaplan-Meier method and log-rank test to determine median OS for patients 

who had high vs. low ctDNA prior to therapy. (B) Kaplan-Meier method and log-

rank test to determine median OS for patients who had AR CN gain prior to 

therapy. Association of AR CN gain with OS controlled for ctDNA burden using 

multivariable proportional hazards modeling. (C) Gene schematic illustrating 

deleterious TP53 mutations detected by deep NGS of cfDNA prior to abiraterone 

and enzalutamide therapies and at disease progression while on therapy 

(P53T=P53 transactivation motif, P53=P53 DNA-binding domain, P53Tetra=P53 

tetramerization motif). (D) Kaplan-Meier method and log-rank test to determine 

median OS for patients who had TP53 defects (CN loss and or ClinVar 

pathogenic/likely pathogenic mutations) prior to therapy. Association of TP53 

defects with OS controlled for ctDNA burden using multivariable proportional 

hazards modeling. (E) Kaplan-Meier method and log-rank test to determine 

median OS for patients who had both TP53 and RB1 defects compared to 

patients who had TP53 defects but were RB1 intact (CN loss and or ClinVar 

pathogenic/likely pathogenic mutations) prior to therapy. Association of dual 

TP53 and RB1 defects with OS controlled for ctDNA burden using multivariable 

proportional hazards modeling. (F) Kaplan-Meier method and log-rank test to 

determine median OS for patients who had PI3K pathway defects (CN loss 

and/or truncating mutations in PTEN and/or CN gain of PIK3CA) prior to therapy. 

Association of PI3K defects with OS controlled for ctDNA burden using 

multivariable proportional hazards modeling. (G) Kaplan-Meier method and log-
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rank test to determine median OS for patients who had WNT pathway defects 

(CN loss and/or truncating mutations in APC and/or CN gain and/or pathogenic 

missense mutations in CTNNB1) prior to therapy. Association of WNT defects 

with OS controlled for ctDNA burden using multivariable proportional hazards 

modeling. 
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Figure 2.7. Mutations detected in BRCA1, BRCA2, and ATM prior to therapy and 

at progression. A-C, Gene schematics illustrating deleterious germline and 

somatic mutations in (A) BRCA2 (B=BRC repeats, Helical=helical domain, 

Oligo=oligonucleotide-binding domain, T=tower domain), (B) BRCA1 (R=Ring 

finger domain, Serine=Serine rich domain associated with BRCT, BRCT=BRCA1 

C terminus domain) and (C) ATM (TAN=Telomere length maintenance and DNA 

damage repair, FAT=FAT domain, PI3,4K=Phosphatidylinositol 3- and 4-kinase, 

FC=FATC domain) and as detected by deep, targeted NGS of cfDNA prior to 

abiraterone + prednisone and enzalutamide therapies and at progression while 

on therapy.  
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Introduction 

 

The Androgen Receptor (AR) 

 The AR is a member of the steroid and nuclear receptor superfamily [1, 2] 

and is mainly expressed in androgen-target tissues, such as prostate, skeletal 

muscle, and liver [3]. AR functions as an intracellular transcriptional factor and is 

regulated by the binding of its ligands: androgens, such as testosterone (T) and 

5-alpha-dihydrotesterone (DHT). Androgen-AR interactions initiate 

conformational changes of the receptor such that receptor-protein and receptor-

DNA interactions are affected and the transcription of androgen-responsive 

genes can commence [2]. In utero, the AR is responsible for male sexual 

differentiation, and during adolescence, it plays a role in male pubertal changes. 

In adult males, androgen-AR interactions are involved in spermatogenesis, 

muscle mass maintenance, and libido [4, 5].  

 The human AR gene is located on the X chromosome, contains eight 

exons, and encodes a protein that is 920 amino acids long [6, 7]. The three main 

functional domains of AR are the N-terminal domain (NTD, exon 1), DNA-binding 

domain (DBD, exons 2-3), and ligand-binding domain (LBD, exons 4-8) (Figure 

3.1). The protein’s hinge region (exon 4) is located between the DBD and LBD. 

The nuclear localization signal (NLS, exons 3-4) spans across the DBD and 

hinge region. AR has two transactivation functions. The N-terminal activation 

function 1 (AF1) is not conserved across other steroid receptors, and the C-



 88 

terminal activation function (AF2) is ligand-dependent and more conserved in 

sequence across other steroid receptors [8].  

 When AR is not bound to an agonist, it is mainly located in the cytoplasm, 

where its LBD associates with a complex of heat shock proteins (HSPs) [9]. 

Once a ligand or agonist binds to the receptor, AR dissociates from the HSPs 

and undergoes a series of conformational changes, including dimerization, 

phosphorylation, and nuclear translocation. Once in the nucleus, the ligand-

activated AR can bind to an androgen response element (ARE), which is located 

in the promoter or enhancer region of AR-targeted genes. ARE-bound ARs can 

also recruit other transcription co-regulators (such as co-activators and co-

repressors) [10] and transcriptional machinery [11], all of which further regulate 

target gene expression.  

 

Androgen-AR Interactions and Their Role in CRPC 

 Androgen synthesis is initially regulated by the hypothalamic-pituitary-

testicular axis [7]. The adrenal glands are then responsible for de novo 

steroidogenesis and the prostate is where these newly synthesized steroids are 

finally converted to DHT [7]. DHT and T are canonical AR ligands such that when 

they interact with the AR, they can initiate receptor signaling. Just 15 years ago, 

it was thought that AR signaling was not involved in castration-resistant prostate 

cancer (CRPC) biology [7]. However, studies from the past decade have shown 

that androgens remaining after both physical and chemical castration and the AR 

itself continue to contribute to CRPC biology and progression [12, 13]. These 
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studies identified the need for antiandrogen therapies for patients with CRPC.  

Through a drug discovery screen, the next-generation therapy and AR 

antagonist, enzalutamide, was identified [14]. Abiraterone acetate is another 

antiandrogen therapy that was developed for metastatic CRPC patients and 

specifically inhibits CYP17A1, thereby preventing de novo steroidogenesis [15]. 

Both of these next-generation therapies have been successful in treating CRPC 

patients; however, overcoming the inherent or acquired resistance to these 

therapies remains a major clinical challenge. 

  

Resistance Mechanisms to Next-Generation Therapies 

 Resistance mechanisms to therapies targeting the androgen-AR axis can 

be broadly categorized into three classes (restored AR signaling, AR bypass 

signaling, and complete AR independence) based upon clinical relapse profiles 

and histological and molecular features (Table 3.1) [7]. Restored AR signaling 

clinically involves AR-positive disease and a rising PSA with histological features 

of adenocarcinoma. Molecular features characteristic to this class include AR 

genetic alterations such as amplification and mutation, AR splice variants, and 

intratumoral DHT synthesis. Similar to restored AR signaling, AR bypass 

signaling is characterized by AR-positive adenocarcinomas with a rising PSA; 

however, the oncogenic addiction to AR signaling is bypassed by upregulation of 

glucocorticoid receptor signaling [7]. Complete AR independence has histological 

features of small cell carcinoma (SSC) or neuroendocrine prostate cancer 

(NEPC) and is characterized clinically by being AR-low or negative with a low 
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PSA and molecularly by retinoblastoma-associated protein (RB1) deletion, tumor 

protein p53 (TP53) deletion/mutation, neuroblastoma MYC oncogene (MYCN) 

gain, and/or aurora kinase A (AURKA) gain [7].  

Currently, it is difficult to fully discern the role of AR mutations in therapy 

resistance due to several confounding variables. To date, five hotspot LBD 

mutations have been identified (L702H, W742C, H875Y, F877L, and T878A) in 

patients [16-20]. Despite having an elevated frequency in CRPC compared to 

primary prostate cancer (PCa) [16, 17, 21, 22], the overall prevalence of each 

individual AR mutation remains low. Therefore, it is difficult to determine their 

individual association with therapeutic response. This is further complicated by 

the fact that AR mutations are often detected along with AR amplification and/or 

other AR mutations [23]. Additionally, the emergence of both AR bypass 

signaling and SCC/NEPC in patients with CRPC may hinder our ability to 

determine the clinical significance of AR mutations alone as predictors of 

therapeutic response to enzalutamide and abiraterone.       

Our current understanding of how hotspot AR mutations may mediate 

therapeutic resistance is based upon limited clinical data and pre-clinical studies. 

Pre-clinical models have shown that AR antagonists can paradoxically function 

as agonists in the context of certain AR LDB mutations [24, 25]. In in vitro 

overexpression studies, the AR antagonist bicalutamide has been shown to have 

either partial or full agonistic activity to AR L702H, W742C, H875Y and T878A 

[24] while the next generation therapy enzalutamide has partial agonist activity to 

AR H875Y, F877L, and T878A [24]. This phenomena has been supported 
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clinically by some patients who showed clinical improvement following 

discontinuation of flutamide therapy [7]. Alternatively, some LBD mutations may 

allow for the promiscuous activation of AR by other steroid ligands such as 

estrogen, progesterone, and glucocorticoids [7, 24]. A better understanding of 

this non-specific activity may be of particular importance as the glucocorticoid 

prednisone is given to patients being treated with abiraterone to prevent 

mineralocorticoid excess syndrome. In preclinical studies, AR L702H is activated 

by glucocorticoids and has been found in patients treated with abiraterone. 

These prior pre-clinical studies examining the role of both hotspot and non-

hotspot AR mutations have been mostly limited to exogenous AR overexpression 

[24], which less than half the time recapitulates findings in the clinic. Studies 

have shown that strikingly distinct phenotypes exist between models of 

exogenous overexpression of gene mutations and gene editing to introduce the 

mutation [26, 27]. For example, overexpression of HER2 missense mutations 

which are rarely seen amplified in patients are far more oncogenic than 

heterozygous HER2 missense mutations introduced by gene editing which better 

recapitulate clinical findings [27]. Overall, these data highlight the need to 

develop pre-clinical models that reflect patient findings for rigorous investigations 

of AR LBD mutations and therapy resistance.  

 

The CRISPR/Cas System 

Clustered regularly interspaced short palindromic repeats (CRISPR) and 

CRISPR-associated (Cas) genes are the main elements of a microbial adaptive 
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immune system [28-32]. To date, three types (I-III) of CRISPR/Cas systems have 

been identified across bacteria and archaea [30]. However, every system 

ultimately involves the cleavage of foreign nucleic acids by RNA-guided 

nucleases, which are encoded for in the Cas genes. It was discovered that 

microbes contain genetic loci with distinctive repetitive elements interspaced with 

short variable sequences or protospacers [33].  These protospacers were found 

to be derived from exogenous DNA sources, such as viruses or plasmids, and 

each protospacer was always associated with a protospacer adjacent motif 

(PAM) [34-36]. The sequence of the PAM was also discovered to be specific to 

the type of CRISPR/Cas system being utilized by that given species of bacteria 

or archaea [35, 36]. Together, the protospacers, PAMs, and interspersed foreign 

genetic elements constitute the CRISPR RNA (crRNA) array. The crRNA array 

encodes the guide RNAs or the sequences that the Cas nuclease will use in 

order to recognize and target foreign nucleic acids for cleavage [35]. The 

CRISPR/Cas systems also require a trans-activating crRNA (trcrRNA), which 

facilitates the processing of the crRNA into discrete units [32, 37]. Once the Cas 

protein associates with the trcrRNA and guide RNA, it can target an invading 

pathogen for destruction by creating a Watson-Crick base pairing between its 

specific guide RNA and the pathogen’s complementary nucleic acid sequence. 

The Type II CRISPR system specifically consists of the Cas9 nuclease 

and guide RNAs that are 20 nucleotides in length [32, 37-40]. Additionally, the 

wild-type (WT) Cas9 derived from Streptococcus pyogenes targets the 

complementary foreign DNA of its guide RNA for cleavage when the sequence 
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immediately precedes a 5′-NGG PAM, thereby making a blunt cut between the 

17th and 18th bases in the target sequence (or three base pairs 5′ of the PAM) 

[38]. To date, the Cas9 protein has been optimized for expression in mammalian 

cells, where it has been shown to maintain its nuclease function [41-44]. 

Furthermore, Jinek et al. (2012) showed that the required crRNA and trcrRNA for 

Cas9 function could be fused together, creating one single-guide RNA (sgRNA) 

[38].  Thus, by altering the 20-nucleotide guide sequence within the sgRNA, 

Cas9 can target any sequence of interest for cleavage in mammalian cells as 

long as it falls within the vicinity of the PAM sequence. The HNH and RuvC 

nuclease domains of Cas9 are responsible for its ability to target sequences for 

cleavage and, hence, create double strand breaks (DSBs) [39]. Meanwhile, an 

aspartate-to-alanine mutation in the RuvC catalytic domain (D10A) causes the 

Cas9 mutant to nick rather than cleave the nucleic acid sequence of interest [37, 

38].  Thus, the Cas9 nickase mutant (Cas9n) yields single-strand breaks, and in 

particular, the SpCas9n only nicks between the 17th and 18th bases in the target 

sequence. 

DSBs in DNA can be particularly harmful for a cell if no attempt to repair 

them is made [45].  Thus, two main DNA repair mechanisms in order to correct 

DSBs have evolved in eukaryotic cells [45, 46]. The first mechanism of DSB 

repair is non-homologous end joining (NHEJ). NHEJ involves the broken ends of 

DNA being ligated, often resulting in INDEL mutations.  The second mechanism 

of DSB repair is homology-directed repair (HDR). HDR is the precise editing of a 

damaged locus when a sister chromosome or homologous template is available. 
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CRISPR/Cas9 gene editing studies have exploited these two types of DSB repair 

in order to create knockout and knock-in (KI) mutations in genetic loci of interest 

[41-44, 47]. However, many CRISPR/Cas9 studies have also illustrated that 

while each base within the 20-nucleotide guide sequence contributes to overall 

Cas9 specificity, multiple mismatches between the sgRNA and a particular 

nucleotide sequence can be tolerated, leading to many off-target DSBs and 

unwanted INDEL mutations [41, 48-50]. Single-strand nicks are usually repaired 

by the base excision repair (BER) pathway, which potentially results in 

decreased off-target INDEL mutations [51]. However, while targeting a region of 

interest with one nickase limits off-target effects of the CRISPR/Cas9 gene 

editing system, it does not necessarily result in a desired knockout or KI mutation 

of the targeted locus due to the fact that the cell will preferentially use BER to 

resolve this lesion.  

Ran et al. (2013) developed a double nickase strategy that involves two 

Cas9n plasmids, each with sgRNAs that are slightly off-set and complementary 

to opposite strands of the target site [52, 53]. Nicking both DNA strands 

simultaneously by a pair of Cas9 nickases leads to a site-specific DSB. This DSB 

can then be repaired by either NHEJ or HDR. Thus, the CRISRP/Cas9 double 

nickase system increases the specificity of Cas9n’s target recognition, while also 

allowing Cas9n to modify a region of interest at a rate similar to WT Cas9.   
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Translational Relevance of the Isogenic Models with AR LBD Mutations 

Due to the increased Cas9n specificity and similar rates of genome 

modification with WT Cas9, the CRISPR/Cas9 double nickase system was 

chosen to generate a novel, isogenic panel of PCa cell lines, all of which contain 

hotspot AR LBD mutations. The four PCa cell lines that were chosen for AR gene 

editing were LNCaP, LAPC-4, VCaP, and CWR22Rv1 (or 22Rv1). These 

androgen responsive cell lines were chosen for this panel because they are 

commonly used in research and recapitulate a spectrum of AR genomic statuses 

seen in patients with CRPC. The experimental goal of this study was to first 

introduce individual missense mutations into the AR genetic locus in all of these 

cell lines using two Cas9n-sgRNA complexes and a repair template (RT) 

containing a particular AR LBD mutation (Figure 3.2A). In other words, after a 

DSB is created by the double nickases within the AR genetic locus, the cell 

would preferentially repair this damage by HDR (i.e. using the provided RT) and, 

thereby, KI to its genome the desired AR LBD mutation.  

Currently, it is unknown if any single and/or combination of AR LBD 

mutations detected in patient cell-free DNA by next-generation sequencing are 

predictive of either innate or acquired resistance to next-generation therapies. 

Consequently, how AR mutational status should influence therapy selection for 

men with CRPC has not been determined. By generating novel isogenic cell line 

models, the biologic role of these AR mutations as well as their role in resistance 

to contemporary androgen-AR axis therapies can be elucidated. Thus, the 
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findings from these isogenic models have the ability to influence the clinical 

management of men with metastatic PCa who have somatic AR mutations. 

 

 

Materials and Methods 

 

CRISPR/Cas9 Double Nickase Design and Preparation 

The pSpCas9n(BB)-2A-Puro (PX462) V2.0 nickase plasmid was originally 

purchased by Dr. Ben H. Park (Johns Hopkins School of Medicine (JHSoM), 

Baltimore, MD) from Addgene. PX462 was then molecularly cloned, purified, and 

digested with BbsI (New England Biolabs, Inc.) by Dr. W. Brian Dalton. Since a 

CRISPR/Cas9 double nickase stategy was determined to be ideal for AR 

genomic targeting, the digested PX462 was used to create two, guide-specific 

Cas9 plasmids (or Cas9 protein guides). In order to transform PX462 into two 

Cas9 protein guides, the online CRISPR Design Tool (http://tools.genome-

engineering.org) was used to determine the optimal, offset 20-nucleotide guide 

sequences within the given AR genomic target sequence of interest. These two 

Cas9 Guides were designed 18 nucleotides apart in AR, intron 7 and were 

confirmed to not be in a region involved in splicing by the online Human Splicing 

Finder (www.umd.be/HSF/). The CRISPR Design Tool identified two PAMs (CCC 

and GGG) and the 20-base sequences (5’-aggaagtacggggaaggggg-3’ and 5’- 

agaccaaaaatcagaggttg-3’) downstream and upstream of the PAMs for the 

generation of Cas9 Guide 1A and 1B, respectively.  From these two, 20-base 



 97 

sequences, the sgRNAs sequences were designed and purchased as oligos 

from IDT as follows: Guide 1A forward: 5’-caccgcccccttccccgtacttcct-3’; Guide 1A 

reverse: 5’-aaacaggaagtacggggaagggggc-3’; Guide 1B forward: 5’-

caccgagaccaaaaatcagaggttg-3’ Guide 1B reverse: 5’-aaaccaacctctgatttttggtctc-3’. 

Each forward and reverse oligo for a given Cas9 Guide was annealed in a PNK 

buffer reaction provided by Dr. W. Brian Dalton and using the following cycling 

conditions: (1) 95°C for 5 minutes; (2) ramp down to 25°C at 5°C per minute; (3) 

dilute annealed oligos 1:200 with UltraPure™ Distilled Water (Invitrogen). Each 

diluted, annealed oligo pairing of sgRNAs was ligated to PX462 separately, using 

New England Biolab, Inc.(NEB)’s Quick Ligase as per the manufacturer’s 

protocol. The ligation reactions were cleaned up by a QIAquick PCR Purification 

Kit (Qiagen), transformed into Invitrogen’s One Shot® TOP10 Electrocomp™ E. 

coli, and plated on LB-Ampicillin (50µg/mL) plates overnight. Colonies were PCR-

screened by Phusion® Hot Start Flex DNA Polymerase (NEB) as per the 

manufacturer’s protocol and using the following primers: forward primer 216 (5’-

cctctgacttgagcgtcgat-3’) and reverse primer 871 (5’-ggggcgtacttggcatatgata-3’). 

The annealing temperature for these primes was 66.3°C with an extension time 

of 30 seconds. All positive colonies were prepared using Qiagen’s Plasmid Maxi 

Kit, thereby creating Cas9n Guide 1A and 1B. Glycerol stocks of each positive 

colony were also prepared and stored at -80°C. 
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CRISPR/Cas9 RT Design and Preparation 

The first two, hotspot mutations in AR, exon 8 to be chosen for targeting 

by the CRISPR/Cas9 double nickase system were F877L and T878A. Three, 

323-base pair RTs were generated for this region, each spanning the AR, intron 

7/exon 8 boundary of interest (gBlocks Gene Fragments, IDT). The gBlock RTs 

were homologous to the region except for the single nucleotide missense 

mutation of interest, the inclusion of the M13F primer sequence (5’-

tgtaaaacgacggccagt-3’) to be inserted into the intron in order to mutate Guide 

1A’s PAM and for target-specific PCR amplification, and the sequence (TTA) to 

mutate the PAM sequence of Guide 1B to prevent re-targeting after 

incorporation. The gBlock RT names and sequences are as follows (with mutated 

bases in bold): (1) RT1-WT: 5’-

agcacaagctggagaagtcttgagtcagagagcttacaatggtataagacatctcttgggagccctcagtgact

ccatggagaccatttctttctctctctctcgctgtctctctctaacacacacacacacacacacgacctcatggggg

aggatgtaaaacgacggccagtgggggaggaaacaaaaggctgaaagaccaaaaatcagaggttttag

aagaggctagcagaggccacctccttgtcaaccctgtttttctccctcttattgttccctacagattgcgagagagct

gcatcagttcacttttgacctgctaatcaagtcacacatggtgagcgtggactttccggaaatgatggcagagatc

atctctgtgcaagtgcccaagatcctttctgggaaagtcaagcccatctatttccacacccagtgaagcattggaa

a-3’ (2) RT2-F877L: 5’-

agcacaagctggagaagtcttgagtcagagagcttacaatggtataagacatctcttgggagccctcagtgact

ccatggagaccatttctttctctctctctcgctgtctctctctaacacacacacacacacacacgacctcatggggg

aggatgtaaaacgacggccagtgggggaggaaacaaaaggctgaaagaccaaaaatcagaggttttag

aagaggctagcagaggccacctccttgtcaaccctgtttttctccctcttattgttccctacagattgcgagagagct
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gcatcagctcacttttgacctgctaatcaagtcacacatggtgagcgtggactttccggaaatgatggcagagat

catctctgtgcaagtgcccaagatcctttctgggaaagtcaagcccatctatttccacacccagtgaagcattgga

aa-3’ (3) RT3-T878A: 5’-

agcacaagctggagaagtcttgagtcagagagcttacaatggtataagacatctcttgggagccctcagtgact

ccatggagaccatttctttctctctctctcgctgtctctctctaacacacacacacacacacacgacctcatggggg

aggatgtaaaacgacggccagtgggggaggaaacaaaaggctgaaagaccaaaaatcagttattgggg

aagaggctagcagaggccacctccttgtcaaccctgtttttctccctcttattgttccctacagattgcgagagagct

gcatcagttcgcttttgacctgctaatcaagtcacacatggtgagcgtggactttccggaaatgatggcagagatc

atctctgtgcaagtgcccaagatcctttctgggaaagtcaagcccatctatttccacacccagtgaagcattggaa

a-3’. All gBlock RTs were PCR-amplified by Phusion® Hot Start Flex DNA 

Polymerase (NEB) as per the manufacturer’s protocol and then validated by 

Sanger sequencing (JHSoM Genetic Recourses Core Facility). The forward 

primer (gBlock-F1) for PCR amplification was 5’- 

tctttctctctctctcgctgtctctctctaacacacacacacacacacacgacctcatgg-3’ and the reverse 

primer (gBlock-R1) was 5’-ccaatgcttcactgggtgtgg-3’. These primers had an 

annealing temperature of 67°C with an extension time of 30 seconds and 

extended each gBlock RT to a size of 359 nucleotides. PCR reactions were 

cleaned up using a QIAquick PCR Purification Kit (Qiagen) as per the 

manufacturer’s protocol, and both gBlock-F1 and gBlock-R1 were used as 

sequencing primers in the Sanger sequencing reactions. 
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Cell Lines and Culture 

 22Rv1, LAPC-4, and VCaP cells were gifts of Dr. John Isaacs (The Johns 

Hopkins University, Baltimore, MD). LNCaP cells were obtained from the 

American Type Culture Collection (ATCC; Manassas, VA). LNCaP and 22Rv1 

cells were cultured in growth medium (RPMI-1640 (Gibco) supplemented with 

10% (vol/vol) FBS (Corning) and 1% (vol/vol) Pen Strep (P/S; Gibco)). LAPC-4 

cells were cultured in growth medium (IMDM (Gibco) supplemented with 10% 

(vol/vol) FBS and 1% (vol/vol) P/S). VCaP cells were cultured in growth medium 

(DMEM, High Glucose (ATCC) with 10% (vol/vol) FBS and 1% (vol/vol) P/S). 

 

Cell Line Transfections with CRISPR/Cas9 Reagents 

All cell lines were plated in 6-wells at a concentration of 6 x 105 cells per 

well in their respective growth medium. When cells reached 80% confluency (24 

to 48 hours after being plated), each well was washed with 1X PBS (Gibco). 

Cells were then incubated for two hours in antibiotic-free growth medium with 

10% (vol/vol) FBS only. Transfection reactions were set up according to 

Promega’s FuGENE HD Transfection Reagent Technical Manual. Each 150uL 

transfection reaction for a given 6-well contained a total of 2.85ug total DNA 

(1250ng RT, 800ng Guide 1A, and 800ng Guide 1B), 11.4uL FuGENE HD (which 

is a 4:1 ratio of ug total DNA to uL FuGENE HD), and remaining amount of Opti-

MEM I (Gibco). Each transfection reaction incubated for 5 minutes at room 

temperature. After the two-hour incubation, the antibiotic-free growth media with 

10% (vol/vol) FBS only was refreshed on each 6-well of cells, and the given 
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150uL transfection reaction was added to the well. After 48 hours, half the 

transfected cells of a 6-well were taken for genomic DNA (gDNA) isolation, 

meanwhile the remaining half of the transfected cells were maintained in cell 

culture for single cell isolations. 

 

gDNA Isolations and Single Cell Isolations 

All gDNA isolations of transfected cell pools were performed with Qiagen’s 

DNeasy Blood and Tissue Kit as per the manufacturer’s protocol. As for single 

cell isolations, each pool of transfected cells was counted, and serial dilutions 

were performed in respective media in order to plate 48, 96, 192, or 288 cells per 

96-well plate (or 0.5, 1, 2, or 3 cells per 96-well). Plates were checked and 

marked weekly for wells that contained the growth of single cell colonies. Once 

wells containing a single cell colony had reached greater than 50% confluency 

(2-4 weeks depending on the given cell line), the cells of a given well were 

trypsinized (0.25% Trypsin, 2.21mM EDTA; Corning) and replica plated between 

two 96-well plates. Once the cells in the duplicated 96-well plates reached 

greater than 80% confluency, gDNA was isolated from an entire 96-well plate, 

using Promega’s Wizard SV 96 Genomic DNA Purification System as per the 

manufacturer’s protocol. The gDNA was then PCR-screened for positive clones 

that had successfully undergone HDR with the CRISPR RTs. All positive clones 

were taken from the duplicated and remaining 96-well plate and expanded, 

maintained, and frozen down for experimental purposes. 
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PCR Screens for CRISPR-positive Clones  

 Due to difficulty amplifying the region of interest from these 96-well plates, 

all gDNA isolated from these transfected cell lines underwent nested PCR 

amplification in order to initially screen for the single cell isolated clones that 

successfully underwent HDR, utilizing the provided gBlock RTs. First, a region of 

874 bases was PCR-amplified from the gDNA using Invitrogen’s Platinum™ Taq 

DNA Polymerase as per the manufacturer’s protocol. This region completely 

surrounds the PAM sites in AR, intron 7, the single base substitution site in AR, 

exon 8, and the gBlock RTs. The forward primer (F1) sequence for this PCR is 

as follows: 5’-GTGGTGAAGAAAAGAACACGG-3’. The reverse primer (R1) 

sequence for this PCR is as follows: 5’-GCCCAGCAAATAGAATTCAGG-3’. The 

annealing temperature for this primer pair was 58.8°C with an extension time of 

one minute. Then, the PCR product from this first PCR was used as the product 

for the second, nested PCR and amplified using Invitrogen’s Platinum™ Taq 

DNA Polymerase as per the manufacturer’s protocol. The product size for the 

nested PCR is 442 bases, which still encompasses the majority of the gBlock RT 

design. The forward primer (M13F) sequence for the nested PCR is as follows: 

5’-TGTAAAACGACGGCCAGT-3’, which contains the mutated PAM 1 sequence 

in the gBlock RTs. The reverse primer sequence for this nested PCR is the same 

as R1. The annealing temperature for this primer pair was 56.5°C with an 

extension time of 30 seconds. Single cell colonies containing the positive, 442-

base band were trypsinized from the duplicated 96-well plates and expanded for 

experimental purposes. Please note that isolated gDNA from the transfected cell 
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pools only underwent the one, nested PCR with primers M13F and R1 for 

screening purposes. The nested PCR product from both the 96-well plates and 

the transfected cell pools was gel isolated using Qiagen’s QIAquick Gel 

Extraction Kit as per manufacturer’s protocol and sent for Sanger sequencing.  

The M13F or the R1 primer was used as the sequencing primer in these 

reactions. As the single cell clones were expanded and maintained, gDNA was 

continuously isolated, nested PCR-screened, and Sanger sequenced to confirm 

CRISPR/Cas9-edited genomic status. 

 

Droplet Digital PCR (ddPCR) 

ddPCR for determining the AR copy number of parental cell lines and 

CRISPR/Cas9-edited cell clones was performed largely as described previously 

[23, 54]. In order to confirm the AR genomic status as either WT or mutant of all 

parental and CRISPR/Cas9-edited cell lines, isolated gDNA was digested with 

MseI (NEB) and cleaned using a QIAquick PCR Purification Kit (Qiagen) as per 

the manufacturer’s protocol. WT and mutant probes to AR, exon 8 were designed 

and ordered from IDT as follows: WT probe (HEX): 

ATCAGTTCACTTTTGACCTGCTA; F877L probe (FAM): 

ATCAGCTCACTTTTGACCTGCTA; and T878A probe (FAM): 

ATCAGTTCGCTTTTGACCTGCTA. WT control genomic female and male DNA 

(Promega) digested with MseI as well as the gBlock RTs for the particular 

mutation were used as ddPCR controls. ddPCR (Bio-Rad) was performed in a 

dedicated, ultraviolet (UV)-equipped hood and according to the manufacturer’s 
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protocol. Total molecules were quantified and analyzed by the QX200 Droplet 

Reader software. 

 

 

Results 

 

Initial Nested PCR Screens of All Transfected Cell Lines 

 Initial nested PCR screens of LNCaP, LAPC-4, 22Rv1, and VCaP gDNA 

successfully amplified the expected, 442-base pair (bp) band from the 

CRISPR/Cas9n reagent-transfected cell line pools and did not amplify any DNA 

fragment from the non-transfected cell line pools (i.e. negative controls; Figure 

3.2B). Sanger sequencing of the gel isolated, nested PCR product showed both 

the parental AR, intron 7 and exon 8 sequences as well as the expected KI point 

mutations provided by the RTs. Both parental and KI RT mutations are present in 

the transfected cell line gDNA because the transfection rate of any population of 

cells is not 100%, and therefore, these cell pools still contain both transfected 

and non-transfected cells. In addition, the CRISPR/Cas9n reagent-transfected 

cells within these pools may not have completely utilized the RT to repair the AR 

genomic locus after the DNA had been nicked; hence, this gDNA may also 

contain cells with complete and incomplete RT KIs.  
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LNCaP-CRISPRed Cell Lines 

 Sixteen, 96-well plates for single cell dilutions were used for each of the 

transfected LNCaP cell pools. Since there was a separate transfection for each 

RT (WT, F877L, and T878A), a total of 48 plates were created and then visually 

screened by an inverted microscope over a period of four weeks for wells 

containing single cell colonies. From these 48 plates, only a total of 480 wells 

contained single cell colonies and were, therefore, replicated between two 96-

well plates. Thus, it is estimated that 160 single cell colonies were replica plated 

for each RT transfection. All of these 480 single cell colonies (growing in a total 

of 5, 96-well plates) were screened by two PCRs (including the nested PCR) for 

cells that had successfully undergone HDR with the provided RT. From the 

LNCaP cells transfected with the WT RT (LNCaP-WT), only 1 single cell colony 

was found by this PCR screen. For the LNCaP cells transfected with the F877L 

and T878A RTs (LNCaP-F877L and LNCaP-T878A, respectively), two LNCaP-

F877L and three LNCaP-T878A clones were identified. Thus, a total of 6 clones 

(out of a total of 480 or 1.3% of clones) were found to have utilized the provided 

RT to repair the double-stranded nicks created by Guides 1A and 1B within AR, 

intron 7. Each CRISPR-positive, 442-bp band amplified from these six single cell 

colonies in the second PCR (or nested PCR) was gel isolated and sent for 

Sanger sequencing. The gDNA from these same six cell lines was also digested 

in order to determine the genomic status of the entire cell colony by ddPCR. In 

the meantime, it took two months to expand these six cell colonies from the 

second replica plate. When cell lines were at a point of freezing down, gDNA was 
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again isolated in order to perform a nested PCR screen as well as additional 

Sanger sequencing and ddPCR assessments.  

 It was determined by Sanger sequencing and ddPCR that not one of these 

six, CRISPR-positive LNCaP colonies was a homogeneous cell population (i.e. a 

cell line that was expanded from a single cell). Therefore, an aliquot of each line 

was taken before completing freezing them down and single cell dilutions into 96-

well plates were performed for a second time. Four, 96-well plates (each diluted 

at 1 cell per well) were created for each CRISPR-positive cell line. From a total of 

24 plates, only a combined total of two 96-well plates were created for 

replication. Thus, only 12-32 single cell colonies were isolated per original 

CRISPR-positive cell line. Interestingly, when both of these 96-well plates were 

PCR-screened, the single cell colonies from four of these six original CRISPR-

positive cell lines screened completely negative (i.e. did not amplify the 442-bp 

band). In fact, only single cell colonies from two of these original CRISPR-

positive cell lines amplified the 442-bp band. Thus, the second single cell 

dilutions of the original six CRISPR-positive LNCaP cell lines yielded only a total 

of six CRISPR-positive colonies from the LNCaP-WT line and one CRISPR-

positive colony from a LNCaP-T878A line. These seven, CRISPR-positive 

colonies from the second attempt at single cell dilutions were expanded and 

frozen down. 

 The 442-bp bands amplified from the six, second dilution LNCaP-WT cell 

lines during the nested PCR screen were gel isolated and Sanger sequenced. 

From these results, it was concluded that these cell lines were still not 
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homogeneous populations and that isolating single LNCaP cells in 96-well plates 

may be more difficult than originally anticipated. Therefore, an original stock of 

the LNCaP-WT clone was defrosted for a third single cell isolation. For this third 

attempt at single cell isolations, the LNCaP-WT cells were diluted across 16, 96-

well plates (i.e. four plates per cell dilution) containing a feeder layer of irradiated 

NIH 3T3 cells. From these 16 plates, a total of four, 96-well plates of single cell 

clones were created for replication.  Interestingly, when these four plates were 

screened by nested PCR, the majority (>90%) of the wells were CRISPR-positive 

(i.e. most of the colonies contained cells that had utilized the RT during HDR). 

Twenty-one single cell colonies were chosen randomly from these four plates 

and taken for expansion. The 442-bp bands from the nested PCR screen of 

these 21 colonies were gel isolated and Sanger sequenced. The gDNA from nine 

of these 21 colonies was also digested for ddPCR.  Since all of these LNCaP-WT 

colonies had very similar Sanger sequencing and ddPCR results (Figure 3.3A), it 

was concluded that there was most likely not an issue with how the cells were 

single cell isolated for the third time. In fact, ddPCR results of the parental 

LNCaP cell lines (i.e. before transfection with the CRISPR/Cas9n reagents) 

confirm that these cells have two copies of the AR gene (Table 3.2). Thus, the 

single cell colonies isolated from LNCaP-WT for the third time are most likely 

homogeneous populations of cells where only one of the AR alleles has been 

targeted by the nickases and repaired using the WT RT. Additionally, RNA was 

isolated and cDNA was synthesized from two of these LNCaP-WT single cell 

colonies. The cDNA from these two colonies was assessed by ddPCR in order to 
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determine which allele (WT or T878A) is being expressed. While the majority of 

the cDNA being expressed by these colonies contained the parental sequence 

(T878A), these colonies were also expressing the knocked-in WT allele at very 

low levels (Figure 3.4A). 

 

LAPC-4-CRISPRed Cell Lines 

 The first set of LAPC-4 single cell dilution plates (total=16, 96-well plates 

per RT) were set up similarly to the first set of LNCaP single cell dilution plates.  

However, for the LAPC-4 single cell isolations, only a total of 430 single cell 

colonies (or ~140 colonies per RT transfection) were replica plates into an initial 

4.5, 96-well plates. Interestingly, a total of 6 clones (out of a total of 430 or 1.4% 

of clones) were found by PCR screening to have utilized the provided RT to 

repair the double-stranded nicks created by Guides 1A and 1B within AR, intron 

7. From the LAPC-4 cells transfected with the WT RT (LAPC-4-WT), only 1 

single cell colony was found by this PCR screen. For the LAPC-4 cells 

transfected with the F877L and T878A RTs (LAPC-4-F877L and LAPC-4-T878A, 

respectively), two LAPC-4-F877L and three LAPC-4-T878A clones were 

identified. Each CRISPR-positive, 442-bp band amplified from these six single 

cell colonies in the nested PCR was gel isolated and sent for Sanger sequencing, 

while the gDNA from these same six cell lines was also digested in order to 

determine the genomic status of the entire cell colony by ddPCR (Figure 3.3B). In 

the meantime, it took 3.5 months to expand these six LAPC-4 cell colonies from 

the second replica plate. When cell lines were at a point of freezing down, gDNA 
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was again isolated in order to perform a nested PCR screen as well as additional 

Sanger sequencing and ddPCR assessments.  

 Since it was determined by Sanger sequencing and ddPCR that not one of 

these six, CRISPR-positive LAPC-4 colonies was a homogeneous cell 

population, an aliquot of each line was taken before completely freezing them 

down and single cell dilutions into 96-well plates for a second time were 

performed. Similar to the second single cell dilutions of LNCaP cells, only a 

combined total of two 96-well plates were created for replication. Thus, only 12-

32 single cell colonies were isolated per original CRISPR-positive cell line. 

Interestingly, when both of these 96-well plates were PCR-screened, the single 

cell colonies from three of these six original CRISPR-positive cell lines screened 

completely negative. In fact, only single cell colonies from three of these original 

CRISPR-positive cell lines amplified the 442-bp band. Thus, the second single 

cell dilutions of the original six CRISPR-positive LAPC-4 cell lines yielded only a 

total of one CRISPR-positive colonies from LAPC-4-WT, 12 CRISPR-positive 

colonies from a LAPC-4-F877L line, and nine CRISPR-positive colonies from a 

LAPC-4-T878A line. However, only seven and nine colonies of these second 

dilution LAPC-4-F877L and T878A lines, respectively, were able to be expanded 

and frozen down. The 442-bp bands amplified by the nested PCR screen from 

these 16, second dilution LAPC-4-F877L and T878A cell lines were gel isolated 

and Sanger sequenced. From these results, it was concluded that all seven of 

the LAPC-4-F877L cell lines contained gDNA with the F877L missense mutation 

as well as the parental cell line’s sequence, making it a heterogeneous or mixed 
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population of cells. However, all nine of the LAPC-4-T878A cell lines looked like 

homogeneous cell populations as they only contained the T878A missense 

mutation in their Sanger sequencing results. However, these results still need to 

be confirmed by ddPCR.  

ddPCR results of the parental LAPC-4 cell lines (i.e. before transfection 

with the CRISPR/Cas9n reagents) confirm that these cells have one copy of the 

AR gene (Table 3.2). Thus, the single cell colonies isolated from the first single 

cell dilutions of the transfected LAPC-4 cells as well as the LAPC-4-F877L cell 

lines from the second attempt at dilutions are most likely heterogeneous or mixed 

populations of cells. Additionally, RNA was isolated and cDNA was synthesized 

from two of these single cell colonies isolated from LAPC-4-F877L for the second 

time. The cDNA from these two colonies was then assessed by ddPCR in order 

to determine if there were cells in these populations expressing AR WT or F877L. 

The cDNA being expressed by both of these colonies contained the parental 

sequence (WT) and the mutated sequence (F877L) at very similar levels (Figure 

3.4B). 

 

22Rv1-CRISPRed Cell Lines 

 A total of 24, 96-well plates (or eight plates per RT) were originally set up 

for single cell dilutions of all 22Rv1 cell lines transfected with CRISPR/Cas9n 

reagents. Within five weeks, 200 single cell colonies per RT were replica plated. 

From initial PCR screens, two WT, five F877L, and five T878A colonies were 

CRISPR-positive.  These 12 colonies (or 2% of the total colonies) were 
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expanded over four weeks.  Of these 12 CRISPR-transfected cell lines, only 1 

targeted WT, four F877L, and two T878A cell lines were able to be grown and 

expanded. Through Sanger sequencing, it was discovered that two of the 22Rv1-

F877L lines did not contain the intended F877L mutation, thereby creating 

CRISPR-targeted controls for the 22Rv1 cell lines. Sanger sequencing results for 

the five other CRISPR-positive cell lines show that both the particular knocked-in 

missense mutation and parental line sequences are present. Thus, these five 

CRISPR-positive 22RVI cell lines remain as mixed cell populations with targeted 

and non-targeted cells or as homogeneous cell populations with at least one AR 

allele targeted. Since the AR copy number status for parental 22Rv1 cells is still 

being assessed (Table 3.2), no conclusions about these lines have been made 

as of yet.  

 

VCaP-CRISPRed Cell Lines 

A total of 36, 96-well plates (or 12 plates per RT) were originally set up for 

single cell dilutions of all VCaP cell lines transfected with CRISPR/Cas9n 

reagents. It took two months to collect ~75 single cell colonies per RT for 

replication, and it was an additional five months after replication before these 

single cell colonies grew to about 80% confluency and could be screened. 

Through PCR screening, three WT, five F877L and 10 T878A CRISPR-positive 

colonies were initially discovered. However, it took an additional six months to 

expand these single cell colonies from the 96-well replica plates and not every 

colony survived. From these 18 original CRISPR-positive VCaP colonies, only 
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three WT, two F877L, and seven T878A colonies survived the process of 

expansion. From these 12 single cell colonies, gDNA was isolated before 

freezing stocks of each CRISPR-positive cell line.  However, it was decided to 

delay additional screens on these CRISPR-positive cell lines since these 

particular cell lines took over a year to grow. Interestingly, when a second 

transfection of VCaP cells with the CRISPR/Cas9n reagents was performed, an 

additional eight, 96-well plates per RT (i.e. a total of 24 plates) were created; 

however, no single cell colonies were visible after three months. Thus, no replica 

plates could be made or screened. In addition to growing poorly after 

transfection, parental VCaP cell lines were found to contain increased AR copy 

number by ddPCR (Table 3.2). It is still being considered whether or not this copy 

number gain could be interfering with the targeting of the AR genetic locus by the 

CRISPR/Cas9n system.  

 

 

Discussion and Future Directions 

 

 CRISPR/Cas9 is a relatively new gene editing method and consequently 

protocols for using this system are still being optimized. While this study 

demonstrates that the CRISPR/Cas9n system can be used to introduce AR 

genetic mutations in several PCa cell lines (including LNCaP, LAPC-4, 22Rv1, 

and VCaP), there are a few limitations of this study that need to be addressed 

since none of the generated cell lines can be utilized in experiments as of yet. 
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The first limitation of this study is the type of CRISPR/Cas9n system that was 

utilized. While the double nickase system does limit off-target mutagenesis, a 

recent study has suggested that the efficiency of the system could be further 

increased if the Cas9n plasmids directly target the region of interest’s exon for 

nicking and if the provided RTs are much shorter [55]. Another study has 

suggested combining CRISPR/Cas9 gene editing technology with recombinant 

adeno-associated virus (rAAV) genome editing technology such that the 

designed RT contains a selection cassette in addition to the mutations of interest 

[56]. This technique would then allow for the selection of cells that specifically 

utilized the RT to repair the double-strand break introduced by the nickases and 

would, thereby, also increase the rate of finding CRISPR-positive single cell 

clones after the initial transfections. 

 Another limitation of this study was the initial single cell isolation protocol 

that was used. This protocol originally involved the significant dilution of the cell 

population across 96-well plates; however, it became evident that after 

transfection, these PCa cell lines were very sensitive and seemed to only grow in 

a non-single cell state. The best single cell isolation results in this study were 

seen with the LNCaP-WT line, which was single cell isolated for a third time in 

plates containing a feeder layer of irradiated NIH 3T3 cells. In addition to using 

feeder layer cells, cloning cylinder technology could also be employed to isolate 

single, CRISPR-positive cells. This technique involves cells being distributed 

across a large enough surface area so that individual cells can grow without 

interacting with other growing colonies and in continuously conditioned media.  
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This method is particularly useful when single cells cannot grow without 

paracrine signaling. Thus, all of the remaining CRISPR-positive LNCaP, LAPC-4, 

and 22Rv1 cell lines will need to be properly single cell isolated using a different 

protocol.  

In addition to re-isolating single cell clones from each of the CRISPR-

positive lines and redesigning the CRISPR/Cas9 gene editing system, the 

LNCaP-WT cell line that has already been properly single cell isolated (and all 

other CRISPR-positive LNCaP cell lines that will undergo single cell dilution) will 

need to endure further gene editing in order to introduce the AR LBD sequences 

of interest into the second AR allele. Once the entire panel of isogenic PCa cell 

lines with AR LBD mutations has been generated, a unique and valuable 

resource will be available for many future studies. Future studies will 

comprehensively examine these cell lines for genetic and epigenetic alterations 

as well as differences in overall gene expression. These cell lines will also be 

valuable pre-clinical substrates for drug design and testing. Ultimately, by 

generating novel isogenic cell line models, the biologic role of these AR 

mutations as well as their role in resistance to contemporary androgen-AR axis 

therapies can be elucidated. Consequently, how AR mutational status should 

influence therapy selection for men with CRPC can be determined.  
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Figure 3.1. Schematic of the domain structure of AR, highlighting the location of 

cancer-associated LBD hotspot mutations.  
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Figure 3.2. Schematic of CRISPR/Cas9n gene targeting scheme for AR in PCa 

cell lines. A) CRISPR-targeting strategy for AR WT, T878A, and F877L. Intronic 

barcodes for amplification were introduced into the AR genetic locus for targeted 

parental identification (mPAM1-M13F and mPAM2-TTA). B) Representative 

image of PCR-amplified gDNA using the M13-Forward internal barcode specific 

primer and the 3’-UTR-Reverse primer outside of the targeting region. The gDNA 

in this particular PCR was from VCaP cells either not transfected with 
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CRISPR/Cas9n reagents (i.e. negative control; Lane 1) or transfected with 

CRISPR/Cas9n reagents (WT, F877L, and T878A RTs; Lanes 2-5, respectively). 

Lane 5 represents a water (or negative) control.   

 

 

 

Figure 3.3. Representative Sanger sequencing and ddPCR results for PCa cell 

lines, all of which were single cell isolated after transfection with CRISPR/Cas9n 

reagents. A) Results for a LNCaP cell line transfected with the WT RT. B) 

Results for a LAPC-4 cell line transfected with the T878A RT. 
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Figure 3.4. Determining the AR gene expression status of CRISPR/Cas9n-

transfected PCa cell lines by assessing cDNA via ddPCR. ddPCR results for (A) 

two LNCaP-WT cell lines that were single cell isolated during the third attempt 

and for (B) two LAPC-4-F877L cell lines that were originally thought to be single 

cell isolated during the second attempt, but most likely remained a mixed 

population of targeted and non-targeted cells. Positive controls for both ddPCRs 

include: AR T878A and F877L gBlocks (mutant probe controls), Female gDNA 

digested by MseI (WT probe control), and a given cDNA control for each of the 

parental cell lines. A water (or negative) control was also utilized. 
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