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Abstract

Background: Metastatic castration-resistant prostate cancer (mCRPC) is the lethal form of the 

disease. Several recent studies have identified genomic alterations in mCRPC, but the clinical 

implications of these genomic alterations have not been fully elucidated.

Objective: To use whole-genome sequencing (WGS) to assess the association between key driver 

gene alterations and overall survival (OS), and to use whole-transcriptome RNA sequencing to 

identify genomic drivers of enzalutamide resistance.

Design, setting, and participants: We performed survival analyses and gene set enrichment 

analysis (GSEA) on WGS and RNA sequencing results for a cohort of 101 mCRPC patients.

Outcome measurements and statistical analysis: OS was the clinical endpoint for all 

univariate and multivariable survival analyses. Candidate drivers of enzalutamide resistance were 

identified in an unbiased manner, and mutations of the top candidate were further assessed for 

enrichment among enzalutamide-resistant patients using Fisher’s exact test.

Results and limitations: Harboring two DNA alterations in RB1 was independently predictive 

of poor OS (median 14.1 vs 42.0 mo; p = 0.007) for men with mCRPC. GSEA identified the Wnt/

β-catenin pathway as the top differentially modulated pathway among enzalutamide-resistant 

patients. Furthermore, β-catenin mutations were exclusive to enzalutamide-resistant patients (p = 

0.01) and independently predictive of poor OS (median 13.6 vs 41.7 mo; p = 0.025).

Conclusions: The presence of two RB1 DNA alterations identified in our WGS analysis was 

independently associated with poor OS among men with mCRPC. The Wnt/β-catenin pathway 

plays an important role in enzalutamide resistance, with differential pathway expression and 

enrichment of β-catenin mutations in enzalutamide-resistant patients. Moreover, β-catenin 

mutations were predictive of poor OS in our cohort.

Patient summary: We observed a correlation between genomic findings for biopsy samples 

from metastases from men with metastatic castration-resistant prostate cancer (mCRPC) and 

clinical outcomes. This work sheds new light on clinically relevant genomic alterations in mCRPC 

and provides a roadmap for the development of new personalized treatment regimens in mCRPC.
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1. Introduction

Metastatic castration-resistant prostate cancer (mCRPC) is the lethal form of PC and is 

predicted to lead to 29 000 PC-related deaths in the USA in 2019 [1]. As part of a broad 

effort to elucidate genomic drivers of mCRPC, large-scale next-generation sequencing 

studies have been conducted. Whole-exome sequencing (WES) studies have identified AR, 

ETS family (eg, ERG), PTEN, and TP53 as genes that are frequently affected by somatic 

alterations, with TP53 and AR alterations enriched in mCRPC compared to primary PC 

[2,3]. Recent whole-genome sequencing (WGS) studies revealed AR enhancer tandem 

duplications as an additional important genomic feature observed in a subset of mCRPCs 

[4,5]. These next-generation sequencing efforts identified recurrent variants in mCRPC and 

highlighted the genomic heterogeneity of the disease.

Despite recent advances in identifying genomic drivers of mCRPC, there is a paucity of 

studies with longitudinal outcomes examining the clinical implications of these genomic 

alterations. It has been shown that in primary prostate tumors, PTEN loss [6–9], focal 

deletions on chromosomes 13q (including RB1) and 18q [10], focal amplifications on 

chromosome 5p13 or 5p15 [10], and percentage genome alteration (PGA) [11] are 

associated with advanced disease and poor clinical outcomes. The prognostic value of other 

common variants, such as TMPRSS2-ERG fusions, remains equivocal [12–14]. It is likely 

that prognostic molecular determinants similarly exist in mCRPC, but they have not been 

fully elucidated to date.

Despite the overall efficacy of enzalutamide in treating mCRPC [15], individual patients 

have variable responses to treatment, and the eventual development of resistance is nearly 

universal. Recent studies have begun to investigate the variability in response to 

enzalutamide by focusing largely on genomic variants known to affect AR signaling or DNA 

damage repair [16,17]. However, an unbiased approach to identify dysregulated genes and 

pathways associated with the development of enzalutamide resistance has yet to be 

performed. To identify clinically relevant genomic markers in mCRPC, we undertook a 

subsequent detailed clinical analysis of 101 mCRPC patients for whom we had previously 

reported the results of whole-transcriptome RNA sequencing (RNA-seq) and WGS. This 

cohort included a group of patients who developed progressive disease following treatment 

with enzalutamide. In addition to evaluating the association between key driver gene 

alterations and overall survival (OS), we performed RNA expression–based gene set 

enrichment analysis (GSEA) to identify potential drivers of resistance to enzalutamide. We 

followed up this analysis with an investigation of DNA genomic events related to the top 

candidate pathway (Wnt/β-catenin), and examined the prognostic significance and 

enrichment of CTNNB1 mutations in enzalutamide-resistant patients.
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2. Patients and methods

2.1. Clinical samples and data processing

Tissue biopsy samples from 101 mCRPC patients enrolled in the multi-institutional Stand 

Up 2 Cancer / Prostate Cancer Foundation-funded West Coast Prostate Cancer Dream Team 

underwent WGS as previously described (Supplementary material) [4]. Sequencing was 

performed using the Illumina HiSeq platform, and a mean tumor sequencing depth of 109× 

and a matched normal sample sequencing depth of 38× were achieved. The results of these 

sequencing efforts have previously been reported [4]. Characteristics for biopsied patients 

were compared between the WGS and no WGS groups using a χ2 independence test for 

categorical variables, a two-sample t test for age as a normally distributed continuous 

variable, and a Wilcoxon rank-sum test for continuous variables that were not normally 

distributed. The significance level was set to 0.05 for all comparisons.

2.2. Variable definitions

Genes of interest for survival analyses were selected a priori by choosing putative tumor 

suppressors and oncogenes in metastatic PC. We examined the prognostic significance of 

DNA alterations in TP53, PTEN, and RB1, the three most commonly aberrant and well-

characterized tumor suppressors in mCRPC. In addition, we examined MYC amplification, 

TMPRSS2-ERG fusions, global copy number burden (PGA), and AR gain-of-function via 

activating mutation, copy number gain, or enhancer tandem duplication. Given that prior 

studies have reported that combinatorial loss of at least two of three genes TP53, PTEN, and 

RB1 was associated with more clinically aggressive disease [18–20], we examined two 

additional groups of interest: (1) two or more DNA alterations in each of at least two of the 

three tumor suppressor genes; and (2) no DNA alterations in any of these three genes. We 

defined PGA as in a previous report on localized prostate cancer [11] and stratified our 

cohort into PGA quartiles for survival analysis. We focused on these specific genomic 

alterations because they are prevalent and likely to be important in PC pathogenesis.

2.3. Mutation, copy number, and structural variant calls

Mutations, copy number alterations, and structural variants were identified and integrated 

into final estimates of the predicted number of altered alleles for each gene interrogated (as 

described in the Supplementary material). Predicted monoallelic and biallelic loss calls were 

made on the basis of the total number of DNA alterations due to inactivating mutations, 

shallow (1-copy) or deep (2-copy) deletions, and inactivating structural variants observed.

2.4. RNA-seq pathway analysis of enzalutamide resistance

To identify genomic features associated with enzalutamide resistance, we performed a cross-

sectional GSEA on RNA-seq expression data using the standard GSEA tool (Supplementary 

material) [21]. Analyses were performed to identify gene sets that were enriched in 

enzalutamide-resistant patients relative to enzalutamide-naïve patients. Gene sets were 

considered significantly enriched if their false discovery rate (FDR) q value was < 0.25, as 

defined by the publishers of the GSEA tool. To further assess pathway-level expression 

differences between enzalutamide-resistant and enzalutamide-naïve patients, we computed a 
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Wnt signaling pathway expression score for each patient based on expression of genes in the 

pathway (Supplementary material). A one-sided Mann-Whitney U test was performed to 

assess whether the median Wnt signaling pathway expression score was greater in the 

enzalutamide-resistant group than in the enzalutamide-naïve group.

2.5. Clinical endpoints and survival analysis

Enzalutamide resistance was defined as progression during treatment with enzalutamide 

according to the Prostate Cancer Clinical Trials Working Group-2 criteria [22]. OS from the 

time of mCRPC diagnosis was examined to evaluate the clinical implications of specific 

genomic alterations of interest. Survival analyses were conducted using the Kaplan-Meier 

method with log-rank testing for significance. When assessing the prognostic significance of 

DNA alterations in TP53, PTEN, and RB1, we decided a priori to perform two-group 

survival comparisons between patients with two or more DNA alterations and those with 

zero or one DNA alteration. When assessing the prognostic significance of low-frequency 

alterations, we used the exact log-rank test (ExaLT), as it has been shown that this has better 

properties than the log-rank test for comparing small or asymmetric groups [23]. To limit the 

number of statistical tests performed, we selected relatively few genomic features to 

investigate as potential prognostic factors. We also performed a more unbiased analysis 

examining the DNA alterations observed at different frequencies in the tertile of patients 

with the shortest OS relative to the tertile with the longest OS. Multivariable survival 

analysis with Cox proportional hazards models was performed to account for demographic, 

clinicopathologic, and treatment factors associated with survival. In addition to RB1 and 

CTNNB1 alteration status, the multivariable survival analysis included six of the eight 

clinical factors previously reported to be prognostic for OS [24], excluding opioid analgesic 

use and serum albumin (which were not available in our cohort). Unless otherwise stated, all 

independence and hypothesis tests were performed using a two-sided significance level of 

0.05. R v.3.5.0 was used to perform all statistical analyses along with the survival (v.2.42–6), 

survminer (v.0.4.3), and ExaLT (v.1.0) R packages for survival analysis.

3. Results

3.1. Patient characteristics

A total of 256 patients with mCRPC were enrolled in a prospective biopsy cohort. Of these 

256 patients, 78% (200) had biopsies positive for metastatic PC. Of these 200 biopsies, 101 

with sufficient tumor volume were selected for WGS. The clinicopathologic and sequencing 

results for these patients have previously been reported [4]. Clinical outcomes for this cohort 

have since become available, and are the basis of this report. Overall, the clinical 

characteristics of the patients whose samples were selected for WGS were similar to those of 

the entire biopsy cohort with respect to all variables except site of metastasis at the time of 

biopsy (Table 1). Some 5.0% of patients had a transcriptomic profile consistent with 

treatment-emergent small-cell neuroendocrine prostate cancer (t-SCNC). Enzalutamide-

naïve patients comprised 65% of the cohort, while 35% had received prior enzalutamide 

treatment. The mean length of clinical follow-up from the time of initial mCRPC diagnosis 

was 3.0 yr. Three WGS patients were excluded from survival analyses because of the date of 

their initial mCRPC diagnosis was unknown.
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3.2. DNA alterations

As previously reported, two or more DNA alterations in TP53 were observed in 47/101 

patients (47%), while two or more DNA alterations in PTEN or RB1 were observed in 

36/101 (36%) and 12/101 patients (12%), respectively [4]. A total of 38/101 patients (38%) 

had MYC amplification, and 86/101 (86%) had AR gain of function. Closer examination of 

combinatorial alterations in individual patients revealed that 23/101 (23%) had two or more 

DNA alterations in at least two of the three genes (TP53, PTEN, RB1), 17 had two or more 

DNA alterations in each of TP53 and PTEN, and 7/101 (6.9%) had no DNA alterations in 

any of the three genes (Fig. 1).

3.3. Harboring two DNA alterations in RB1 is associated with shorter survival and a 
distinct transcriptomic profile

The median OS for patients with and without two DNA alterations in RB1 was 14.1 and 

42.0 mo, respectively (ExaLT p = 0.007; Fig. 2). There was no significant difference in OS 

between groups when examining the prognostic significance of AR gain of function, two or 

more TP53 DNA alterations, two or more PTEN DNA alterations, MYC amplification, 

TMPRSS2-ERG fusion, or PGA (Fig. 3, Supplementary Fig. 2). Prior analyses have 

suggested that two DNA alterations in at least two of the RB1, PTEN, and TP53 genes 

(cluster B) may predict poor survival [20] or, inversely, that no DNA alterations in RB1, 

PTEN, and TP53 (cluster A) may predict better survival. However, neither the combinatorial 

gene alteration signatures (cluster A and cluster B) nor the large subcategory of cluster B 

with two or more alterations in each of TP53 and PTEN had prognostic significance with 

respect to OS (Fig. 3, Supplementary Fig. 3). These analyses suggest that DNA alterations in 

the RB1 gene alone may be associated with clinically aggressive mCRPC. Since prior 

studies found that RB1 haploinsufficiency may be an important phenomenon [25,26], we 

also assessed the prognostic significance of having one DNA alteration in RB1. We found 

that there was no difference in survival between patients with one DNA alteration in RB1 
and those with no alterations (p = 0.7; Supplementary Fig. 4). Examination of DNA 

alteration frequency in the shortest-OS and longest-OS tertiles revealed that RB1 was among 

the top 20 genes with a higher prevalence of mutations in the shortest-OS tertile relative to 

the longest-OS tertile. Complete results for these OS-stratified tertile analyses are presented 

in Supplementary Table 1.

Given our finding that the presence of two DNA alterations in RB1 was associated with poor 

clinical outcomes, we investigated the genomic characteristics of patients with two RB1 
DNA alterations in greater detail. Assessment of transcriptomic changes previously shown to 

be associated with RB1 alterations revealed having two alterations in RB1 was associated 

with expanded E2F1 function and lower AR activity (Supplementary Fig. 5A,B). These 

findings are consistent with prior studies in RB1-deficient mCRPC [27,28]. We also 

assessed whether t-SCNC was enriched in patients with at least two DNA alterations in each 

of TP53 and RB1, as previously described [20]. While there were only four patients with 

dual TP53/RB1 alterations in our cohort, two of the four had gene expression profiles 

consistent with a previously published t-SCNC transcriptomic signature [29]. This was in 

contrast to three of 96 patients in the remainder of the cohort who had gene expression 

profiles consistent with t-SCNC (50% vs 3.1%; p = 0.01). Taken together, these analyses 
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suggest that mCRPCs with two DNA alterations in RB1 had not only shorter OS but also a 

distinct transcriptomic profile that was consistent with the literature.

3.4. Alterations in the Wnt/β-catenin pathway may be associated with enzalutamide 
resistance

After assessing the prognostic impact of selected genomic alterations on OS, we sought to 

identify genomic features associated with enzalutamide resistance. To identify candidate 

genes that might confer resistance to enzalutamide, we performed RNA-seq expression-

based GSEA [21] on our cohort. GSEA identified the Wnt/β-catenin pathway as the most 

highly enriched pathway among enzalutamide-resistant patients (normalized enrichment 

score 1.95, FDR = 0.15; Fig. 4A, Supplementary Table 2). Using the Wnt signaling pathway 

genes as a transcriptomic signature, we found that expression of these genes was 

significantly higher on average among enzalutamide-resistant patients (p = 0.035; 

Supplementary Fig. 6). To further investigate this finding, we examined genomic alterations 

in CTNNB1 (β-catenin), the main effector of the Wnt pathway. Four patients were identified 

with exonic missense mutations in CTNNB1. All four of the mutations were located in a 

similar genomic region (Fig. 4C), with three of these occurring at known pathogenic 

mutational hotspots [30]. Moreover, all four of these individuals were resistant to 

enzalutamide. This enrichment of CTNNB1 mutations among enzalutamide-resistant 

patients was significant on cross-sectional analysis (Fisher’s exact test: p = 0.01). Although 

some patients treated with enzalutamide had received prior therapy with abiraterone, none of 

the four patients with enzalutamide resistance and CTNNB1 mutations had been exposed to 

abiraterone. In addition to enzalutamide resistance, CTNNB1 alterations were associated 

with poor OS. The median OS for patients with and without CTNNB1 mutations was 13.6 

and 41.7 mo, respectively (ExaLT p = 0.025; Fig. 4D).

3.5. Multivariable analyses demonstrate that RB1 and CTNNB1 alterations are prognostic 
after accounting for clinicopathologic variables

Important findings from univariate analysis were that two DNA alterations in RB1 (Fig. 2) 

and CTNNB1 activation (Fig. 4D) were associated with poor OS. To determine whether 

these genomic alterations were predictive of worse OS after accounting for demographic and 

other important clinical features known to be prognostic in mCRPC, we performed 

multivariable analysis using a multivariable Cox proportional hazards model with backward 

selection of variables. CTNNB1 mutations and the presence of two DNA alterations in RB1 
were both independently prognostic when considered in the same multivariable model (two 

RB1 alterations, p = 0.003; CTNNB1 mutation, p < 0.001) after adjusting for 

clinicopathologic variables including serum alkaline phosphatase, serum hemoglobin, 

prostate-specific antigen (PSA), and the presence of liver metastases (Table 2).

4. Discussion

We used WGS of biopsies to assess the association between key driver gene alterations and 

OS among patients with mCRPC, and subsequently used whole-transcriptome RNA-seq to 

identify genomic drivers of enzalutamide resistance.
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We found that having two DNA alterations in RB1 (but not two alterations in PTEN, two 

alterations in TP53, MYC amplification, or AR gain-of-function) was associated with poor 

OS independently of other clinicopathologic factors. We observed two DNA alterations in 

RB1 in 12% of our cohort, as compared to a prevalence of 2–3% in recent primary PC 

cohorts [31–33]. This is consistent with studies that found that RB1 alterations were 

enriched in metastatic compared to primary PCs but present in still only a minority of 

mCRPCs [2,3,32]. It has been reported that RB1 loss predicts poor recurrence-free survival 

in localized PC [34], and a recent study of circulating tumor DNA (ctDNA) sequencing 

found that RB1 loss was a predictor of progression-free survival in post-enzalutamide 

mCRPCs [16]. A limitation of the previous analysis of RB1 in mCRPCs is that it only 

included patients for whom ctDNA was detectable, which potentially introduced a bias for 

patients with more advanced disease [35,36]. Our study potentially faced similar bias. By 

profiling only tumors with sufficient tumor volume for WGS, we may have inadvertently 

selected for patients with a higher total tumor volume and potentially more advanced 

disease. We addressed this by comparing clinicopathologic characteristics between patients 

whose tumors were sequenced and those whose tumors were not sequenced (Table 1), which 

revealed that the groups had comparable clinical characteristics and baseline parameters at 

the time of biopsy. The one exception to this observation was that, if anything, WGS patients 

had a lower prevalence of visceral involvement (26% vs 37%) and a higher prevalence of 

lymph node–only metastases (11% vs 3.2%) in comparison to the rest of the biopsy cohort 

(p = 0.025). There were no differences in baseline parameters known to be prognostic in 

mCRPC and that are generally felt to be associated with tumor volume, including PSA, 

alkaline phosphatase, lactate dehydrogenase, and hemoglobin. Finally, there was no 

difference in OS in our biopsy cohort between patients whose tumors were and were not 

subjected to WGS (p = 0.7). Taken together, these data suggest that the patients selected for 

sequencing were clinically representative of the entire biopsy cohort.

In our study we focused on DNA alterations directly affecting tumor suppressor genes 

because these are most likely to result in specific inactivation of the affected genes. 

However, we acknowledge that there may be other mechanisms responsible for inactivation 

of tumor suppressor genes. For example, it has been shown that RB1 may be inactivated via 

mechanisms such as CDK4/6 upregulation, cyclin D/E amplification, and CDKN2A copy 

number loss [37]. As RB1 is emerging as a clinically important gene in mCRPC, we 

analyzed the prevalence in our cohort of alterations in genes other than RB1 that have been 

shown to be associated with RB1 loss (Supplementary Table 3, Supplementary Fig. 7). 

Interestingly, cyclin D/E amplification and CDKN2A two-copy deletion tended to be 

observed in samples with fewer than two DNA alterations in RB1, which is consistent with 

literature suggesting that these different mechanisms of RB1 loss of function may tend to be 

mutually exclusive [37]. Additional studies are needed to assess the effects of these 

alterations on RB1 function in mCRPC.

Our analyses of enzalutamide resistance revealed that Wnt/β-catenin pathway expression 

and β-catenin (CTNNB1) mutations were associated with enzalutamide treatment resistance. 

Furthermore, CTNNB1 mutations were associated with worse OS, although this finding 

should be interpreted with caution given the low number of CTNNB1 mutations observed (n 
= 4). β-Catenin is a major downstream effector molecule of Wnt in the canonical Wnt 
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pathway and has been implicated in many cancers [38]. It has been shown that CTNNB1 
mutations are enriched in metastatic disease, with an estimated prevalence of 4% in mCRPC 

[2,4] compared to <1% in localized PCs [31,32]. In addition, a prior ctDNA study of 

enzalutamide resistance in mCRPC found CTNNB1 activating mutations in four of 13 

(31%) enzalutamide-resistant PCs [16], suggesting that CTNNB1 mutations may be 

enriched in enzalutamide-resistant mCRPC. In our unbiased GSEA analysis of genomic 

pathways associated with enzalutamide resistance, we found that Wnt signaling was the top 

pathway that differentiated enzalutamide-resistant from enzalutamide-naïve patients. 

Moreover, since our cohort contained both enzalutamide-resistant and enzalutamide-naïve 

patients, we were able to perform a cross-sectional analysis to explicitly evaluate CTNNB1 
mutation enrichment. Although CTNNB1 mutations were observed at a relatively low 

frequency in our cohort (n = 4), they were exclusive to enzalutamide-resistant patients. This 

enrichment in enzalutamide-resistant disease (11% compared to zero patients out of 65) was 

statistically significant. We report a lower absolute prevalence of activating CTNNB1 
mutations among enzalutamide-resistant patients compared to the previous estimate of 31%. 

This difference might be attributable to the relatively low number of CTNNB1 mutational 

events observed in both cohorts. Nonetheless, the enrichment trend is consistent across 

cohorts and bolsters the theory that Wnt pathway activation involving β-catenin is a potential 

mechanism underlying enzalutamide resistance. Our findings are of particular interest in 

light of preclinical data demonstrating that Wnt/β-Catenin inhibition may overcome 

resistance to enzalutamide in CRPC [39]. Additional studies are needed to elucidate the 

emerging evidence that this pathway is potentially clinically targetable in PC.

A particular strength of our study design is the use of WGS data, which allowed us to 

incorporate high-confidence mutation, copy number, and structural variant calls into final 

assignments of functional copy status. We found that structural variants contributed to a 

substantial proportion of genomic events in our selected genes of interest. For example, six 

of the 12 patients with two DNA alterations in the RB1 tumor suppressor had an inactivating 

structural variant that contributed to the loss of one copy of the gene. These structural 

variants most likely disrupted gene function, as evidenced by associated low mRNA 

expression [4]. Similarly, we found that 21/36 patients with two PTEN DNA alterations and 

14/47 patients with two TP53 DNA alterations had inactivating structural variants involving 

the respective genes. In addition to providing a more comprehensive view of alterations in 

specific driver genes, WGS allowed us to study the prognostic significance of genomic 

events that are otherwise difficult or even impossible to assess accurately with either whole-

exome sequencing or targeted (mutational) panels. For example, we were able to examine 

the prognostic significance of tandem duplications in the enhancer upstream of the AR gene 

body, which is emerging as an important genomic event in advanced prostate cancer [4].

Whole-genome sequencing offers better resolution than other sequencing types for 

identifying structural variants, but as a tradeoff for coverage of the entire genome, tumors 

are often sequenced at a relatively lower depth. We achieved a mean sequencing depth of 

109× in tumor samples, which is generally considered very high for WGS. Nonetheless, this 

coverage depth may be insufficient to identify certain subclonal mutations present in only a 

small fraction of cancer cells within a tumor. Future studies involving deep sequencing of 
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genomic regions such as the RB1 and CTNNB1 loci are needed to assess the prevalence and 

clinical relevance of these subclonal mutations in a low fraction of cancer cells.

5. Conclusions

By using WGS, the gold standard for detection of structural variants, in conjunction with 

mRNA expression profiling in our study, we were able to link a comprehensive view of 

genomic alterations in men with mCRPC to clinical outcomes. The scope of the alterations 

we examined extends beyond what can be assessed with targeted panels or whole-exome 

sequencing and may be useful for designing targeted panels to conduct even larger clinical 

studies in the future. Our analysis suggests that emerging genomic variants of mCRPC can 

help to explain the clinical heterogeneity of the disease. We highlight RB1 and CTNNB1 as 

recurrently aberrant genes with clinical prognostic value, and we identified Wnt pathway 

activation as a potential mechanism underlying clinical enzalutamide resistance.
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Fig. 1 –. 
(A) Venn diagram showing the distribution of combinatorial biallelic loss of three key tumor 

suppressor genes. (B) Heat map showing the functional gene status of key oncogenes and 

tumor suppressors for each patient. Black denotes two or more DNA alterations, blue 

denotes one DNA alteration, grey denotes no DNA alterations, and red denotes the presence 

of a genomic feature or a gene gain of function.
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Fig. 2 –. 
Differences in overall survival between patients with two DNA alterations in RB1 and those 

with zero or one DNA alteration from the date of initial mCRPC diagnosis.
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Fig. 3 –. 
Forest plot demonstrating the prognostic significance of genomic variants of interest with 

respect to overall survival. A hazard ratio >1 indicates poor prognosis in terms of overall 

survival.

Chen et al. Page 15

Eur Urol. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4 –. 
(A) Scatter plot of candidate gene sets ordered in increasing likelihood of enrichment among 

enzalutamide-resistant patients according to gene set enrichment analysis (GSEA). The top 

candidate pathway (Wnt/β-catenin) is highlighted in red. NES = normalized enrichment 

score. (B) GSEA enrichment plot demonstrating the degree of correlation between genes in 

the Wnt pathway gene set and enzalutamide resistance. (C) MutationMapper [40] lollipop 

plot highlighting genomic coordinates of the four CTNNB1 missense mutations in our 

cohort. (D) Overall survival differences between patients with mutated and wild-type 

CTNNB1.
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Table 1 –

Patient demographics and clinicopathologic features
a

Characteristic No sequencing Sequencing p value

Patients (n) 155 101

Mean age, yr (standard deviation) 69 (7.9) 71 (8.4) 0.11

Race, n (%) 0.9

 Asian 4 (2.9) 4 (4.3)

 Black or African American 9 (6.6) 5 (5.3)

 Native American 1 (0.7) 0 (0)

 White 122 (90) 85 (90)

 Missing 19 (12) 7 (6.9)

Gleason score at diagnosis, n (%) 0.8

 ≥8 79 (54) 52 (57)

 <8 66 (46) 39 (43)

 Missing 10 (6.5) 10 (9.9)

ECOG performance status, n (%) 0.9

 0 82 (54) 57 (56)

 1 65 (43) 41 (41)

 ≥2 5 (3.3) 3 (3)

 Missing 3 (2.0) 0 (0)

Metastatic sites at time of biopsy, n (%) 0.025

 Liver 25 (16) 15 (15)

 Visceral metastases (not liver) 32 (21) 11 (11)

 Bone ± lymph node 93 (60) 64 (63)

 Lymph node only 5 (3.2) 11 (11)

 Missing 0 (0) 0 (0)

Enzalutamide treatment status, n (%) 0.2

 Naїve

  Prior abiraterone treatment 58 (37) 27 (27)

  No prior abiraterone treatment 43 (28) 38 (38)

 Resistant

  Prior abiraterone treatment 33 (21) 20 (20)

  No prior abiraterone treatment 21 (14) 15 (15)

 Missing 0 (0) 1 (1)

PSA response to AR targeted therapy (%) 63 57 0.7

Median PSA, ng/ml (IQR) 41 (13–148) 43 (15–148) 0.7

Median alkaline phosphatase, U/l (IQR) 98 (65–176) 91 (65–140) 0.4

Median lactate dehydrogenase, IU/l (IQR) 190 (164–248) 203 (166–291) 0.13

Median hemoglobin, g/dl (IQR) 12 (11–13) 13 (12–14) 0.15
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ECOG = Eastern Cooperative Oncology Group; IQR = interquartile range; PSA = prostate-specific antigen.

a
All clinicopathologic variables were measured at time of biopsy and p values are for comparison of the sequenced and not sequenced groups.
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Table 2 –

Multivariable analysis
a

p value

Lactate dehydrogenase in IU/l 0.2

Prostate-specific antigen in ng/ml 0.5

Hemoglobin in g/dl 0.9

Alkaline phosphatase in U/l 0.037

Eastern Cooperative Oncology Group performance status >0 0.6

Presence of visceral metastases 0.009

Two DNA alterations in RB1 0.003

CTNNB1 mutation <0.001

a
Laboratory values were all measured at the time of biopsy and were modeled as log values for multivariable analysis.
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