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Article

Epigenetic profiling identifies markers of 
endocrine resistance and therapeutic options for 
metastatic castration-resistant prostate cancer

Tesa M. Severson, 1,2,3,24 Emma Minnee, 1,2,24 Yanyun Zhu, 1,2 Karianne Schuurman, 1 Holly M. Nguyen, 4 Lisha G. Brown, 4 

Sini Hakkola, 5 Renee Menezes, 6 Sebastian Gregoricchio, 1,2 Yongsoo Kim, 1,21 Jeroen Kneppers, 1,2 Simon Linder, 1,2 

Suzan Stelloo, 1,2,22 Cor Lieftink, 7 Michiel S. van der Heijden, 3,8 Matti Nykter, 5 Vincent van der Noort, 9

(Author list continued on next page)

SUMMARY

Androgen receptor (AR) signaling inhibitors, including enzalutamide, are treatment options for patients with 
metastatic castration-resistant prostate cancer (mCRPC), but resistance inevitably develops. Using metasta-

tic samples from a prospective phase 2 clinical trial, we epigenetically profile enhancer/promoter activities 
with acetylation of lysine residue 27 on histone 3 (H3K27ac) chromatin immunoprecipitation followed by 
sequencing, before and after AR-targeted therapy. We identify a distinct subset of H3K27ac-differentially 
marked regions that are associated with treatment responsiveness, which we successfully validate in 
mCRPC patient-derived xenograft (PDX) models. In silico analyses reveal histone deacetylase (HDAC)3 to 
critically drive resistance to hormonal interventions, which we validate in vitro. Critically, we identify the 
pan-HDAC inhibitor vorinostat to be effective in decreasing tumor cell proliferation, both in vitro and in vivo. 
Moreover, we uncover evidence for HDAC3 working together with glucocorticoid receptor (GR) as a potential 
mechanism for this therapeutic effect. These findings demonstrate the rationale for therapeutic strategies 
including HDAC inhibitors to improve patient outcome in advanced stages of mCRPC.

INTRODUCTION

Prostate cancer is the most prevalent cancer type in men, with 

globally over 1.4 million new diagnoses and 396,000 patients 

who succumb to the disease each year. 1 Although most patients 

with high-risk localized disease are effectively treated with pros-

tatectomy or radiotherapy, 2 eventually 25% of patients will 

develop metastases for which there is currently no cure. 3–5 The 

treatment of choice for patients with metastatic prostate cancer 

is androgen deprivation therapy (ADT), which reduces serum 

testosterone to castration levels, to which virtually all patients 

initially respond. However, metastatic disease progression 

despite ongoing ADT, termed metastatic castration-resistant 

prostate cancer (mCRPC), is inevitable. 6

Androgen receptor (AR) is a hormone-dependent transcription 

factor and the master regulator of prostate cancer development 

and progression. Upon androgen stimulation, AR translocates 

into the nucleus 7 and associates with distal regulatory elements 

throughout the genome, hereafter referred to as its ‘‘cistrome.’’ 8,9 

AR chromatin binding is facilitated by pioneer factors, such as 

FOXA1, 10 and operates under tight epigenetic control. 10,11 Most 

active AR sites are hallmarked by acetylation of lysine residue 27 

on histone 3 (H3K27ac), a marker of active enhancers and pro-

moters. 12,13 Upon formation of an active transcription complex, 

AR drives the expression of its target genes to control tumor cell 

growth. Following progression on ADT, further suppression of 

the AR signaling axis by inhibitors such as enzalutamide (ENZA) 

is an effective treatment for patients with mCRPC. 14,15
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ENZA is a well-established therapy for the treatment of 

mCRPC. It significantly decreases the risk of radiographic pro-

gression and death in both the pre- and post-chemotherapy set-

tings. 14,15 ENZA blocks AR signaling at multiple levels, including 

diminished AR chromatin binding and prevention of coregulator 

recruitment. 16 However, intrinsic resistance to ENZA is observed 

in up to 46% of patients with mCRPC, and the duration of 

response varies greatly between patients. 14,15 Consequently, 

biomarkers for response prediction to AR-targeted therapeutics, 

including ENZA, are urgently needed to identify those patients 

who may benefit from alternative treatment strategies. More-

over, combination treatments to overcome or postpone resis-

tance to AR-targeted therapies are urgently needed in the clinic. 

Several studies compared AR chromatin binding profiles in 

different disease stages and illustrated the plasticity of AR cis-

tromes in tumor development 8,17 and disease progression, 18,19 

which are predictive for outcome 19 and associated with treat-

ment response in cell lines. 11 However, there is limited knowl-

edge on FOXA1 cistromics and H3K27ac profiles, in relation to 

drug resistance in patients with mCRPC.

To identify the potential epigenetic alterations that drive ENZA 

response in patients with mCRPC, metastasis-targeted biopsies 

were collected pre- and post AR-targeting treatment, while 

response to treatment was monitored. Comparative cistromic an-

alyses revealed a specific subset of 657 H3K27ac sites signifi-

cantly enriched in metastatic lesions from patients with mCRPC 

who did not respond to AR-targeted treatment. These sites 

were associated with lack of response to castration in mCRPC pa-

tient-derived xenograft (PDX) models and regulate genes selec-

tively expressed in ENZA-resistant cell line models, illustrating 

their potential to predict treatment response. Finally, we identified 

and functionally assessed factors that selectively bind to these

657 resistance-associated H3K27ac sites in cell line models, 

revealing therapeutic candidates and a potential effective treat-

ment strategy for patients with ENZA-resistant mCRPC. Further-

more, we propose a role for glucocorticoid receptor (GR) acting 

in combination with histone deacetylase (HDAC)3 at ENZA resis-

tance-associated enhancer regions, to drive resistance to ENZA.

RESULTS

Phase 2 trial of AR-targeted therapy in patients with 

mCRPC

To identify epigenetic biomarkers, we conducted a single-arm, 

open-label, phase 2 study in patients with mCRPC treated with 

a new line of AR-targeted therapy, as a sub-investigation of the 

CPCT-02 biopsy protocol (NCT01855477) (Figure 1A). Between 

September 2014 and April 2019, a total of 64 patients with 

mCRPC were enrolled in the trial. Baseline characteristics are 

summarized in Table S1, and trial outcomes in Table S1 and 

Figure S1A. In-depth description of relevant clinicopathological 

parameters and outcomes is included in the STAR Methods.

Biopsy assessment and evaluable population for 

biomarker discovery

All 64 patients had a pre-treatment biopsy from a metastatic 

lesion. Biopsy sites include bone (n = 19; 29.7%), lymph nodes 

(n = 32; 50.0%) and visceral organs (n = 13; 20.3%) (Table S1). 

A second biopsy (post-treatment) was taken upon disease pro-

gression for 15 patients. Biopsies with ≥30% tumor cells were 

further processed for downstream molecular analyses (42 and 

12 for pre- and post-treatment, respectively) (Figure S1A). 

None of the patients who had post-treatment biopsies were 

treated with ENZA at the time of biopsy. We successfully
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generated chromatin immunoprecipitation sequencing (ChIP-

seq) data for active promoter/enhancer histone modification 

H3K27ac—passing stringent quality control (QC) requirements 

(see STAR Methods)—for 22 out of the 42 samples. Four 

(18.2%) of the evaluable pre-treatment biopsies were from 

bone metastases, 13 (59.1%) from lymph node metastases, 

and 5 (22.7%) from visceral metastases (Table S1). For 6 of 15 

post-treatment biopsies, we obtained high-quality H3K27ac 

ChIP-seq data: 1 (16.7%) from bone, 3 (50.0%) from lymph no-

des, and 2 (33.3%) from visceral organs. One patient had both 

pre- and post-treatment biopsies, resulting in 28 biopsy samples 

for further analyses from 27 unique patients. The baseline 

characteristics and treatment outcomes of the patients who 

donated an evaluable pre-treatment (n = 22) or post-treatment 

(n = 6) biopsy are summarized in Table S1. There were no 

significant differences in baseline age, serum prostate-specific

A

B

C

D

Figure 1. Clinical trial design and ChIP-seq 

data collection

(A) Setup of the clinical trial. Patients with mCRPC 

are enrolled in the study, and an imaging-guided 

biopsy is taken prior to onset of ENZA treatment. 

One patient in the study was treated with abir-

aterone.

(B) Correlation heatmap of ChIP-seq data (50 kb 

bins across the genome, Pearson correlation) for 

H3K27ac, AR, and FOXA1 among all mCRPC 

samples (n = 40). Colors bars indicate ChIP fac-

tors: AR (light blue), FOXA1 (light green), and 

H3K27ac (dark green); tissue of sample origin: 

lymph node (gray), visceral organ (yellow), and 

bone (dark green); treatment: abiraterone (Abi, 

salmon) and enzalutamide (ENZA, brown); condi-

tion of the sample: pre-treatment (purple) and 

post-treatment (orange); and treatment response: 

non-responder (dark purple), responder (pink), 

intermediate (blue), and unknown (black outline). 

Scale bar indicates low (blue) to high correlation 

(red).

(C) Snapshot of H3K27ac ChIP-seq (biological 

replicates, n = 28) in different treatment response 

groups: responders (pink), non-responders (pur-

ple), unknown (unk., black outline), and interme-

diate (blue). The read counts (left) and genomic 

coordinates (bottom) are indicated.

(D) Principal component analysis using normalized 

read counts in all peaks in H3K27ac ChIP-seq 

data (n = 73039) from all samples (biological rep-

licates, n = 28). Samples labeled according to re-

sponders (pink), non-responders (purple), inter-

mediate (blue), or unknown (white).

See also Figure S1; Tables S1 and S2.

antigen (PSA), treatment outcomes, 

duration of treatment, PSA change from 

baseline, and time to PSA progression 

(TTPP) between the patients who 

donated an evaluable pre- and/or post-

treatment biopsy and the whole popula-

tion (Table S1). Survival data are also 

included in Table S1.

All patients were categorized based on 

overall response, which was a composite 

of three outcomes: (1) ≥ 50% PSA decrease from baseline, (2) 

radiographic response (stable disease, partial response, or com-

plete response), and (3) longer than median TTPP. Assessment 

was conservative; in case a patient could not be evaluated on 

a particular outcome measure, it was considered as no 

response. All patients were evaluable, except for one patient 

(1.6%) who could not be evaluated for any of the three outcomes 

(Table S1). In the whole population, 23.4% of patients scored on 

all three items (response to ENZA), 37.5% of patients did not 

score on any item (no response to ENZA), and the remaining 

37.5% of patients had inconsistent responses on the three 

outcome measures listed earlier (intermediate response to 

ENZA). Of the 22 patients in the pre-treatment evaluable popula-

tion, 6 (27.3%) patients had a response, 8 (36.4%) had an inter-

mediate response, and 8 (36.4%) had no response to ENZA 

(Table S1). Of the 6 patients in the post-treatment evaluable
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population, 2 patients had a response (33.3%), 2 had an interme-

diate response (33.3%), and 1 patient had no response (16.7%) 

to ENZA treatment, while 1 patient was not evaluable (16.7%) 

(Table S1). Based on the ChIP-seq QC parameters and clinical 

assessment of our trial data, 28 biopsies (22 pre- and 6 post-

treatment, from 27 unique patients) with high-quality ChIP-seq 

data are available; roughly equally sized response groups were 

formed, with 8 responders, 10 intermediate responders, and 9 

non-responders to treatment (one unknown) (Figure 1B).

Genome-wide epigenetic profiling of mCRPC

Apart from H3K27ac ChIP-seq data, for which we successfully 

generated high-quality data for 28 metastatic biopsy samples 

(see the previous section), 10 FOXA1 ChIP-seq and 2 AR ChIP-

seq datasets were generated (Figures 1B and S1A). As all these 

patients received prior ADT, the low circulating testosterone 

levels may explain the relatively low success rate of AR ChIP-

seq (in which chromatin binding is decreased following ADT) 

as compared to FOXA1. For peak numbers, read counts, and 

other relevant ChIP-seq QC parameters, see Table S2 and 

Figures S1B and S1C.

H3K27ac ChIP-seq samples were highly correlated based on 

genome-wide patterns (Figure 1B) indicating low inter-tumor 

heterogeneity and robust technical reproducibility. As expected, 

and in line with our previous study on multiple metastases from 

the same patient, 20 FOXA1 and AR profiles were intermingled 

in our unsupervised hierarchical analysis, reflecting the direct 

biological interplay between these two factors. 8,21 No correlation 

was observed with metastatic site, treatment condition/status, 

or clinical response in the clustering with all factors (Figure 1B), 

nor in clustering on H3K27ac alone (Figures S1D and S1E). As 

H3K27ac ChIP-seq data represented the largest and most com-

plete dataset, we decided to focus on these samples. For 

H3K27ac profiles, we found comparably high-quality peaks 

across all three response groups, as exemplified at a single locus 

(Figure 1C; AR and FOXA1, Figure S1F) and on a genome-wide 

scale (Figure 1D).

Distinct H3K27ac profiles identify mCRPC tumors 

resistant to AR-targeted therapy

When taking all peaks in all samples into account, H3K27ac pro-

files did not differ between response groups of patients in an un-

supervised exploratory analysis (principal component analysis) 

showing the most variance in the data (Figure 1D). To identify 

subsets of regions that may stratify patients on outcome, we per-

formed supervised differential binding analysis 22 on H3K27ac 

data, comparing responders and non-responders (Figure 2A). 

In total, we observed 682 H3K27ac regions that significantly 

differed between these response groups, with 657 sites selec-

tively enriched in non-responder patients and merely 25 sites 

found selectively enriched in responders (false discovery rate 

[FDR]-adjusted p value ≤ 0.05, log 2 FC ≥ abs|2|, Figure 2B). As 

expected for H3K27ac ChIP-seq, both sets of sites are predom-

inantly found in distal intergenic regions (Table S2). Differentially 

enriched peaks between responders and non-responders were 

robust, as exemplified for three genomic loci (Figure 2C), and 

quantified showing enriched signal in non-responders compared 

to responders across all non-responder sites (Figure 2D). The

non-responder enriched sites are associated with super-en-

hancers identified in the prostate cancer cell line derived from 

lymph-node, LNCaP (Fisher’s exact test, p value < 0.0001) 23 

indicating their potential importance for controlling cell state. 

Associated genes (Table S3, genes with TSS within 50 kb of 

non-responder H3K27ac peak) were significantly enriched for 

non-canonical AR target genes 24 (hypergeometric test, p 

value < 0.0001), indicating the potential non-canonical AR func-

tion in therapy-targeted resistance. Genes associated with 

non-responder sites previously implicated in aggressive pros-

tate cancer, PCAT1 25 and WNT5A 26 (Table S3), show higher 

H3K27ac signal in non-responder samples (Figure S1G).

To determine whether the 657 H3K27ac non-responder sites 

represent an acquired feature of mCRPC, or whether H3K27ac 

signal at these regions is already present in the primary disease 

setting and associated with aggressiveness, we re-analyzed 

H3K27ac ChIP-seq data from a matched case-control cohort of 

patients with treatment-naive primary prostate cancer that we re-

ported previously. 9 We observed no difference in H3K27ac signal 

at these sites based on case/control status (Figure S4A), nor on 

Gleason score (7 versus 9) (Figures S1H and S1I) while typical 

signal for known primary-specific AR-binding sites was clearly 

present 8 (Figure S1J). Further supporting the notion that these re-

gions are acquired in the treatment resistance metastatic setting, 

we observed stronger signal in the non-responder metastatic 

samples (this study) compared with treatment-naive metastasis 

samples and previously reported primary prostate cancer sam-

ples 18 as well as healthy prostate tissue 18 (Figure S1K).

Resistance-associated H3K27ac profiles predict 

response to castration in mCRPC PDXs

To independently validate the stratification potential of our resis-

tance-associated H3K27ac sites beyond our current mCRPC 

patient samples, we next investigated an existing H3K27ac 

ChIP-seq dataset that we previously reported for mCRPC PDX 

models. 18 The PDX models were generated from castration-

resistant prostate cancer tumors and represent metastatic sam-

ples from multiple metastatic sites, including adrenal glands, as-

cites, bladder, bone, bowel, lymph node, and liver. 27 Originally, 

to determine the hormone dependency of PDX tumor growth, 

PDX tumors were grown in testosterone-proficient male mice, 

after which the animals were either castrated or left intact 

(see overview in Figure 3A).

To evaluate whether the PDX tumors could be discriminated 

based upon the 657 non-responder H3K27ac sites, we plotted 

H3K27ac ChIP-seq data for these sites in 15 available LuCaP 

PDX samples derived from tumors from patients with prostate 

cancer (Figures 3B and 3C). Interestingly, 7 PDXs (45%) dis-

played strong H3K27ac signal at these regions, while the re-

maining 8 PDX samples (55%) displayed weak signal at 

these sites (assessed visually, Figure 3B), with no significant 

global differences between these two groups of samples 

(Figure S2A). Integrating these cistromic data with in vivo 

response-to-castration data showed that PDXs with strong 

H3K27ac at our clinically observed non-responder sites re-

sponded less to castration (Figure 3D; raw data, Figure S2B), 

relative to PDXs with weak H3K27ac signal at these sites. We 

used cell line models derived from a PDX (cPDX) with strong
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H3K27ac (LuCaP 189.4) or weak (LuCaP 35) signal at our 657 

resistance-associated sites, as surrogates for non-responder/ 

responder status, to delve into the mechanistic properties 

of response. 27 These cPDXs express comparable levels of 

AR, FOXA1, and H3K27ac as determined by western blot 

(Figure 3E) and recapitulate H3K27ac, AR, and FOXA1 signals 

of the non-responder and responder patient samples 

(Figure 3E), further supporting their role as suitable models for 

response in this setting. We found, upon stimulation, no change 

in expression of genes associated with non-responder H3K27ac 

peaks (TSS within 50 kb of a peak, Table S3) (Figure S2C). Inter-

estingly, using single-cell RNA sequencing data (scRNA-seq) 

from prostate cancer cell lines, we do find genes associated 

with our clinically observed H3K27ac non-responder sites as 

significantly enriched in a cell cluster that selectively appears

in LNCaP-derived ENZA-resistant cells 28 (cluster 3) (Figure 3F; 

Table S2). Further supporting these findings, when analyzing 

scATAC-seq (single-cell assay for transposase-accessible chro-

matin using sequencing) data from the same cells, we identified 

overlap of our non-responder H3K27ac peaks with accessible 

regions in the ENZA-resistant cluster 3 (Table S2), cumulatively 

suggesting potential clonality of resistant cells toward this spe-

cific cell population. After long-term treatment with ENZA, clus-

ter 3 was enriched mainly for LNCaP RES-B-resistant cells and 

partially for RES-A cells. LNCaP RES-B cell cluster 3 was 

expanded relative to parental cells as well as RES-A, indicating 

that these cells drive resistance-specific biology. In addition, 

average expression of genes associated with H3K27ac non-re-

sponder sites was linked with cluster 3 expansion (Figure 3G). 

Given the metastatic nature of LNCaP and its ENZA-resistant

A B

C D

Figure 2. Distinct H3K27ac profiles stratify patients with mCRPC on response to AR inhibition

(A) Differentially enriched regions from H3K27ac ChIP-seq data visualized by volcano plot (n = 73,039). Regions marked by blue dots were significant (DiffBind 

DESeq2 two-tailed FDR-adjusted p value ≤ 0.05, log 2 FC ≥ abs|2|) (n = 848); all other regions are shown with hexbin density to avoid over-plotting (n = 72191). 

Each data point density tile (hexagon) represents the density of data within the tile from low (light gray) to high (black).

(B) Heatmap showing normalized read count of H3K27ac data in significantly differentially bound regions (DiffBind DESeq2 two-tailed FDR-adjusted p value ≤ 

0.05, log 2 FC ≥ abs|2|) (n = 848) in responder (n = 8) and non-responder samples (n = 9), biological replicates. Colors bars indicate tissue of sample origin: lymph 

node (gray), visceral organ (yellow), and bone (dark green); treatment: abiraterone (Abi, salmon) and enzalutamide (ENZA, brown); condition of the sample: pre-

treatment (purple) and post-treatment (orange); and treatment response: non-responder (dark purple) and responder (pink). Scale bar indicates low (white) to high 

(black) normalized read counts.

(C) Individual snapshot of H3K27ac enriched differently in 3 responder patients (pink) and 3 non-responder patients (purple) as examples (biological replicates). 

The read counts and genomic coordinates are indicated (top right and bottom, respectively).

(D) Average normalized H3K27ac read count profiles of all merged data for responder patients (pink, n = 8) and all merged non-responder patients (purple, n = 9) at 

the 657 non-responder enriched sites (±5 kb from the peak center). Shading indicates standard error of the data.

See also Figure S1; Table S2.

Cell Reports Medicine 6, 102215, July 15, 2025 5

Article
ll

OPEN ACCESS



A

B
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E

F G

Figure 3. mCRPC PDX, PDX-derived cell line, and 

scRNA-seq validations of resistance-associated 

H2K27ac regions

(A) Overview of the PDX models setup. Prostate cancer 

samples from patients with mCRPC were obtained and 

implanted into the mouse to establish PDXs. These PDXs 

were characterized previously with their response to 

castration by the change of tumor volume.

(B) Heatmap depicting raw read counts of H3K27ac ChIP-

seq signal from PDX samples at the non-responder-en-

riched 657 H3K27ac regions, identified from the mCRPC 

patient samples (±5 kb from the peak center). Scale bar 

indicates low (white) to high (black) read counts.

(C) Average normalized H3K27ac read count profiles of all 

PDX merged data for samples with weak (gray, n = 8) and 

strong (black, n = 7) signal in the non-responder 657 

H3K27ac regions (±5 kb from the peak center), biological 

replicates. Shading indicates standard error of the data.

(D) Boxplots depicting doubling time of PDX models 

estimated using exponential (Malthusian) growth model 

(y axis) by group (x axis). The central mark indicates the 

median, and the bottom and top edges of the box indicate 

the 25 th and 75 th percentiles, respectively. The maximum 

whisker lengths are specified as 1.5 times the interquartile 

range. All individual values are depicted as circles colored 

by PDX model (strong H3K27ac – castration: n = 57, 

strong H3K27ac – control: n = 45, weak H3K27ac – 

castration: n = 71, weak H3K27ac – control: n = 73, bio-

logical replicates). Table below indicates the p values 

obtained for one-way ANOVA followed by Tukey honest 

significant difference (HSD) test for all combinations.

(E) (Left) Average normalized H3K27ac read count profiles 

of all cPDX cell line merged data for non-responder 

classed sample, cPDX LuCaP 189.4 (green, n = 3) and 

responder classed sample, cPDX LuCaP 35 (dark blue, 

n = 3) signal in the non-responder 657 H3K27ac regions 

(±5 kb from the peak center), biological replicates. 

Shading indicates standard error of the data. (Middle) 

Same as above with AR data. (Right) Same as above with 

FOXA1 data. (Far right) Western blot of AR, FOXA1, 

H3K27ac, and HSP90 (control) for cPDX LuCaP 35 and 

cPDX LuCaP 189.4. Shading indicates standard error of 

the data.

(F) Polar plot reporting the − 10 × log 10 (p values) (Fisher’s 

exact test) of gene overlap enrichment tests between 

genes associated with H3K27ac non-responder regions 

and LNCaP scRNA-seq cluster marker genes. Color in-

dicates strength of significance from low (pink) to high 

(red).

(G) Uniform manifold approximation and projection 

(UMAP) visualization showing the average gene expres-

sion score of genes associated with H3K27ac non-

responder regions in the parental LNCaP (left) and the 

ENZA-resistant, RES-B (right) single cells. Original 

scRNA-seq clusters (0–12) are superimposed on each 

plot. Scale bar indicates average expression score from 

low (gray) to high (red).

See also Figure S2; Table S2.
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derivative LNCaP RES-B, confirming our epigenetic results from 

patients with mCRPC and mCRPC PDX models, we conclude 

that these datasets represent a clinically relevant model for 

our analyses. Together, these data illustrate that distinct 

H3K27ac signals stratify patients for response to AR blockade, 

which we also observed in mCRPC PDX models, newly devel-

oped LuCaP PDX-derived cell lines, and single-cell data from 

models of ENZA resistance.

Driver identification for resistance to AR inhibition in 

mCRPC

Using GIGGLE, a genomics search engine that allows for the 

ranking of significance of genomic loci shared between query 

(non-responder regions) and a database of ChIP-seq regions, 29 

we analyzed an extensive database of ChIP-seq experiments 

from prostate tissue-derived cell lines and prostate cancer cell 

lines 30,31 (Table S3) to explore overlap of binding of regions

A B

C

D

E

F

Figure 4. Characterization of the non-responder-enriched H3K27ac sites reveals drivers of resistance

(A) Enrichment analysis to determine significant overlap of 657 H3K27ac non-responder sites with publicly available ChIP-seq data for factors previously studied 

in prostate cancer cell lines (n = 863). Graph shows median enrichment score for each factor (GIGGLE combo score, indicating low to high significant enrichment 

score [Fisher’s exact two-tailed test and odds ratio]). Factors are ordered by highest score (enrichment) in the dataset with text shown in those with median 

enrichment score >100.

(B) Average normalized FOXA1 read count profiles of merged data, at the 657 non-responder-enriched H3K27ac sites (±5 kb from the peak center), comparing 

patient samples, responders (pink, n = 8), and non-responders (purple, n = 9), biological replicates. Shading indicates standard error of the data.

(C) (Left, top) Snapshot of H3K27ac ChIP-seq (3 chosen at random for each class) in different treatment response groups: responders (pink), non-responders 

(purple) at the FOXA1 locus. The read counts (left) and genomic coordinates (top) are indicated. (Left, bottom) Snapshot of H3K27ac ChIP-seq (one chosen at 

random for each class) in different treatment response groups from cPDX LuCaPs: responder (dark blue), non-responder (green) at the FOXA1 locus. The read 

counts (left) and genomic coordinates (top) are indicated. (Right, top) Same as left but for HDAC3 locus. (Right, bottom) Same as left but for HDAC3 locus.

(D) Setup of siRNA screen to identify factors critical of prostate cancer cell line viability, resistant to androgen ablation or ENZA treatment.

(E) Screen results for pooled siRNAs, showing decreased viability of prostate cancer cell line models LNCaP-Abl (left), LNCaP-Enz R (middle), and LNCaP-16D 

(right). Cell viability was determined by CellTiter-Blue, and data are normalized over siControl. Bars indicate mean values ±SD (n ≥ 2, technical replicates). 

Adjusted p values were determined by two-sided t test with multiple testing correction (Benjamini-Hochberg method). Statistically significant conditions (adjusted 

p value < 0.05) are shown in red.

(F) siRNA deconvolution experiment, separately analyzing each individual siRNA for the 11 remaining hits in LNCaP-16D cells on cell viability. Cell viability was 

determined by CellTiter-Blue, and data are normalized over siControl. Bars indicate mean values ±SD (n ≥ 3, technical replicates). Adjusted p values determined 

as above. Statistically significant conditions (Benjamini-Hochberg adjusted p values < 0.05) are shown in red.

See also Figures S3 and S4; Table S3.
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from DNA-associated proteins with our non-responder H3K27ac 

sites (Figure 4A). This analysis identified multiple factors previ-

ously reported to drive resistance to ENZA or castration, 

including HNF4G, 32 NR3C1 (GR), 33–35 and FOXA1 36 (Table S3). 

FOXA1 ChIP-seq analyses from our mCRPC samples revealed 

selective enrichment at the 657 non-responder H3K27ac sites 

in mCRPC samples from non-responder patients (n = 4), relative 

to responders (n = 3) samples, clinically validating the cell line-

based GIGGLE analysis (Figure 4B). These results were further 

confirmed in cPDX cell line data for H3K27ac and FOXA1 

(Figure 3E), identifying higher H3K27ac signal at both FOXA1 

and HDAC3 genic loci in non-responders (Figure 4C).

Next, we explored the functional involvement of top-enriched 

factors (Table S3) in driving resistance to AR blockade (essential 

genes in our setting), by designing and performing a focused 

small interfering RNA (siRNA) screen of genes with median 

GIGGLE combo enrichment score >20 to target genes (STAR 

Methods) in two cell line models of castration resistance 

(LNCaP-Abl 37 and LNCaP-16D 38 ) as well as a model of ENZA 

resistance (LNCaP-Enz R ) 39 (Figure 4D). From the pooled siRNA 

experiments, 11 hits that significantly diminished proliferation 

(Figure 4E) were identified as top-enriched factors in the 

GIGGLE analysis and selected for deconvolution experiments 

in castration-resistant LNCaP-16D. These analyses identified 

factors previously described as critical in driving resistance to 

both ENZA and castration in prostate cancer cell lines: 

FOXA1 36 and GATA2 40 (Figures 4F and S3A). Furthermore, two 

factors previously associated with castration resistance, but 

not studied before for their potential involvement in driving resis-

tance to ENZA, were identified: HDAC3 41 and ASH2L. 42

HDAC inhibition blocks mCRPC cell growth 

Computational analyses and perturbation studies identified five 

factors of potential therapeutic interest. As transcription factors 

are considered challenging drug targets, we prioritized HDAC3 

for further downstream studies. HDAC3 has previously been re-

ported as a therapeutic target in castration-resistant prostate 

cancer 41 but remains unexplored in the ENZA-resistant setting. 

While HDAC1, 2, 3, and 8 have been targeted with various 

HDAC inhibitors, only HDAC3-selective inhibition has been 

implicated in anti-tumor efficacy in castration resistance. 41 

Highly selective HDAC3 inhibitors have been described but 

have not been explored for efficacy and tolerability in clinical 

trials. 43 Contrastingly, less-specific HDAC inhibitors are well 

characterized and clinically implicated in the treatment of 

several cancer types, including vorinostat in the treatment of 

cutaneous T cell lymphoma. 44 Vorinostat blocks prostate 

cancer cell proliferation 41,45 and synergizes with AR antagonist 

bicalutamide. 46 Consequently, HDAC inhibitors have the poten-

tial to overcome resistance to established mCRPC treatments, 

including AR-targeted drugs. 47 An increased sensitivity to 

HDAC inhibition was observed in castration-resistant LNCaP-

16D cells relative to hormone-sensitive parental LNCaP cells 

(Figure S3B). Importantly, in both LNCaP cells and LNCaP-

16D cells, vorinostat combined with ENZA strongly reduced tu-

mor cell viability (Figure S4A). To further establish therapeutic 

proof of concept, subcutaneous PDX tumors were dissociated 

and treated ex vivo with increasing concentrations of ENZA,

vorinostat, or both (Figures 5A and S4B). In agreement with 

the cell line-based results, ex vivo drug response in mCRPC 

PDXs confirmed sensitivity to both drugs and synergistic inter-

actions between vorinostat and ENZA in explant experiments 

(Figures S4A and S4B) using highest-single agent synergy 

reference model. Through HDAC3 ChIP-seq analyses, we 

find HDAC3 binding in non-responder H3K27ac regions 

verifying the GIGGLE analysis (Figure S5A). Furthermore, treat-

ment with the pan-HDAC inhibitor vorinostat increases global 

and local H3K27ac signal in non-responder regions 

(Figures S5B and S5C). This increase is higher in comparison 

to the HDAC3-specific inhibitors, RGFP966 and BRD3308 

(Figure S5B). Global effects of HDAC3 inhibition on H3K27ac 

protein signal are similar in non-responder and responder 

cPDX models as expected (Figure S5B).

To further explore the effect of HDAC3 inhibition and ENZA 

treatment in vitro, we performed cell proliferation analyses us-

ing non-responder LuCaP 189.4 cPDX cells (Figure 5A). Vorino-

stat (pan-HDAC inhibitor) inhibits cell proliferation over time, 

both alone and in combination with ENZA (Figure 5B). Interest-

ingly, there was no additional decrease of tumor cell prolifera-

tion when targeting HDAC3 specifically (BRD3308 and 

RGFP966), indicating that HDAC3-specific inhibition is on par 

with pan-HDAC inhibition with vorinostat (Figure S5D). For 

BRD3308, vorinostat performs better with respect to cell prolif-

eration decrease (Figure S5D). For this reason and because 

vorinostat is clinically approved, we focused our analyses on 

vorinostat. Next, we performed in vivo intervention studies 

with cPDX LuCaP 189.4 cells. We studied tumor outgrowth in 

4 treatment arms: (1) vehicle control (n = 10), (2) ENZA (n = 

10), (3) vorinostat (n = 10), and (4) ENZA + vorinostat combina-

tion (n = 9). Vorinostat decreased tumor outgrowth both as a 

single agent (p = 0.0104) and combined with ENZA (p = 

0.0709), while no response to ENZA as a single agent was 

observed, relative to control (Figure 5C; Table S3).

Given these findings, we hypothesized that HDAC3 works as a 

transcriptional regulator, potentially with GR as a partner, which 

is associated with the non-responder regions (Figure 4A) and is 

known to drive ENZA resistance in cell line and mouse models. 48 

Previously, our lab reported HDAC3 as a GR interactor, 49 and 

others established that GR-mediated activation of target genes 

is facilitated by class I HDAC activity. 50 In our experiments, the 

GR agonist dexamethasone (Dexa) alone has no effect on 

H3K27ac signal in our non-responder regions in the non-

responder model cPDX 189.4, while addition of vorinostat along 

with Dexa increases H3K27ac signal, and vorinostat alone 

shows the highest signal (Figure 5D). GR ChIP-seq analyses in 

our model confirmed that activated GR binds at non-responder 

H3K27ac sites (Figure 5E). Importantly, GR binding decreases 

when adding vorinostat (Figure 5E). We do not observe this 

change in GR binding upon vorinostat at gene TSSs in non-

responder regions (within 50 kb of a non-responder peak), sug-

gesting enhancer-centric epigenetic suppression of GR chro-

matin binding. With this, we propose a role for HDAC3 acting 

in combination with GR at ENZA resistance-associated 

enhancer regions, which is abrogated by the HDAC inhibitor vor-

inostat, blocking proliferation of ENZA-resistant prostate cancer 

cells.
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DISCUSSION

The clinical significance of the non-protein coding genome in 

prostate cancer is rapidly gaining attention. Whole-genome 

sequencing of primary prostate cancer specimens revealed 

enrichment of somatic mutations in AR chromatin-binding 

sites, 51,52 a subset of which functionally affected enhancer activ-

ity. 17 Also in mCRPC, non-coding somatic alterations have been 

reported, including amplification of enhancer elements that 

regulate the expression of AR, 53,54 HOXB13, 18 and FOXA1. 18 

Furthermore, extensive epigenetic reprogramming and AR 

enhancer plasticity have been related to tumorigenesis 8,17 and 

progression, 18 as well as therapy resistance. 19 To date, devia-

tions in enhancer regulation have not been extensively studied 

in castration-resistant disease and remain unexplored in the 

context of a controlled clinical trial. Here, we interrogated the ep-

igenome in relation to AR-targeted therapy response in patients

with mCRPC. Within our clinical cohort, epigenetic features re-

vealed a robust classification scheme predicting response to 

treatment, exposed potential drivers of resistance, and identified 

therapeutic drug combinations to combat castration-resistant 

disease.

While ENZA improves outcome in patients with mCRPC, 14,15 a 

significant proportion of patients with mCRPC experience no 

response to AR-targeting treatment due to intrinsic resistance 

mechanisms. Supporting this notion of pre-existing treatment 

resistance, H3K27ac profiles in mCRPC tumors remained 

unaltered following ENZA treatment, harboring epigenetic pro-

grams that support resistance-associated cellular growth. In 

contrast, most previously described resistance mechanisms 

appeared to be treatment-induced, including AR mutations 7,55,56 

and amplification, 39 GR upregulation, 33–35 or enrichment of 

HNF4G. 32 As our patients already relapsed after prior therapies 

and developed castration resistance, the aforementioned

A B C

D E

Figure 5. Treatment effect and mechanistic insight in non-responder cPDX

(A) Setup of analysis performed on patient-derived xenograft material, explants, (left) and in vitro and in vivo experiments (right) performed on cell lines derived 

from PDX (cPDX).

(B) Incucyte cell proliferation analyses, in response to treatment in non-responder model cPDX LuCaP 189.4 (x axis is time in hours, y axis is percent confluence 

[shading: ± standard error of the mean]). Lines represent cell confluence in vehicle (purple), vorinostat (pink), ENZA (green), and combination of vorinostat and 

ENZA (turquoise), each treatment type: biological triplicates with 6 technical replicates.

(C) In vivo mouse intervention experiments, showing smoothed tumor volume over time in mice injected with non-responder cPDX LuCaP 189.4 model cells (x axis 

time in treatment days, y axis tumor volume in cubic mm [shading: standard error of smoothed data]). After tumor outgrowth to 100 mm 3 , mice were treated daily 

with vehicle (purple, n = 10), vorinostat (pink, n = 10), ENZA (green, n = 10), and combination of vorinostat and ENZA (turquoise, n = 9), biological replicates).

(D) Average ChIPseqSpikeInFree normalized H3K27ac read count profiles of merged data from cPDX LuCaP 189.4, at the 657 non-responder-enriched H3K27ac 

sites (±5 kb from the peak center) comparing FBS (dark blue), dexamethasone + DMSO (light green), dexamethasone + vorinostat (orange), and vorinostat alone 

(pink) (n = 3 biological replicates each). Shading indicates standard error of the data.

(E) (Left) Average normalized GR read count profiles of merged data from cPDX LuCaP 189.4, at the 657 non-responder-enriched H3K27ac sites (±5 kb from the 

peak center) comparing dexamethasone (Dexa) + DMSO (light blue) and Dexa + vorinostat (gold) (n = 3 replicates each). (Right) Average GR read count profiles of 

merged data from cPDX LuCaP 189.4, TSS sites found within 50 kb of a 657 non-responder-enriched H3K27ac site (±5 kb from the peak center) comparing 

Dexa + DMSO (light blue) and Dexa + vorinostat (gold) (n = 3 biological replicates each). Shading indicates standard error of the data.

See also Figure S5; Table S3.
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resistance mechanisms may have already occurred before our 

samples were taken. At the single-cell level, genes associated 

with our H3K27ac non-responder sites were significantly en-

riched in an ENZA resistance-associated cluster, which expands 

after long-term treatment, 28 indicating treatment-induced clonal 

selection. These results suggest divergent castration resistance 

mechanisms, which either sustain androgen dependency (as in 

the case for our ‘‘responder’’ population) or diverge toward com-

plete resistance to AR-targeted drugs (our ‘‘non-responder’’ 

population), in which other transcription factors compensate. 

Most transcription factors are generally considered chal-

lenging drug targets and other therapeutic strategies are ur-

gently needed. Along these lines, for three of our hits: NKX3-1, 

FOXA1, and GATA2, specific inhibitors are yet to be developed. 

Recently, indirect small-molecule inhibition of FOXA1 has been 

described, by targeting EZH2 57 and LSD1, 58 presenting a poten-

tial direct therapeutic avenue in this setting.

As HDAC3 expression was reported critical for AR-driven 

transcriptional programs—both in hormone-sensitive and 

castration-resistant cell line models 59 —we chose to further 

explore HDAC inhibition as a therapeutic strategy. Our data 

reveal that HDAC3 is also critically involved in resistance to 

AR-targeted therapeutics in the mCRPC setting and demon-

strate the efficacy of the pan-HDAC inhibitor vorinostat both 

alone and in conjunction with ENZA in cell line models, 

ex vivo in mCRPC PDX cultures, and in vitro and in vivo using 

cell lines derived from PDX models (cPDX LuCaP 189.4). This 

drug has been clinically approved for cutaneous T cell lym-

phomas and has also shown promise as a therapeutic strategy 

in advanced non-small cell lung cancer. 60 Although vorinostat 

showed no single-agent activity in patients with mCRPC, a 

phase 2 trial investigating the combination of the non-selective 

HDAC inhibitor panobinostat and the AR-targeted drug bicalu-

tamide in 55 patients showed promising results. 61,62 Another 

trial 63 found no additional benefit of HDAC inhibition plus 

ENZA, which was in agreement with our in vivo experiment, 

where vorinostat alone sufficed to decrease tumor volume. To 

date, however, clinical trials in prostate cancer examining 

HDAC inhibition included very small numbers of patients, 

complicating interpretation thereof. Common drug-related 

serious adverse events such as thromboembolic events associ-

ated with vorinostat are of concern. 44 In line with this, in our 

in vivo experiments, mice treated with vorinostat or the combi-

nation of ENZA + vorinostat more often had diarrhea, which re-

sulted in humane sacrifice. Our results support clinical efficacy 

evaluation of the combination of ENZA and vorinostat. Since 

vorinostat is aimed to modulate the development of ENZA 

resistance, treatment at a lower dose may reduce toxicity.

We identified HDAC1 and HDAC2 as well as enriched factors 

associated with non-responder H3K27ac sites (Figure 4A; 

Table S3, enrichment scores, 3.2 and 59.7, respectively). 

HDAC3 has previously been reported in cell lines to effectively 

drive resistance to AR-targeted therapies. 41,45,46 Consequently, 

we position HDAC3 as an exemplar of a biological process, and 

further follow-up studies would be required to disentangle the 

putative contributions of other HDAC family members. As 

GR—a known driver of ENZA resistance 48 —was prominent in 

our enrichment analysis (Figure 4A), we hypothesized that

HDAC3 was working as a transcriptional regulator with GR to 

affect cell proliferation. Supporting this, we identified GR chro-

matin binding to be markedly reduced at H3K27ac resistance-

associated sites following vorinostat treatment, indicating that 

GR-chromatin interactions may be responsible for the therapeu-

tic effect we observe. Further follow-up studies would be 

required to pinpoint the specific regulatory regions driving the 

treatment-resistant phenotype.

While other studies have confirmed epigenetic profiles associ-

ated with response in the primary setting, 16 we now provide—in 

context of a prospective clinical trial including metastatic pa-

tients—an epigenetics-based biomarker for ENZA response in 

mCRPC. By analyzing these regions, we discovered the target 

HDAC3 and confirmed its importance in treatment intervention 

experiments using the pan-HDAC inhibitor vorinostat, which 

significantly lowered tumor growth in vivo. We have also eluci-

dated potential mechanistic insights pointing to GR action at 

our resistance-associated sites, a driver of ENZA resistance pre-

viously reported in preclinical studies, in which we now provide 

further clinical support. Recently developed cell-free ChIP-seq 

methodologies on patient plasma allow for the epigenetic inter-

rogation of prostate cancer metastases in a minimally invasive 

manner. 64 Future developments on these approaches may allow 

for the implementation of our epigenetic signature in clinical 

routine, to identify those patients upfront with a likely poor 

response to ENZA alone and consider these patients eligible 

for combination treatment strategies. Based on our results, 

new clinical trials for testing vorinostat—or other HDAC inhibi-

tors—potentially in conjunction with ENZA for patients with 

mCRPC would be justified, since drugs with effective therapeutic 

windows are urgently needed to combat this currently incurable 

stage of the disease.

Limitations of the study

We conducted a single-arm, open-label, phase 2 study in which 

64 patients with progressive mCRPC scheduled to be treated 

with ENZA were included. The number and nature of pre-treat-

ments were not defined in the inclusion and exclusion criteria. 

Consequently, the pre-treatments of the patients varied, 

possibly affecting clinical outcomes and outcomes of the trans-

lational studies. Furthermore, patients were included between 

2014 and 2019. Consequently, a proportion of patients in the trial 

were not treated as extensive in the metastatic castration-sensi-

tive stage of the disease and were not treated with radium-223 

and/or 177Lu-prostate-specific membrane antigen (PSMA) prior 

to docetaxel in the mCRPC stage of the disease, as present pa-

tients would be treated. Furthermore, of the 64 patients in the 

study, a subset of 38 samples could be evaluated for transla-

tional studies, which might have introduced bias.
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contact, Andries M. Bergman (a.bergman@nki.nl).
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This study did not generate new, unique reagents.
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Data and code availability

• The sequencing data reported in this paper have been deposited in the 

European Genome-Phenome Archive (EGA). EGA numbers: patient 

ChIP-seq data (EGAS00001006161) and LuCaP cell line ChIP-/RNA-

seq data (EGAD50000001345 and EGAD50000001344, respectively).

• This study did not report new original code.

• Any additional information required to reanalyze the data reported in this 

work paper is available from the lead contact upon request.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-AR Millipore Cat#06-680; RRID:AB_310214

Goat polyclonal anti-FOXA1 Abcam Cat#ab5089; RRID:AB_304744

Mouse monoclonal anti-FOXA1 Seven Hills Bioreagents Cat#WMAB-2F83; RRID:AB_451717

Rabbit polyclonal anti-H3K27ac Active motif Cat#39133; RRID:AB_2561016

Rabbit polyclonal anti-HDAC3 Abcam Cat#ab137704

Rabbit polyclonal anti-GR (D6H2L) Cell Signaling Technology Cat#12041S

Mouse polyclonal anti-HSP90 (F-8) Santa Cruz Cat#sc-13119; RRID: AB_675659

Mouse polyclonal anti-Actin Millipore Cat#MAB1501R

IRDye Donkey-α-Goat IgG Secondary antibody LI-COR Biosciences Cat#926-32213; RRID: AB_621848

IRDye Donkey-α-Mouse IgG Secondary antibody LI-COR Biosciences Cat#926-68072; RRID: AB_10953628

IRDye Donkey-α-Goat IgG Secondary antibody LI-COR Biosciences Cat#926-32214; RRID: AB_621846

Biological samples

Biopsies from patients with metastatic 

castration resistant prostate cancer

This study ClinicalTrials.gov: NCT01855477

Patient-derived prostate cancer xenografts University of Washington LuCaP

Chemicals, peptides, and recombinant proteins

Dexamethasone MedChemExpress Cat#HY-14648

Vorinostat MedChemExpress Cat#HY-10221

Dimethyl sulfoxide (99.7% acroseal) Thermo Fisher Scientific Cat#326881000

Enzalutamide (powder, mice experiments) MedChemExpress Cat#HY-70002_1g

Enzalutamide (10mM in DMSO) MedChemExpress Cat#HY-70002

Methyltrienolone (R1881) Sigma-aldrich Cat#R0908

BRD3308 MedChemExpress Cat#HY-19618

RGFP966 MedChemExpress Cat#HY-13909

Disuccinimidyl glutarate (DSG) COVACHEM Cat#13301-1

Formaldehyde solution (37%) Merck Cat#1039991000

Protein A magnetic beads Thermo Fisher Scientific Cat#10008D

Protein G magnetic beads Thermo Fisher Scientific Cat#10009D

Lipofectamine RNAiMAX Reagent Invitrogen Cat#13778150

Cultrex RGF BME, type 2 Bio-Techne Cat#3536-005-02

siGENOME Human FOXA1 siRNA (set of 4) Dharmacon Cat# MQ-010319-01-0002

siGENOME Human GATA2 siRNA (set of 4) Dharmacon Cat# MQ-009024-00-0002

siGENOME Human NKX3-1 siRNA (set of 4) Dharmacon Cat# MQ-015422-00-0002

siGENOME Human CREB1 siRNA (set of 4) Dharmacon Cat# MQ-003619-01-0002

siGENOME Human HDAC3 siRNA (set of 4) Dharmacon Cat# MQ-003496-02-0002

siGENOME Human TLE3 siRNA (set of 4) Dharmacon Cat# MQ-019929-01-0002

siGENOME Human PIAS1 siRNA (set of 4) Dharmacon Cat# MQ-008167-01-0002

siGENOME Human ASH2L siRNA (set of 4) Dharmacon Cat# MQ-019831-01-0002

siGENOME Human HOXB13 siRNA (set of 4) Dharmacon Cat# MQ-012226-01-0002

siGENOME Human NR3C1 siRNA (set of 4) Dharmacon Cat# MQ-003424-03-0002

siGENOME Human TOP1 siRNA (set of 4) Dharmacon Cat# MQ-005278-00-0002

siGENOME Human AR siRNA (set of 4) Dharmacon Cat# MQ-003400-02-0002

siGENOME Human HDAC2 siRNA (set of 4) Dharmacon Cat# MQ-003495-02-0002

siGENOME Human HNF4G siRNA (set of 4) Dharmacon Cat# MQ-003407-02-0002
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siGENOME Human SUMO2 siRNA (set of 4) Dharmacon Cat# MQ-016450-01-0002

Critical commercial assays

RNeasy Mini Kit Qiagen Cat#74106

TruSeq Stranded mRNA sample preparation kit Illumina Inc. Cat#RS-122-2101/2

CellTiter-Glo Luminescent Cell Viability Assay Promega Cat#G7572

RNAGEM kit MicroGEM N/A

Quant-iT TM RiboGreen TM RNA Assay Kit Thermo Fisher Scientific Cat#R11490

SensiMix TM SYBR Kit Bioline Cat#QT615-05

Miltenyi gentleMACS system with a 

Human Tumor dissociation kit

Miltenyi Corp. Cat#130095929

Deposited data

Patient ChIP-seq data This study EGA: EGAS00001006161

LuCaP cell line ChIP-seq data This study EGA: EGAD50000001345

LuCaP cell line RNA-seq data This study EGA: EGAD50000001344

PDX mCRPC H3K27ac ChIP-seq data Pomerantz et al., 2020 18 GEO: GSE130408

H3K27ac data from primary 

prostate cancer patient tumors

Stelloo et al., 2018 9 GEO: GSE120738

SEdb 2.0 LNCaP data Wang et al., 2023 23 http://www.licpathway.net/sedb/

scRNA-seq from parental LNCaP cells Handle et al., 2019 65 GEO: GSE130534

scRNA-seq from LNCaP RES-B Taavitsainen et al., 2021 28 GEO: GSE168669

Experimental models: Cell lines

Human: LNCaP ATCC Cat# CRL-1740

Human: LNCaP-16D Kim et al., 2029 66 N/A

Human: LNCaP-abl Culig et al., 1999 37 N/A

Human: LNCaP-Enz R Kregel et al., 2016 39 N/A

Human: PDX derived cell line LuCaP 35 Peter Nelson Laboratory N/A

Human: PDX derived cell line LuCaP 189.4 Peter Nelson Laboratory N/A

Experimental models: Organisms/strains

Mouse: NOD-Scid IL2Rag null male mice Jackson Laboratory N/A

Mouse: intact C.B. 17 SCID male mice Charles River 236

Oligonucleotides

qPCR primer ACTB:

F - 5 ′ -CCTGGCACCCAGCACAAT-3 ′ 

R - 5 ′ -GGGCCGGACTCGTCATACT-3 ′

This paper N/A

qPCR primer FOXA1:

F- 5 ′ -GTGAAGATGGAAGGGCATGAA-3 ′ 

R - 5 ′ -CCTGAGTTCATGTTGCTGACC-3 ′

This paper N/A

qPCR primer ASH2L:

F- 5 ′ -CTGACGTCTTGTATCACGTG-3 ′ 

R - 5 ′ -GCATCTTTGGGAGAACATTTG-3 ′

This paper N/A

qPCR primer GATA2:

F- 5 ′ -GACAAGGACGGCGTCAAGTA-3 ′ 

R - 5 ′ -GGTGCCCATAGTAGCTAGGC-3 ′

This paper N/A

qPCR primer HDAC3:

F- 5 ′ -ACGGTGTCCTTCCACAAATACG-3 ′ 

R - 5 ′ -GGTGCTTGTAACTCTGGTCATC-3 ′

This paper N/A

Software and algorithms

R v3.4.4/v4.0.3/v4.1.2 https://www.r-project.org/ https://www.r-project.org/

BWA (v0.5.20) Li and Durbin., 2009 67 https://bio-bwa.sourceforge.net/

Incucyte ZOOM 2018A https://www.sartorius.com https://www.sartorius.com
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Clinical study design and participants

We conducted a single-arm, open-label, phase 2 study, in patients with mCRPC at the Netherlands Cancer Institute. Male patients 

over 18 years of age, with histologically confirmed adenocarcinoma of the prostate, Eastern Cooperative Oncology Group (ECOG) 

performance status 0-2, a serum testosterone level <50 ng/dl, scheduled for ENZA treatment and not previously treated with ENZA, 

with progressive disease, defined as a PSA rise (PCWG3 criteria 85 ) and/or radiographic progression (RECIST 1.1 criteria 86 ) and met-

astatic lesions of which a histological biopsy could safely be obtained, were included in the trial. This single center cohort study was 

conducted as a sub-investigation of the CPCT-02 biopsy protocol (NCT01855477), which aims to analyze the individual metastatic 

cancer genome in patients, to develop future personal predictors for response to systemic treatment. This study was approved by the 

local medical ethics committee of the Netherlands Cancer Institute and was activated on January 24 th , 2012. The protocol complied 

with the ethical principles of the Declaration of Helsinki. Patients provided signed informed consent for translational studies and 

recording and analysis of baseline characteristics and clinical outcomes of ENZA treatment. The trial was approved by the institu-

tional review board of the Netherlands Cancer Institute, written informed consent was signed by all participants enrolled in the study, 

and all research was carried out in accordance with relevant guidelines and (inter-)national and ethical standards. Within the General 

Data Protection Regulation, patients always had the opportunity to object or actively consent to the (continued) use of their personal 

data and biospecimens for research purposes.

Clinical study trial procedure details

Baseline studies included radiographic evaluation (CT scan of thorax and abdomen), physical examination, ECOG performance 

score, blood cell counts and serum chemistry and a biopsy from a metastatic site. Subsequently, patients were treated with 

ENZA at a starting dose of 160 mg/day (4 tablets of 40 mg once daily). Dose adjustments to as low as 80 mg/day were allowed. During 

the course of ENZA treatment, physical examination, ECOG performance score, blood analysis, including PSA measurements, was

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

samtools (v1.8) Li et al., 2009 68 https://www.htslib.org/

Picard Tools (v2.18) Maintained by The Broad Institute http://broadinstitute.github.io/picard/

Macs2 (v2.1.1) Zhang et al., 2008 69 https://pypi.org/project/MACS2/

Phantompeakqualtools Marinov et al., 2014 70 https://github.com/kundajelab/

phantompeakqualtools

deepTools (v2.0) Ramirez et al., 2016 71 https://deeptools.readthedocs.io/en/latest/

pyGenomeTracks (v3.6) Lopez-Delisle et al., 2021 72 https://github.com/deeptools/pyGenomeTracks

DiffBind (v2.4.8) Ross-Innes et al., 2012 22 https://bioconductor.org/packages/

release/bioc/html/DiffBind.html

hexbin (v1.28.1) Carr D et al., 2025 73 https://github.com/edzer/hexbin

ChIPSeeker (v1.26.2) Yu et al., 2025 74 https://bioconductor.org/packages/

release/bioc/html/ChIPseeker.html

BEDTools (v2.26.0) Quinlan et al., 2010 75 https://bedtools.readthedocs.io/en/latest/

GeneOverlap (v1.30.0) Shen, 2018 76 http://bioconductor.jp/packages/3.8/bioc/

vignettes/GeneOverlap/inst/doc/GeneOverlap.pdf

ggplot (v3.4.0) Wickham, 2016 77 https://ggplot2.tidyverse.org

Seurat (v4.3.0) Hao et al., 2021 78 https://satijalab.org/seurat/

ggpubr (v0.3.0) Kassambara, 2023 79 https://github.com/kassambara/ggpubr

CistromeDB Data Browser Zheng et al., 2019 31 http://cistrome.org/db/#/

GIGGLE search Layer et al., 2018 29 https://github.com/ryanlayer/giggle

ChIP-seq pipeline for hg38 analysis https://github.com/sebastian-gregoricchio/SPACCa

gatk (v4.3.0.0) McKenna et al. 2010 80 https://github.com/broadinstitute/gatk/releases

ChIPseqSpikeInFree (v1.2.4) Jin et al., 2020 81 https://github.com/stjude/ChIPseqSpikeInFree

HISAT2 (v2.1.0) Kim et al. 2019 82 https://daehwankimlab.github.io/hisat2/

HTSeq count (v0.5.3) Anders et al. 2014 83 https://htseq.readthedocs.io/en/

release_0.11.1/count.html

SynergyFinder 2.0 Ianevski et al., 2020 84 https://synergyfinder.aittokallio.group/

2025050914331658354/
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performed every four weeks at the outpatient clinic. A radiographic response was evaluated at 12 weeks by means of a CT scan of 

thorax and abdomen (RECIST1.1). 86 Patients with bone only metastases were considered progressive when new metastases were 

detected. In these patients, a response to treatment could not be evaluated. ENZA treatment was continued until progression or intol-

erance and selection of subsequent treatment. Frequency of visits to the outpatient clinic and assessments beyond ENZA treatment 

were at the discretion of the physician. Primary endpoint of the study is Time to PSA Progression (TTPP) defined as time from inclu-

sion into the trial until date of a confirmed second PSA rise (PCWG3). 85 Secondary recorded clinical outcomes are, rate of ≥50% 

serum PSA decrease from baseline, radiographic response (RECIST 1.1 criteria) 86 and overall survival (OS) defined as time from in-

clusion into the trial until death.

For biomarker discovery purposes, we aimed to construct a cohort of ENZA treated patients at various lines of mCRPC treatment in 

a Phase 2 clinical trial, which is representative for the general population. The first line ENZA PREVAIL study 14 showed an 11.2 month 

(48.7 weeks) time to PSA progression (TTPP), while the second line ENZA AFFIRM study 15 showed an 8.3 month (36.1 weeks) TTPP. 

A retrospective study into ENZA treated patients in fourth or fifth line, suggested a TTPP of 3.6 months (15.7 weeks). 87 We assumed to 

enroll 20% of patients treated with ENZA as a first line treatment, 20% as a second and 60% of patients in a higher line of treatment. 

Consequently, we expect a TTPP in this miscellaneous population of 22 weeks. Inclusion of 60 patients will allow the detection of this 

median TTPP with 95% confidence intervals of 16.4-33.6 weeks. This expected range is sufficiently narrow, that when the true TTPP 

falls within these limits, it suggests that results of the trial are representative and can be interpreted clinically. All time-to-event end-

points were estimated by the Kaplan-Meier method. Differences in normally distributed baseline characteristics and study outcomes 

between the whole population and the evaluable pre-treatment biopsy and post-treatment biopsy sub populations were evaluated by 

a student t-test.

In Table S1, the baseline characteristics of all 64 included patients (whole population) are summarized. Median age of the patients 

was 69 years and the majority of patients had skeletal (75.0%) and/or lymph node (70.3%) metastases, while 34.4% had visceral 

organ metastases. Virtually all patients (93.8%) had PSA progression, while radiographic progression was established in 81.3% 

of patients prior to ENZA treatment. Approximately one-third of patients (32.8%) received ENZA as a first line mCRPC treatment, 

while all other patients previously received other treatments, including docetaxel chemotherapy (62.5%) and the AR-signaling target-

ing agent abiraterone (23.4%). Outcomes of treatment, after a median of 17 (IQR: 9-30) months follow-up, are summarized in 

Table S2. All patients in the trial were treated with ENZA (160 mg once daily), except for one patient who was treated with abiraterone 

instead. The median duration of treatment was 22.7 (IQR: 13-45) weeks and 46.9% of patients had a ≥ 50% decrease of serum PSA 

from baseline. Complete or partial radiological responses were found in 18.8% of patients and 17.2% of patients had radiologic sta-

ble disease after 12 weeks of treatment. The primary endpoint of the trial, Time to PSA progression (TTPP) was 17.7 (IQR 12-35) 

weeks, while median overall survival was 14.5 months.

Rate of PSA response in the current study (ENZA-treated in first, second and later treatment lines) was lower than in the random-

ized controlled trial of first line ENZA (PREVAIL trial), 14 but in line with the randomized controlled trial of second line ENZA (AFFIRM 

trial) 15 (54%). The primary endpoint of the trial, Time to PSA progression (TTPP) was 17.7 (IQR 12-35) weeks which falls within the 

expected range considering 23.4% of patients in the current trial were previously treated with abiraterone and consequently likely 

to have a lower likelihood of durable response due to cross-resistance. 88 However, the composition of patients in the trial, based 

on the line of treatment, deferred from the assumption that 60% percent of patients would have been treated with ENZA as a third 

or higher line of mCRPC treatment. This means that the trial population had fewer prior treatments than anticipated. The TTPP in the 

current trial was shorter than in the AFFIRM trial (36 weeks). 15 Complete or partial response was found in 18.8% of patients and 

17.2% of patients had radiographic stable disease after 12 weeks of treatment. Overall survival was 14.5 months which was shorter 

than the 18.4 months, reported in the AFFIRM study. 15 In conclusion, ENZA treatment resulted in a TTPP within the expected range. 

The TTPP was shorter than in the registration studies PREVAIL and AFFIRM, 14,15 which is explained by the miscellaneous population 

with more pretreatments, most notably prior abiraterone.

Patient derived xenograft (PDX) models

All animal experiments were performed after University of Washington IACUC approval following ARRIVE and NIH guidelines. Sub-

cutaneous tumors were implanted in intact C.B.17 SCID male mice (Charles River) and when tumors reached 100mm 3 animals were 

randomized to control and castrated groups. Tumor growth and body weights were monitored twice a week. Animals were sacrificed 

at the end of the study or when animals became compromised.

Cell line models and culture conditions

PDX derived cell line models

The cell lines derived from LUCaP 189.4 and 35 (cPDX LuCaP) were cultured in DMEM medium (Life Technologies) supplemented 

with 10% fetal bovine serum (FBS) and 1% Penicillin-Streptomycin in a 5% CO 2 atmosphere at 37 ◦ C. For GR-activation experiments 

with vorinostat, cells were cultured in DMEM supplemented with 10% FBS, 1% Penicillin-Streptomycin and 100 nM Dexamethasone 

(MedChemExpress) for 2 hours followed by another 2-hour treatment in presence of 5 μM vorinostat (MedChemExpress) or the 

DMSO (Fisher) vehicle control. For the experiments without dexamethasone stimulation the cells were only treated with 5 μM vorino-

stat (MedChemExpress) or DMSO vehicle control. For the AR-activation experiments, cells were hormone deprived for 3 days in
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DMEM supplemented with 5% Dextran coated charcoal (DCC) stripped medium instead of FBS. Upon hormone deprivation, the cells 

were treated with 1 nM of the synthetic androgen R1881 (PerkinElmer) or DMSO (Fisher) for vehicle control.

Enzalutamide resistant cell line models

Castration-resistant prostate cancer models (LNCaP-Abl and LNCaP-16D 38 ) were kindly provided by Helmut Klocker 37 and Amina 

Zoubeidi. 66 ENZA resistant LNCaP derivatives LNCaP-Enz R were kindly provided by the Donald Vander Griend. 39 LNCaP-Abl cells 

were cultured in RPMI-1640 medium containing 10% DCC (hormone deprived FBS), LNCaP-16D 38 cells were cultured in RPMI-1640 

medium supplemented with 10% FBS, and LNCaP-Enz R cells were cultured in RPMI-1640 medium containing 10% FBS and 10μM 

ENZA. All cell lines were authenticated and tested for mycoplasma contamination.

In vivo PDX derived cell line tumor models

Intervention studies with NOD-Scid IL2Rgnull male mice (Jackson Laboratory USA) were carried out at the Netherlands Cancer Insti-

tute (NKI) according to local and international regulations and ethical guidelines, and were approved by the local and central animal 

experimental committee at the NKI (AVD30100202011584; EGP 24.1.11184). LuCaP 189.4 cells were subcutaneously implanted and 

tumors were measured and mice weighed 3 times per week. When the tumor became 100mm 3 , mice were randomized to treatment 

group and treated for 28 days. When tumor became 1500mm 3 mice were sacrificed or when other humane endpoint was reached.

METHOD DETAILS

ChIP-seq sample processing and library preparation

Biopsy patient tissue samples were taken from a lymph-node metastasis or visceral metastasis selected by CT scan, while sites for a 

biopsy from a bone metastasis were selected by 68 Ga-PSMA PET scanning. Fresh-frozen metastatic biopsy samples from 64 CRPC 

patients were collected. The tumor percentage of these samples was scored on hematoxylin and eosin (H&E) stained slides by a 

dedicated pathologist. After tumor cell content was confirmed, the chromatin immunoprecipitations were performed as previously 

described. 20,89,90 In brief, lymph-node and visceral samples were cryo-sectioned into slices of 30μm, while bone samples were 

cryo-sectioned to slices of 10μm, and crosslinked using 2 mM disuccinimidyl glutarate (DSG, 20593; Thermo Fisher Scientific) for 

25 min.

The cPDX LuCaP 189.4 and 35 cells were seeded with a cell density of 8×10 5 cells per 15 cm plate in FBS conditions. After seeding, 

the cells were treated with 100nM dexamethasone (MedChemExpress) for 2 hours followed by another 2-hour treatment of 5 μM 

vorinostat (MedChemExpress) or the respective vehicle condition according to the volume of their corresponding compound. For 

the experiments without dexamethasone stimulation the cells were only treated with 5 μM vorinostat (MedChemExpress) or its cor-

responding vehicle condition. After treatment, the LuCaP cell lines were fixed in 1% formaldehyde (Merck) for 10 minutes and 

quenched with 0.125M glycine. After collection of the cells and confirmation of the tumor cell percentage in the patient tissues, 

the samples were lysed and sonicated using the PicoBioruptor (Diagenode). For each sample, and each ChIP, 5μg of antibody 

and 50μl of either Protein A or Protein G magnetic beads (10008D or 10009D; Thermo Fisher Scientific) were used. Antibodies 

used were: AR (Millipore, 06-680), FOXA1 (Abcam, ab5089), H3K27ac (Active motif, 39133, HDAC3 (Abcam, ab137704) and GR 

(Cell Signaling Technology, 12041S).

Patient tissue sample sequencing libraries were prepared from the immunoprecipitated DNA using the KAPA library kit (KK8234, 

Roche) and sequenced using the Illumina HiSeq2500 (65 bp, single end). Each patient sample input DNA was used as matched con-

trol for sample ChIP-seq. Sequencing libraries from cPDX LuCaP 189.4 were prepared and sequenced using the Illumina NovaSeq 

6000 (54bp, paired end). Input DNA for the LuCaP 189.4 cell line was used as control.

ChIP-seq data analysis

For patient samples, raw sequence data were aligned to hg19 using BWA 67 v0.5.20. Aligned reads were filtered for mapping quality 

(MQ) > 20 using samtools v1.8. 68 Duplicate reads were marked using Picard MarkDupes function v2.18 (http://broadinstitute.github. 

io/picard/). Peaks were called using macs2 (v2.1.1) 69 with the fragment size determined using Phantompeakqualtools 70 against cor-

responding input DNA for all samples. Phantompeakqualtools was used to identify the Relative Strand Cross-correlation (RSC) 70 and 

deepTools (v2.0) 71 to determine the fraction of reads in peaks (FRiP) and readcounts. Samples with RSC > 0.7, FRiP ≥ 1.0 and ≥ 

8,000 peaks were kept for further analysis (Table S3). Snapshots of raw signal were generated using pyGenomeTracks (v3.6) with 

bigwig files. 72 Bigwig files were generated from aligned bam files using deepTools v2.0 bamCoverage function. To correlate read 

count data in 50kb bins across the genome for all samples and PDX samples, deepTools computeMatrix function was used on big-

wigs followed by plotCorrelation. Visualization of raw reads was carried out with bigwigs using deepTools (v2.0) computeMatrix, plo-

tHeatmap and plotProfile functions. For visualizing profiles of binding data between groups (non-responders/responders) at specific 

regions, aligned files from the samples within groups were merged and subsequently normalized by downsampling to equivalent read 

counts (∼20 million reads) using samtools and visualized using deepTools plotProfile. Principal component analysis was carried out 

using plotPCA function with the reads counted in peaks (dba.count function) from DiffBind package v2.4.8 in R v3.4.4. Supervised 

differential analyses using dba.analyze and resulting heatmap and volcano plot were generated using the DiffBind package (v2.4.8 in 

R v3.4.4) 22 with the reads counted in peaks using the dba.count function using default DESeq2 method. Volcano plot hexbin density
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tiles were plotted with R package hexbin (v1.28.1). 73 Genomic features and genes were assigned to differential peaksets using 

ChIPSeeker (v1.26.2) 74 in R (v4.0.3). Genes with a TSS within 50kb of a peak were considered associated genes.

To identify association of 657 non-responder H3K27ac sites with super-enhancers, the SEdb 2.0 LNCaP data were downloaded 23 

and lifted over to hg19. This file and the 657 sites file were used as input in BEDTools fisher exact test (v2.26.0) incorporating the size 

of the human genome hg19 75 to determine if the number of overlaps between the two files is significantly more than expected by 

chance given the size of the human genome. To test for enrichment between the genes asssociated with the 657 non-responder sites 

and non-canonical AR target genes, 24 we used the ‘phyper’ function in R to perform a hypergeometric test with the two files and a 

‘universe’ of genes taken from Ensembl genes with a geneID, n=40797.

To compare H3K27ac signal across various samples for our 657 non-responder H3K27ac regions of interest, we first downloaded 

public PDX mCRPC H3K27ac ChIP-seq data 18 (GSE130408) and additional H3K27ac data from primary prostate cancer patient tu-

mors (GSE120738) 9 and aligned as above. In addition, we examined H3K27ac data in the same manner from in-house generated 

datasets from treatment naı̈ve metastatic samples, non-responder metastatic samples (this study), and publicly available healthy 

and primary tumor tissue (GSE130408). 18 Visualizations of these data were generated with deepTools v2.0 computeMatrix followed 

by plotHeatmap of individual files and plotProfile as described above for binding data between groups.

Enrichment tests with gene sets using scRNA-seq clusters were performed in R (v4.1.2) using the GeneOverlap package 

(v1.30.0) 76 and visualized in ggplot2 (v3.4.0). 77 The average expression of these genes was calculated and plotted in public 

scRNA-seq from parental LNCaP cells and cells exposed to ENZA until resistance arose (RES-B 28,65 ) using the Seurat package 

(v4.3.0) 78 in R (v4.1.2).

Read counts and fraction of reads in peaks (FRiP) were visualized using the ggplot2 (v2.3.3.0) 77 with Wilcoxon tests performed with 

ggpubr package v0.3.0 79 in R v3.5.0. To determine significant enrichment of our intervals with publicly available ChIP-seq data we 

queried our intervals against the CistromeDB transcription factor dataset 31 using the GIGGLE search function. 29 Briefly, the GIGGLE 

analysis is a genomics search engine that allows for the ranking of significance of genomic loci shared between query (non-responder 

regions) and a database of ChIP-seq regions. We used a database of prostate and prostate cancer ChIP-seq experiments (Table S3) 

specifically for analysis. A scatterplot of the median Enrichment score (combo_score) for each factor was generated using ggplot2 

(v2.3.3.0) 77 in R v3.5.0.

For PDX-derived cell lines, raw paired-end PDX derived cell lines (cPDX LuCaP) ChIP-seq data were aligned to hg38 using BWA 

v0.7.17. 67 Our methods are available on GitHub (https://github.com/sebastian-gregoricchio/SPACCa). Briefly, aligned reads were 

filtered for mapping quality (MQ) > 20 using samtools v1.16.1. 68 Duplicate reads were marked using gatk (v4.3.0.0) 80 

UmiAwareMarkDuplicatesWithMateCigar. Snapshots were generated as above. For analysis of experiments where there is an ex-

pected global reduction such as H3K27ac ChIP-seq with vorinostat, we used the package ChIPseqSpikeInFree (v1.2.4) with our 

MQ20 filtered bam files 81 to create normalized bigwigs or normalized as above with patient ChIP-seq data. Visualizations of these 

data were generated with deepTools v2.0 as mentioned above.

RNA sample processing and sequencing

For each experiment, 1×10 6 cPDX LuCaP cells were seeded in hormone deprived conditions (DCC) for 3 days after which they were 

treated with 1nM R1881 (PerkinElmer) for 6 hours or with vehicle control (DMSO, Fisher). RNA was isolated using the RNeasy Mini Kit 

(74106, Qiagen) following the manufacturer’s instructions. Quality and amount of the total RNA was evaluated using a Nano chip (Agi-

lent, Santa Clara, CA) in the 2100 Bioanalyzer. Samples of total RNA with a RIN greater than 8 underwent library preparation. Using 

the TruSeq Stranded mRNA sample preparation kit (Illumina Inc., San Diego, RS-122-2101/2) according to the manufacturer’s in-

structions (Illumina, Document #1000000040498 v00). Briefly, strand-specific libraries were produced from polyadenylated RNA 

from total RNA using oligo-dT beads. After purification, the RNA was divided into fragments, primed, and then reverse transcribed 

using Actinomycin D and SuperScript II Reverse Transcriptase (Invitrogen, part # 18064-014). DNA Polymerase I and RNaseH were 

used to synthesize the second strand and digest the RNA template, substituting dTTP with dUTP. The resulting cDNA fragments were 

amplified using twelve rounds of PCR after being 3’ end adenylated and ligated to IDT xGen UDI (10bp)-UMI(9bp) paired-end 

sequencing adapters (Integrated DNA Technologies, Inc., Coralville). The samples were pooled equimolarly into a multiplex 

sequencing pool after being examined on a 2100 Bioanalyzer with a 7500 chip (Agilent, Santa Clara, CA). 54 paired-end reads 

from the libraries were sequenced on a NovaSeq6000 with a Reagent Kit v1.5 (100 cycles) from Illumina Inc.

Following sequencing, HISAT2 (v2.1.0) 82 was used to align the data to the human reference genome hg38/GRCh38, and HTSeq 

count (v0.5.3) 83 was used to determine the number of reads per gene.

Publicly available single-cell RNA-seq (GSE168669) data was used to produce UMAP visualizations of LNCaP parental and LNCaP 

RES-B retaining cluster identities from Taavitsainen et al. 28 The genes proximal to the 657 non-responder H3K27ac sites were 

compiled into a gene set expression analysis to produce scores per cell with AddModuleScore function from Seurat (version 

4.3.0). Previously identified single-cell clusters (clusters 0 to 12) 28 were used in the enrichment analysis to overlap genes proximal 

to the 657 non-responder H3K27ac sites.

siRNA proliferation assay and screen analysis

siRNAs were purchased from Dharmacon (Lafayette, CO, USA). Non-targeting siRNA and siPLK1 were applied as positive and nega-

tive controls. 5μl of 50nM siRNA pools were seeded in individual wells of a 96 well-plate. Cells were reverse transfected with 5μl 1%
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Lipofectamine RNAiMAX Reagent (Invitrogen, Eindhoven, Netherlands) in Optimem (Thermofisher, Eindhoven, Netherlands) in 90μl 

culture medium. For LNCaP-Abl and LNCaP-16D, 10.000 cells were seeded per well, and 20.000 cells for LNCaP-Enz R cells. Optimal 

experimental setup was determined for each cell line and after 7 (LNCaP-16D), 9 (LNCaP-Abl) and 10 (LNCaP-Enz R ) days, cell viability 

was determined using CellTiter-Blue and values were normalized over siControl. After incubating for 3 hours, viability was measured 

using a fluorescence reader (EnVision 2014).

The primary pooled siRNA and validation deconvolution screen were analysed with the following approach. Using the CellTiter-

Blue measurements of the positive and negative controls, a z’ factor was calculated per plate and plates with a z’ factor < 0 were 

removed from the dataset. The data was then normalized using the Normalized percent inhibition as described previously. 91 After 

normalization, correlations between replicate plates were calculated and plates which did not correlate well with the other replicate 

plates, were removed. Over the replicates a mean value was calculated. Per condition a normalized distribution for mean values of the 

negative controls was approximated based on mean and SD value, and used to calculate for each pooled siRNA a p-value, which was 

corrected for multiple testing using the Benjamini-Hochberg method. From the primary screen of 4 pooled siRNAs per target (genes 

with median GIGGLE combo enrichment score >20, FOXA1, GATA2, NKX3-1, CREB1, HDAC3, TLE3, PIAS1, ASH2L, HOXB13, 

NR3C1, TOP1, AR, HDAC2, HNF4G, SUMO2) an initial selection was made of the siRNA pools that were a hit in at least two out 

of three cell lines, which produced a list of 11 hits. The 11 hits from the primary pooled screen were subsequently selected for a de-

convolution validation screen, in which four individual siRNAs were tested separately. All targets with two individual siRNAs with 

among replicates a mean ≤ 0.7 and FDR ≤ 0.1, where considered validated hits. All calculation were done in R.

Expression levels per target gene in siRNA deconvolution experiments were assessed by means of qPCR analysis, using specific 

primer-pairs for ACTB (5’-CCTGGCACCCAGCACAAT-3’, 5’-GGGCCGGACTCGTCATACT-3’), FOXA1 (FW 5’-GTGAAGATGGAA 

GGGCATGAA-3’, REV 5’-CCTGAGTTCATGTTGCTGACC-3’), ASH2L (FW 5’-CTGACGTCTTGTATCACGTG-3’, REV 5’-GCAT 

CTTTGGGAGAACATTTG-3’), GATA2 (FW 5’-GACAAGGACGGCGTCAAGTA-3’, REV 5’-GGTGCCCATAGTAGCTAGGC-3’) and 

HDAC3 (FW 5’-ACGGTGTCCTTCCACAAATACG-3’, REV 5’-GGTGCTTGTAACTCTGGTCATC-3’). In brief, after siRNA transfection 

using the abovementioned protocol RNA was isolated using RNAGEM kit (MicroGEM), and quantified by Quant-iT TM 

RiboGreen TM RNA Assay Kit (Thermo Fisher Scientific), following quantification cDNA was synthesized using the SuperScript TM III 

Reverse Transcriptase system (Thermo Fisher Scientific, USA) with random hexamer primers according to the instructions provided 

by manufacturers. Quantitative PCR (qPCR) was performed using the SensiMix TM SYBR Kit (Bioline, UK) according to the manufac-

turer’s instructions on a QuantStudio TM 6 Flex System (Thermo Fisher Scientific, USA). All data was firstly normalized over ACTB 

expression, and then over the siControl values. For all primer pairs, 2 biological replicates with 2 technical replicates each were 

analyzed.

Response to castration in PDX models

Responses to castration were also fully described previously. 27 The doubling time was estimated using exponential (Malthusian) 

growth model. If only one value was available, doubling time was not computed. For samples with a negative doubling time, the value 

was re-normalized to the mean value of the corresponding control model yielding a positive value. Significant differences between 

classes determined by one-way ANOVA followed by post-hoc Tukey honest significant difference (HSD) test. Visualization was car-

ried out in R using ggplot (v3.3.6). 77

Drug synergy assessment in cell lines and explants

For cell line studies, 500 LNCaP or LNCaP-16D cells were seeded in a 384-well plate, and treated with various concentrations of 

ENZA (MedChemExpress, Monmouth Junction NJ, USA) and vorinostat (kindly provided by Rene Bernards, NKI). Five days later, 

the CellTiter Glo assay (Promega Benelux BV, Leiden, Netherlands) was performed according to the manufacturer’s instruction. 

All the assays were performed in biological quadruplicates (n=4).

For explant studies, subcutaneous tumors were harvested and dissociated using the Miltenyi gentleMACS system with a Human 

Tumor dissociation kit (Miltenyi Corp). Cells were seeded in clear bottom white -walled flat bottom 96-well plates (20,000 cells per 

well) in RPMI and 10% FBS. ENZA (MedChem Express) and vorinostat (MedChem Express) 10mM in DMSO and diluted with RPMI to 

indicated concentrations. Effects of the treatments were evaluated after 5 days using CellTiter-Glo (Promega).

Synergy assessment analyses for all the conditions (single and combination) were normalized to non-treated condition (set at 100). 

SynergyFinder 2.0 84 was used to evaluate and plot synergistic potential using highest-single agent (HSA) synergy reference model. 

Response of the two cell lines to single agent vorinostat was also investigated and plotted using the normalized viability in full media 

(FBS) and area under the curve (AUC) method.

PDX derived cell line proliferation assays

The cPDX LuCaP 189.4 cells were seeded in a 384 well plate at a density of 2.2×10 3 cells or 3.1×10 3 cells per well in FBS conditions. 

After seeding, the cells were treated with 1 μM vorinostat (MedChemExpress), 10 μM BRD3308 (MedChemExpress) or 10 μM 

RGFP966 (MedChemExpress) either as a single treatment or in combination with 10 μM ENZA (MedChemExpress) using the HP 

D300e Digital Dispenser. The cells were imaged every 4 hours using an IncuCyte ZOOM Live-cell Analysis System. Following the 

experiment, the confluency percentage of a well was assessed using the IncuCyte Zoom software. Each condition shown is per-

formed in biological triplicates with all 6 technical replicates and the results are shown as non-normalized well confluency (%) ± SEM.
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Western blotting

The cPDX LuCaP 189.4 and 35 cells were plated in a 6-well plate with a cell density of 3×10 5 cells/well in FBS conditions. After seed-

ing, the cells were treated with the given concentrations of vorinostat (MedChemExpress), BRD3308 (MedChemExpress) and 

RGFP966 (MedChemExpress) as a single treatment for either 2 or 6 hours. Upon treatment, the total proteins were isolated using 

a 2x Laemmli lysis buffer (120 mM Tris, 20% glycerol, 4% SDS) supplemented with EDTA-free protease inhibitor cocktail (Roche). 

Whole cell lysates were sonicated for 10 cycles with the settings 1 s off/1 s off, 20% amplitude. Quantification of protein amounts 

was done by BCA assay (Thermo Fisher Scientific). Per sample, 30 μg of protein was resolved by NuPAGE Bis-Tris 4-12% gels 

(Life Technologies) in MOPS running buffer and transferred to a 0.22 μm nitrocellulose membrane (Santa Cruz). Transfer quality 

was assessed using Ponceau Red staining before blocking with 3% BSA followed by antibody incubation. Immunoblotting was per-

formed with antibodies directed against HDAC3 (ab137704, Abcam), H3K27ac (39133, Active Motif), AR (Millipore, 06-6890), FOXA1 

(Seven Hills Bioreagents, WMAB-2F83) and HSP90 (Santa Cruz, sc-7947). Blots were incubated overnight at 4 ◦ C with designated 

primary antibodies at 1:1000, followed by incubation with fluorescent-tagged secondary antibodies donkey-α-rabbit (LI-COR Biosci-

ences, 926-32213) and donkey-α-mouse (Li-COR, 926-68072) at 1:10.000. Detection was done with the Li-COR Odyssey CLx Im-

aging system (Li-COR Biosciences) and processed with Image Studio Lite v5.5 (Li-COR Biosciences).

In vivo PDX derived cell line injection and monitoring of tumor growth

For tumor generation, we injected 2 million cPDX LuCaP 189.4 cells in BME (Bio-Techne, 3536-005-02) into the flank of NOD-Scid 

IL2Rag null (Jackson Laboratory, USA) male mice. Mice were weighed and monitored three times a week after injection. Tumor vol-

ume was measured with calipers three times weekly. Endpoint was reached when the tumor reached 1500mm 3 or mice were sacri-

ficed for humane reasons. Once tumors reached established size of 100mm 3 , 10 mice were randomized to 4 treatment groups: 1) 

Vehicle arm: ENZA vehicle control oral daily for 4 weeks (1% carboxymethylcellulose sodium salt, 0.1% Tween-80 in water) + Vor-

inostat vehicle control intraperitoneal injection daily for 4 weeks (1:1:8, DMSO, CreEl, Water) after tumor becomes 100mm 3 (n=10, 

biological replicates (also other treatments), 2) ENZA arm: ENZA 8mg/kg in vehicle (1% carboxymethylcellulose sodium salt, 

0.1% Tween-80 in water) through oral gavage on a daily basis for 4 weeks after tumor becomes 100mm 3 (n=10), 3) Vorinostat 

arm: Vorinostat 80mg/kg in vehicle (1:1:8, DMSO, CreEl, Water) through intraperitoneal injection on a daily basis for 4 weeks after 

the tumor becomes 100mm 3 (n=10), 4) Combination arm: ENZA 8mg/kg in vehicle (1% carboxymethylcellulose sodium salt, 0.1% 

Tween-80 in water) through oral gavage on a daily basis for 4 weeks after tumor becomes 100mm 3 . Vorinostat 80mg/kg in vehicle 

(1:1:8, DMSO, CreEl, Water) through intraperitoneal injection on a daily basis for 4 weeks after the tumor becomes 100mm 3 (n=9). 

Statistical analysis of tumor growth curves depicted in Figure 5C were performed in R using a linear mixed effects model function, 

‘lme’ with tumor volume and treatment day as variables. 92 The model included a random effect for each animal, as well as fixed ef-

fects for time and the interaction between time and treatment. The latter is the variable of interest, indicating evidence for different 

tumor growth rates between animals in the control (vehicle) and in each of the treatment groups (group 1 vehicle, group 2 ENZA, 

group 3 vorinostat, or group 4 combination).

QUANTIFICATION AND STATISTICAL ANALYSIS

R computing software was used for statistical analysis. Statistical details of experiments can be found in figure legends and text. 

Significance is considered as p < 0.05.

ADDITIONAL RESOURCES

Public PDX mCRPC, healthy prostate and primary prostate tumor H3K27ac data from GEO: GSE130408. Additional public primary 

prostate cancer tumor H3K27ac data from GEO: GSE120738. Additional public scRNA-seq data from LNCaP cells and LNCaP RES-

B cells from GEO: GSE130534 and GEO: GSE168669, respectively.
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