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SUMMARY
This study addresses the roles of nuclear receptor corepressor 2 (NCOR2) in prostate cancer (PC) progres-
sion in response to androgen deprivation therapy (ADT). Reduced NCOR2 expression significantly associ-
ates with shorter disease-free survival in patients with PC receiving adjuvant ADT. Utilizing the CWR22
xenograft model, we demonstrate that stably reduced NCOR2 expression accelerates disease recurrence
following ADT, associates with gene expression patterns that include neuroendocrine features, and in-
duces DNA hypermethylation. Stably reduced NCOR2 expression in isogenic LNCaP (androgen-sensitive)
and LNCaP-C4-2 (androgen-independent) cells revealed that NCOR2 reduction phenocopies the impact
of androgen treatment and induces global DNA hypermethylation patterns. NCOR2 genomic binding is
greatest in LNCaP-C4-2 cells and most clearly associates with forkhead box (FOX) transcription factor
FOXA1 binding. NCOR2 binding significantly associates with transcriptional regulation most when in
active enhancer regions. These studies reveal robust roles for NCOR2 in regulating the PC transcriptome
and epigenome and underscore recent mutational studies linking NCOR2 loss of function to PC disease
progression.
INTRODUCTION

Prostate cancer (PC) patients with advanced disease receive

androgen deprivation therapy (ADT) but frequently experience

treatment failure leading to ADT-resistant PC (ADT-RPC). Treat-

ment failure arises because, in part, oncogenic events lead to

corruption of androgen receptor (AR) signaling by several

mechanisms, including structural variation and distorted inter-

actions with coregulator proteins (Henzler et al., 2016, Chen

et al., 2018, Viswanathan et al., 2018). These events combine

with epigenetic switching, defined as alterations in histone
Ce
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modifications and/or DNA methylation that alter accessibility

to transcription factors, whereby AR genomic binding is redir-

ected (Roe et al., 2017, Pihlajamaa et al., 2014), including the

recommissioning of embryonic enhancers (Pomerantz et al.,

2020). As a result, AR signaling no longer regulates luminal dif-

ferentiation, and alternative programs are enhanced, leading to

novel lineages such as neuroendocrine prostate cancer (NEPC)

(Beltran et al., 2019, Sheahan and Ellis, 2018, Ku et al., 2017).

Understanding the mechanisms that change AR genomic inter-

actions have the potential to be exploited to sustain and

augment ADT.
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Nuclear receptor corepressor 2/silencing mediator for retinoid

and thyroid hormone receptors (NCOR2) has been identified as a

frequently altered corepressor in PC and other cancers (Khanim

et al., 2004, Girault et al., 2003). Notably, NCOR2 is among the

top 5 mutated corepressors in the SU2C study of 444 men

with advanced PC (Abida et al., 2019, Armenia et al., 2018).

The current study addresses the role of NCOR2 in determining

the effectiveness of ADT.

NCOR2 binds AR and other nuclear hormone receptors (NRs)

(Hu and Lazar, 1999) and allosterically interacts with histone de-

acetylases (Li et al., 2000, Jin et al., 2018) to promote repressive

histone marks such as histone H3 lysine 9 trimethylation

(H3K9me3), which recruit the C–phosphate–G (CpG)methylation

machinery (Hashimoto et al., 2010). Similarly, NCOR2 interacts

with KAISO (Yoon et al., 2003) and with the long non-coding

RNA (lncRNA) SHARP in both cases to trigger DNA methylation

(McHugh et al., 2015). Therefore, in PC, we and others have

reasoned that expression and mutation changes in NCOR2

disrupt its ability to regulate the epigenome and thus rewires

AR-genomic interactions and impacts the duration and success

of ADT (Khanim et al., 2004).

However, NCOR2 is not an obligate co-repressor. Murine

transgenic approaches reveal histone deacetylase (HDAC)-inde-

pendent roles for NCOR2 (Jepsen et al., 2000, Bhaskara et al.,

2008, You et al., 2013). NCOR2 significantly accumulates at

open chromatin and actively transcribed genomic regions

(Long et al., 2015) and can actively enhance transcription by es-

trogen receptor-b (ERb) (Peterson et al., 2007) and AR (Laschak

et al., 2011). It also remains unclear how and where NCOR2 in-

teracts with the genome, given the diversity of interacting tran-

scription factors (Lee et al., 2000, Zhuang et al., 2018).

More broadly, it is challenging to define NCOR2-dependent

cistrome-transcriptome relationships that are positive or nega-

tive given the non-linearity of gene-enhancer relationships

(Roadmap Epigenomics Consortium et al., 2015, Jung et al.,

2019), which are further shaped by topologically associated

domains (TADs; reviewed in Campbell, 2019). Furthermore, it is

unclear how NCOR2-triggered CpG methylation impacts tran-

scription. Elevated DNA methylation at promoter regions of

high CpG density results in transcriptional silencing (reviewed

in Long et al., 2017) but in low-density CpG regions; for example,

within enhancers, DNA methylation may selectively recruit tran-

scription factor binding (Yin et al., 2017) and participate in allele-

specific gene regulation (Song et al., 2019).

Thus, it is unknown how and where NCOR2 is recruited to the

genome in PC progression, how this relates to DNAmethylation,

and how this positively or negatively impacts gene expression

programs that are required for recurrence during ADT. We

sought to define how NCOR2 expression impacts gene expres-

sion and determines androgen-dependent and androgen-inde-

pendent transcriptional signaling in progression to ADT-RPC.

The CWR22 xenograft model of PC progression was utilized to

examine the role of NCOR2 in determining response to ADT

in vivo and associations with molecular features of ADT-RPC in

patients. Lastly, we utilized isogenic models of androgen-sensi-

tive (LNCaP) and ADT-resistant (LNCaP-C4-2) PC cells to map

the global regulatory functions of NCOR2 with regard to its cis-

trome, transcriptome, and DNA methylome.
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RESULTS

Lower NCOR2 expression levels are associated with
shorter disease-free survival
Genomic analyses in PC have identified frequent changes to

NCOR2 (Robinson et al., 2015b), supporting a cancer-driver

role for this co-repressor. We queried seven cohorts of PC clin-

ical samples (Figure 1A) and found that NCOR2 expression and

function is disrupted through a variety of mutations and alter-

ations (Figure 1B). However, the functional significance of these

clinically relevant NCOR2 alterations is unexplored. Although

there are both copy number gains and amplifications, we have

chosen tomodel loss of NCOR2 based on converging lines of ev-

idence supporting an important role for loss of NCOR2 function-

ality. As shown in Figures 1B and 1C, negative disruptions of

NCOR2 through shallow or deep deletions or mutations resulting

in truncations or other predicted loss of function mutations are

more common than copy number increases. Moreover,

NCOR2 expression was examined in a 707-patient tissue micro-

array of radical prostatectomy (RP) samples by immunohisto-

chemistry (Table S1; Figure 1D). Notably, a patient subset (n =

136) received adjuvant ADT before (n = 126) or following RP

(n = 10). Univariate regression analyses identified significant as-

sociations of NCOR2 expression (H-score) in patients with race

(decreased in African Americans), body mass index (BMI;

decreased in overweight/obese), presurgical prostate-specific

antigen (PSA; decreased with presurgical PSA > 4 ng/mL), and

adjuvant ADT. Multivariate regression identified additional asso-

ciation with Gleason sum (decreased with Gleason sum 8+)

(Table S2).

Univariate and multivariate Cox proportional hazards regres-

sion revealed relationships between clinical variables and time

to biochemical recurrence (BCR) (Table S3). Gleason sum and

pathologic stage were identified as significant indications of

reduced BCR survival (Figure S1A). Patients receiving adjuvant

ADT also had reduced survival but had a significantly skewed

distribution of Gleason sum (Figure S1B), consistent with the

fact that patients diagnosed with aggressive primary disease

are more likely to be given adjuvant ADT (Siddiqui and Krauss,

2018).

Following normalization for either Gleason sum, pathologic

stage, race, or BMI, NCOR2 levels (median cut-off) did not strat-

ify survival of patients (Figures S1C and S1D). Strikingly, how-

ever, reduced NCOR2 significantly associated with worse BCR

survival in patients receiving adjuvant ADT (Figure 1E). No such

relationships were observed in patients who received surgery

without ADT. These observations strongly support the concept

that reduced NCOR2 dampens response to ADT in PC patients.

Reduced NCOR2 expression accelerates disease
progression in vivo

We screened a panel of short hairpin RNAs (shRNAs) against

NCOR2 and identified two that reduced NCOR2 mRNA and pro-

tein by a maximum of �50% in the LNCaP and LNCaP-C4-2 cell

lines (Figures S2A–S2D). Predictable growth responses toward

R1881 and enzalutamide were found in both cell lines (Fig-

ure S2E), and dihydrotestosterone (DHT) exposure did not alter

NCOR2 expression (Figure S2F).



Figure 1. NCOR2 status in clinical samples

(A) Percent of adenocarcinoma (Cancer GenomeAtlas ResearchNetwork, 2015) (blue), metastatic (Abida et al., 2019, Robinson et al., 2015a, Armenia et al., 2018,

Taylor et al., 2010) (red), and neuroendocrine (Beltran et al., 2016) (green) PC patient samples with NCOR2 genomic alterations.

(B) Proportion of NCOR2 mutation and alteration types from (A) (n = 2,291).

(C) Distribution of mutations along the human NCOR2 protein; RD, repression domain; SANT, SW13/ADA2/NCOR/TFIIB-like domain; DAD, deacetylase-acti-

vating domain; HID, histone-interacting domain; ID, protein interaction domain.

(D) Distribution of protein expression (H score) by IHC in the RPCCC PC TMA. The red line indicates median expression; NCOR2-low tumors, green; NCOR2-high

tumors, purple. Representative tissue cores and H scores from six individual patients showing low and high nuclear staining of NCOR2 (below).

(E) BCR survival assessment of patients with high and low NCOR2 that did or did not receive adjuvant ADT with RP. Significance of Cox proportional hazards

regression (log rank test); significant shifts in survival (HR, hazard ratio).
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We assessed the impact of reduced NCOR2 expression in the

CWR22 xenograft model, which, like for the disease in men,

requires androgens for primary growth and exhibits an initial

strong response to ADT followed by recurrence over a 3- to 9-

month window. A NCOR2-targeting shRNA (shNCOR2) or non-

targeting shRNA control (shCTL) were introduced to digested

CWR22 tissue via lentiviral infection under puromycin selection

for 24 h before implantation. A total of 130 animals were inocu-

lated with CWR22-shCTL or CWR22-shNCOR2 tissue (n = 65

per group), with 100 animals (n = 50 per group) designated for

follow-up through to recurrence or end of study. Control and

shNCOR2 CWR22 tumors were allowed to grow in the presence

of androgens until they reached approximately 0.3 cm3 (two
consecutive measurements of >0.3 cm3) before androgen with-

drawal (Figures S3A and S3B). Tumors were collected at three

time points: (1) once tumors had established, just before

androgenwithdrawal (PRE), (2) 7 days after androgenwithdrawal

(POST), and (3) recurrent tumors following regrowth to >150% of

the tumor volume just before androgen withdrawal (RT).

Green fluorescent protein (GFP) detection of the shRNA

constructs and reduced NCOR2 levels were confirmed at all

stages of disease (Figures 2A and 2B; Figure S3C). Expression

of androgen-regulated genes was acutely repressed by ADT

but became reexpressed in recurrence concomitant with

increased AR expression (Figure S3D) (Kim et al., 2002).

Reduced NCOR2 expression did not impact the primary
Cell Reports 37, 110109, December 14, 2021 3



Figure 2. NCOR2 loss alters response to ADT in the CWR22 model of PC progression

(A) Representative fluorescent imaging of xenograft tumors at point of recurrence >300 days post-ADT.

(B) Relative NCOR2 expression in select tumors pre-ADT (n = 5,5), post-ADT (n = 10,10), and in RT (n = 22,28); *p < 0.05 significant difference between respective

distribution and that of shCTL pre-ADT tumors.

(C) Violin plots showing the distribution of tumor sizes at time of ADT (left) and time to reach ADT (right).

(D) Violin plots showing the distribution of maximum regression after androgen withdrawal for each tumor (left) and overall proportions of tumors that reached

40% regression (right). Data are summarized as boxplots representing lower, middle, and upper quartiles. Whiskers indicate maximum and minimum values,

excluding outliers defined as 1.53 interquartile range (IQR) (B–D).

(E) Representative IHC (left) and quantification (right) of Ki-67 staining in select tumors pre-ADT (n = 2 each), post-ADT (n = 6 each), and in RT (n = 3 each); *p <

0.05. Data are reported as mean ± standard deviation (SD).

(F) Kaplan-Meier representation of the recurrence-free survival proportions in shCTL and shNCOR2 tumors post-ADT (n = 50 each).
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androgen-stimulated growth rate of tumors before ADT (Fig-

ure 2C). However, the initial ADT response, as measured by

maximum tumor regression after androgen withdrawal, was

significantly reduced in shNCOR2 tumors (Figure 2D). Thirty-

six out of 46 (78%) control tumors achieved >40% reduction in

tumor size post-AD (mean regression = 54%). However, only

27 out of 49 shNCOR2 tumors (55%) reached >40% regression

(mean maximum regression = 45%) (chi-square = 0.027).

Furthermore, while Ki-67 staining was starkly reduced 7 days

after ADT in both control and shNCOR2 tumors, there was signif-

icantly more Ki-67 staining remaining in shNCOR2 tumors, indic-

ative of a dampened ADT response (Figure 2E).

Recurrence rates were determined in 50 xenografts each for

shCTL and shNCOR2. Control tumor recurrence rates reflected

previous findings (Su et al., 2013, Affronti et al., 2017, Seedhouse

et al., 2016). However, as shown in Figure 2F, knockdown of

NCOR2 significantly reduced the time to recurrence from a me-

dian of 232 days to 180 days (log rank = 0.021; hazard ratio =

1.74). Interestingly, significantly reduced NCOR2 expression

was found in control recurrent tumors (RT) (Figure 2B), suggest-

ing that reduced NCOR2 expression is a common event

following ADT. Nevertheless, having reduced NCOR2 before

ADT resulted in more rapid recurrence.

NCOR2 knockdown accelerates the molecular features
of ADT resistance in vivo

Transcriptome and DNA methylome profiling was performed

to assess the molecular impact of NCOR2 knockdown at various

stages of disease progression (n = 5 each for shCTL and

shNCOR2 at three stages of progression; PRE, POST, and RT).

No NCOR2-associated expression changes were observed in

tumors before ADT (Figure S3E). However, significant expres-

sion changes were observed in post-ADT (96 total differentially

expressed genes [DEGs]; 50 upregulated and 46 downregulated)

and RT (529 DEGs; 225 upregulated and 304 downregulated).

Gene set enrichment analysis (GSEA) confirmed stark sup-

pression of proliferative pathways in POST relative to PRE

tumors (Figure S3F), corroborating Ki-67 expression patterns

(Figure 2E). Furthermore, when comparing recurrent tumors

with or without knockdown of NCOR2, we found enrichment of

gene sets related to interferon response and epithelial-mesen-

chymal transition (EMT) (Figure S4C). Assessment of gene sets

previously used to identify ADT-resistant phenotypes (Bluemn

et al., 2017) revealed a transient depletion of AR and fibroblast

growth factor receptor (FGFR) signaling post-ADT that was rees-

tablished in recurrence as expected (Figure 3A). These patterns

were not affected by NCOR2 status. However, recurrent tumors

with knockdown of NCOR2 (RT-shNCOR2) displayed increased

enrichment for neuroendocrine signaling over shCTL counter-

parts (Figure 3A). This observation was typified by increased

SYP, CHGB, and NTN1 and reduced AR mRNA expression as

well as elevated SYP protein levels as assessed by immunohis-

tochemistry (IHC) in RT-shNCOR2 tumors (Figures 3B and 3C).

We investigated how NCOR2-dependent gene expression

in CWR22 recurrence associated with outcome in patients

receiving ADT in the SU2C cohort (Abida et al., 2019). Patient tu-

mors (n = 270) were categorized by NCOR2-high or NCOR2-low

expression (quartile) and DEGs identified for each subgroup with
additional filtering (>1.5 Z scores, >20% of tumors) to identify

genes most strongly associated with NCOR2 status. These pa-

tient-derived NCOR2-dependent genes were then overlapped

with NCOR2-dependent RT-associated genes identified in

CWR22, resulting in a 41-gene set that separated patients into

two major tumor clusters that were significantly associated

with neuroendocrine score (Abida et al., 2019) (upper versus

lower quartile, chi-square = 0.014) (Figure 3D; Figure S4A).

Furthermore, univariate Cox proportional hazards regression re-

vealed tumor cluster membership significantly associated with

risk of death following ADT (hazard ratio = 2.54; 95% confidence

interval [95% CI] = 1.11 to 5.82; score (log rank) test = 0.021).

Given the links between NCOR2 and DNA methylation ma-

chinery, we examined changes in DNA methylation following

NCOR2 knockdown and androgen withdrawal using the Infinium

EPIC array platform. Differential methylation analyses (false

discovery rate [FDR] < 0.05, 10% change in methylation) demon-

strated that NCOR2 knockdown induced broad DNA hyperme-

thylation in the PRE-ADT setting, which became less apparent

7 days POST-ADT but greatly enhanced after recurrence

(Figure 3E). Importantly, recurrence itself, regardless of NCOR2

status, is a major driver of hypermethylation events with over

170,000 hypermethylated positions comparing shCTL-PRE

with shCTL-RT (Figure 3F). However, NCOR2-associated differ-

entially methylated positions (DMP) strongly overlapped with

stage-specific DMPs (Figure 3G). We found that shNCOR2 tu-

morswere significantly more hypermethylated than shCTL coun-

terparts within each stage of disease (Figure S4B). Even before

the stress of ADT, loss of NCOR2 leads to subtle increases in

methylation at loci that gain high-level methylation following

recurrence. For example, progressive hypermethylation was

observed broadly at the HOXA3 locus (Figure 3H). Binning ana-

lyses revealed that progressive and NCOR2-dependent hyper-

methylation was enriched at regions distal to transcription start

site (TSS) and CpG island loci (Figure 3I), and ChromHMM-

defined chromatin states in LNCaP cells (Hamada et al., 2015,

Ernst and Kellis, 2012, Valdés-Mora et al., 2017) indicated

enrichment of DMPs at active and poised enhancer regions (Fig-

ure S4C). Gene-annotated differentially methylated region (DMR)

analysis for NCOR2-dependent methylation in CWR22 recur-

rence revealed 32 genes that were also differentially expressed

in the same comparison, including several associated with

neuronal development (e.g., CHGA and NTN1).

Intriguingly, hypermethylation in ADT-RPC was observed in a

pilot study of primary and unpaired ADT-RPC human tumor

samples (local recurrences; Figure S5B). Genomic annotation

identified ADT-RPC DMP enrichment at active and poised

enhancer regions, reflecting the hypermethylation associated

with CWR22 recurrence and with NCOR2 loss in vitro and in vivo

(Figure S4D). This suggests that enhancer hypermethylation is a

general phenomenon associated with ADT-RPC.

NCOR2 impacts DHT-dependent and DHT-independent
transcriptomes
Given the relationships between reduced NCOR2 and ADT, we

measured the impact of stable NCOR2 knockdown in the

isogenic LNCaP and LNCaP-C4-2 (C4-2) cell lines on DHT-

dependent (10 nM, 6 h) and DHT-independent transcriptomes
Cell Reports 37, 110109, December 14, 2021 5



Figure 3. NCOR2 loss accelerates the molecular features of ADT resistance during PC progression in vivo

(A) Gene set variation analysis of established pathways associated with ADT-R in PC.

(B) Gene expression profiles for SYP, CHGB, NTN1, and AR in CWR22 groups.

(C) IHC showing representative examples of SYP expression in shCTL-RT and shNCOR2-RT samples (left); scale bars, 20 mm. Quantification of IHC in RT is

shown on the right. Data are summarized as boxplots representing lower, middle, and upper quartiles. Whiskers indicate maximum and minimum values,

excluding outliers defined as 1.53 IQR (A–C).

(D) Heatmap of scaled expression depicting the 41 most significant DEGs in NCOR2-low relative to NCOR2-high tumors within the SU2C cohort that were also

identified in RT-shNCOR2 (left). Column annotations show grouped neuroendocrine scores (NE.quartiles) for each tumor. Kaplan-Meier curves of overall survival

proportions between major tumor clusters are identified.

(E) Volcano plots depicting NCOR2-dependent DMPs (red = upregulated, blue = downregulated) determined at different stages of disease.

(F) Proportion of DMPs in each comparison; hypermethylated, red; hypomethylated, blue.

(G) Total number of NCOR2 and stage-specific DMPs in PRE-ADT and RT.

(H) Representative genomic view of the HOXA3 locus showing the average methylation levels within each CWR22 group; CpG island regions, purple; arrows,

example DMPs; mean value, black dot; IQR, horizontal lines.

(I) Binning analysis depicting the median methylation calculated for genomic regions relative to TSS (top) and CpG island (bottom) loci. For TSS, each bin

represents 100 bp, with the TSS centered at bin 50. For CpG islands, shore (orange) and shelf (blue) bins represent 200 bp, while islands (green) are variable

depending on genomic length but centered on bin 30.
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via RNA sequencing (RNA-seq). Principal component analyses

revealed that experimental conditions explained the majority of

variation in expression (Figures S5A and S5B). DEGs (FDR <

0.05, fold change [FC] > 1.2) were determined as either DHT-

dependent in CTL cells (Figure 4A, magenta), DHT-dependent

in NCOR2-knockdown cells (green), or NCOR2-dependent in

the absence of DHT (orange). There were more DHT-dependent

DEGs in LNCaP cells (1,396 total; 917 upregulated and 479
6 Cell Reports 37, 110109, December 14, 2021
downregulated) than in C4-2 cells (700 total; 423 upregulated

and 277 downregulated) (Figures 4A and 4B). Conversely, the

NCOR2-dependent transcriptome was strikingly larger in C4-2

cells (2,138 total; 1,331 upregulated and 807 downregulated)

than in LNCaP cells (444 total; 252 upregulated and 192

downregulated).

While loss of NCOR2 expression did not alter a majority of

the DHT capacity (genes affected) or sensitivity (magnitude of



Figure 4. Identifying NCOR2- and DHT-dependent gene expression patterns in LNCaP and C4-2 cells

(A) Venn diagram depicting DEGs determined in each comparison; NCOR2 dependent (shNCOR2-EtOH/shCTL-EtOH), orange; DHT dependent in shCTL cells

(shCTL+DHT/shCTL-EtOH), magenta; DHT dependent in shNCOR2 cells (shNCOR2+DHT/shNCOR2-EtOH), green.

(B) Heatmap of DHT- or NCOR2-dependent DEGs in LNCaP (left) and C4-2 (right).

(C) GSEA results of selected significantly (p adjusted % 0.05) enriched gene sets related to androgen response, endocrine resistance, epigenetic regulation,

neuronal differentiation, EMT, and cell cycle (RB/p53) programs; NS, non-significant.

(D) LISA analysis of DHT- and NCOR2-dependent DEGs. Each point represents a single ChIP-seq dataset queried from the CistromeDB. The top 20 most

significant enrichments for both up- and downregulated genes are highlighted.
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Figure 5. NCOR2 loss results in a hypermethylation phenotype in LNCaP and C4-2 cells

(A) Volcano plots representing DMPs following NCOR2 knockdown in LNCaP (left) and C4-2 (right) cells, hypomethylated, blue; hypermethylated, red.

(B) Venn diagram of DMPs identified in each cell.

(C) Binning analysis depicting themedianmethylation calculated for genomic regions relative to TSS (left) and CpG island (right) loci. For TSS, each bin represents

100 bp, with the TSS centered at bin 50. For CpG islands, shore (orange) and shelf (blue) bins represent 200 bp, while islands (green) are variable depending on

genomic length but centered on bin 30.

(D) Relative proportions of all CpGs (top) or DMPs (middle, bottom) that annotate to ChromHMM regions.

(E) Peak centered densities of non-DMP CpG sites (black) or hypermethylated DMPs (red) centered at ChromHMM promoter or enhancer regions.

(legend continued on next page)
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change), there were, nevertheless, an additional 335 and 148

genes that gained DHT regulation, and, conversely, 465 and

194 genes lost DHT regulation. These findings indicate a selec-

tive skewing of transcriptional response to DHT stimulation

following reduced NCOR2 levels.

To infer functional insight, GSEA was applied using a previ-

ously compiled �4,000-gene set list from MSigDB and other

prostate-specific gene sets (Table S4). Normalized enrichment

scores of representative significantly enriched (p adjusted %

0.05) gene sets from selected categories are shown in Figure 4C.

Strong enrichment of androgen response pathways was

induced by both DHT stimulation and NCOR2 knockdown, sug-

gesting that reduced NCOR2 expression partially phenocopies

DHT exposure. There was substantial commonality between

NCOR2- and DHT-dependent pathways, including gene sets

related to endocrine therapy resistance. However, a subset of

functional gene sets showed distinct cell type enrichment.

Gene sets related to epigenetic regulation were significantly en-

riched in LNCaP cells but not in C4-2 cells. Conversely, gene sets

related to neuronal differentiation were positively enriched in

C4-2 cells yet negatively enriched in LNCaP cells. Gene sets

related to EMT and RB/p53 cell cycle programs displayed similar

trends, further supporting AR-independent functions of NCOR2.

Transcriptional master regulator (MR) analysis of DEGs was

applied using LISA (Qin et al., 2020) (Figure 4D). DHT-dependent

DEGs enriched strongly for AR and the pioneer factor forkhead

box (FOX) transcription factor FOXA1 in both cell lines. FOXA1

was also enriched in NCOR2-dependent transcriptomes as

were a more diverse pool of regulators, including E2F and

the methyl-binding factor MBD2. In C4-2 cells, several factors

associated with neuroendocrine differentiation were identified,

including FOXM1 and MYCN. These regulator enrichments

were largely confirmed by MR analysis performed via iRegulon

(Table S4).

These analyses strongly support the concept that reduced

NCOR2 levels alter the DHT response by (1) skewing the capac-

ity of the DHT-regulated transcriptome and by (2) mimicking a

subset of the androgen transcriptional response in the absence

of DHT stimulation. In C4-2 cells, the impact of reduced NCOR2

alone was significantly more extensive than in LNCaP cells and

enriched for cell cycle and neuronal differentiation responses.

These findings are consistent with increased neuroendocrine

gene expression in CWR22 recurrent tumors that developed

with knockdown of NCOR2 (Figures 3A and 3B).

Reducing NCOR2 expression induces hypermethylation
at enhancer regions
We examined changes in DNA methylation following NCOR2

knockdown and DHT treatment in LNCaP and C4-2 cells.

Differential methylation analyses (FDR < 0.05, 10% change in

methylation; Figures S5C and S5D) revealed substantial hyper-

methylation following NCOR2 knockdown. NCOR2 knockdown
(F) Comparison of NCOR2 knockdown gene expression changes annotated w

Distributions are compared by Kolmogorov-Smirnov (KS) test. Mean value (black

(G) Representative genomic view of an NCOR2-dependent gene locus with ann

(exons [red] and introns [black]); methylation detected in shCTL (black) or shNC

shown in [D]); DMR regions (green); CpG island regions (purple).
induced DMPs in LNCaP cells (25,843 total DMPs; 98% hyper-

methylated) and C4-2 cells (184,663 total DMPs; 82% hyperme-

thylated) (Figure 5A). Notably, C4-2 DMPs largely encompassed

DMPs observed in LNCaP cells (50%) (Figure 5B). DHT treat-

ment had no significant effect on DNA methylation in either cell

line (Figure S5E).

Concordant with observations in the CWR22-shNCOR2

model, the NCOR2-dependent shifts in DMPs in both cell lines

were most pronounced at sites distal to TSSs and CpG islands

(Figure 5C). We exploited ChromHMM-defined chromatin states

in LNCaP cells (Hamada et al., 2015, Ernst and Kellis, 2012,

Valdés-Mora et al., 2017) to reveal that hypermethylated DMPs

(hyper-DMPs) were observed at a lower-than-expected rate at

active promoter loci in both LNCaP and C4-2 cells and were

conversely enriched in poised and active enhancer regions

(21% background, 45% hyper-DMPs [LNCaP], 44% hyper-

DMPs [C4-2]) (Figure 5D; Figure S6A). Peak centered densities

of non-DMP CpG sites (black) or hypermethylated DMPs (red)

centered at ChromHMM promoter or enhancer regions (Fig-

ure 5E) confirm the deenrichment of methylation changes at pro-

moter regions but strong enrichment at enhancers.

Morestringentdefinitions identified929and7,845DMRs (FDR<

0.05, D regional methylation > 5%) (Peters et al., 2015) in LNCaP

and C4-2 cells, respectively, with >99% of these being hyper-

DMRs (Figure S6B). A substantial proportion of DMRs mapped

to at least one enhancer region (LNCaP = 37%; C4-2 = 29%),

with fewer mapping to promoter regions (LNCaP = 30%; C4-2 =

21%). DMRs were also annotated to gene-proximal enhancers

orpromoters (enhancer regionwithin±20kbofaTSS;promoter re-

gion within ±2 kb of a TSS) (Figure S6C). In both cell lines, gene

expressionwassignificantlymoreaffectedbyNCOR2knockdown

at genes with DMR-associated enhancers or promoters than

genes without (Figure 5F). DMR enhancers tended to be distinct

from promoter regions and exclusive of CpG islands, as shown

at representative loci (Figure 3G; Figure S6D).

GSEA of NCOR2-dependent, DMR enhancer-associated

genes did not enrich for androgen-regulated pathways (Fig-

ure S6E; Table S5) but rather for pathways associated with can-

cer and endocrine therapy resistance. DMR pathways unique to

LNCaP cells were strongly enriched in interferon response, while

those unique to C4-2 cells included neuronal and P53 pathways.

Thus, both the DEGs and the DMRs that are dependent on

NCOR2 knockdown in C4-2 cells affect pathways known to

contribute to ADT resistance in men and are associated with

increased neuroendocrine gene expression in CWR22 recurrent

tumors that developed with knockdown of NCOR2 (Figures 3A

and 3B).

TheNCOR2cistrome is regulated byDHTand associates
with FOXA1
To gain further insight into why knockdown of NCOR2 led to

more rapid recurrence during ADT and increased NEPC gene
ith DMR promoters and/or DMR enhancers relative to genes not annotated.

dot) and IQR (horizontal lines) are shown.

otated enhancer hypermethylation (GPR108). Tracks (from top), RefSeq gene

OR2 C4-2 cells (green, blue); ChromHMM regions (color code is the same as
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signature expression in recurrent tumors, we defined the

NCOR2 cistromes in LNCaP and C4-2 cells in the presence or

absence of DHT via NCOR2 chromatin immunoprecipitation

with sequencing (ChIP-seq). The NCOR2 cistromes were largely

distinct to each cell line and DHT stimulation (Figure 6A). In total,

there were 1,258 and 1,908 robust NCOR2-binding peaks in

untreated LNCaP and C4-2 cells, respectively. DHT exposure

redistributed and increased the number of peaks to 1,473

and 2,080, respectively.

In LNCaP cells, almost half of peaks (45%) were within 3 kb of

a TSS, which was modestly increased with DHT treatment (50%)

(Figure 6B; Figures S7A and S7B). By contrast, the NCOR2 cis-

trome in C4-2 cells was more distal, with the highest proportions

(�40%) of peaks falling between 10 and 100 kb of the closest

TSS in basal and DHT-treated conditions. NCOR2 binding was

enriched in enhancers and diminished in Polycomb-associated

regions. NCOR2 binding was also enriched in promoter regions

(Figure 6B). Motif analysis of NCOR2 peaks revealed significant

enrichment for several NR response elements, including those of

PPARs, RARs, THR, ERRa, GR, and PGR. Notably, NR motifs

were more evident following DHT exposure, although some

orphan NR (COUP-TFII, EAR2) enrichments were observed un-

der basal conditions (Figure 6C; Figure S7C). Interestingly, in

neither cell type nor under any condition were motifs for the AR

half-site significantly enriched. NR motifs only represented a

small proportion of significant enrichments, and, although the

genomic sites of NCOR2 binding were largely unique across

cell lines, the motif analyses revealed many similar enrichment

patterns across conditions. FOX transcription factors (e.g.,

FOXA1, FOXO1) were significantly enriched in both LNCaP and

C4-2 cells, regardless of DHT status, suggesting common inter-

actions across cellular contexts. Similarly, ETS family members

as well as CTCF and BORIS (CTCFL) were significantly enriched

across conditions.

NCOR2 cistromes were queried against experimentally

derived transcription factor-binding datasets included in the Cis-

tromeDB collection (>10,000 total ChIP-seq datasets across

>1,100 factors) using GIGGLE (Layer et al., 2018) (Figures S7D

and S7E; Table S6). Assessment of factors observed in the

top 200 most enriched binding datasets supported co-accumu-

lation of NCOR2 with factors consistent with motif analysis,

for example, with strong enrichments for the AR-regulating

pioneering factor FOXA1. Other commonly enriched factors

included AR, MYC/MAX, E2F1, SUMO2, CREB1, and KMD5B.

Filtering for datasets derived in prostate cell models similarly

demonstrated significant NCOR2 binding overlap with FOXA1,
Figure 6. NCOR2 cistromes in LNCaP and C4-2 cells

(A) Venn diagram of significant peaks identified in each condition.

(B) Relative genomic proportions of all ChromHMM regions (left) or NCOR2 cistr

(C) Motif analysis of NCOR2 cistromes in LNCaP (left) and C4-2 (right) cells.

(D) Word cloud depicting the frequencies of factors observed in the top 200 m

cistrome. Factors with observed proportions near background (<1.2-fold enrichm

(E) Heatmap of the mean normalized overlaps observed for each factor with ea

centered densities of NCOR2 cistromes (LNCaP) against a publicly available LN

heatmap for histone mark datasets available within the prostate subset of the Ci

(F) Functional enrichment analysis of genes annotated to NCOR2 cistromes. Dis

androgen response, endocrine resistance, epigenetic regulation, neuronal differe
CREB1, and SUMO2 as well as DAXX and ETV1 (Figure 6E). In

a parallel analysis against histone modification profile datasets

derived in prostate cells, NCOR2 displayed the most significant

overlaps with H3K27ac and H3K4me2, consistent with a func-

tional role for NCOR2 in regulating distal enhancer regions.

GSEA analyses of NCOR2 peak annotated genes reflected

functions observed from analysis of transcriptome data, for

instance, strong enrichment of androgen response pathways,

particularly in LNCaP cells treated with DHT, that were either

reduced or not significant in C4-2 cells (Figure 6F). HDAC activity

and FOX function were commonly enriched among all condi-

tions, including genes directly bound and regulated by FOXA2/

FOXP3. Also, in line with observations from transcriptome and

methylome functional pathway analyses, neuronal pathways

were strongly enriched in C4-2 cells.

Integration of NCOR2-dependent transcriptomes, DNA
methylomes, and cistromes
NCOR2-dependent omic integration was undertaken. In LNCaP

cells, NCOR2-dependent gene expression changes significantly

overlapped with expressed genes associated with NCOR2 bind-

ing and with DMRs at enhancers annotating to expressed genes

(Figure 7A). In C4-2 cells, there were larger sets of overlaps be-

tween NCOR2-dependent DEGs and the NCOR2-bound genes

and also enhancer methylated genes. Further, there was also

significant overlap between the NCOR2-bound genes and genes

associated with enhancer DMRs (Figure 7B).

Super enhancers (SEs) have gained recent attention in stem

cell and cancer biology as reprogrammed enhancer ‘‘hubs’’

that drive expression of key genes implicated in lineage plasticity

and therapeutic resistance (Adam et al., 2015, Ma et al., 2020,

Whyte et al., 2013). Previous reports have shown that NCOR2

occupies lineage-specific SEs and serves as a key regulator of

SE activation associated with cell reprogramming and differenti-

ation (Zhuang et al., 2018, Siersbæk et al., 2017, Hnisz

et al., 2013). Knockdown of NCOR2 in the CWR22 model led

to accelerated recurrence with tumors exhibiting NEPC-like

gene expression, suggesting that NCOR2 loss allows for greater

plasticity. In the androgen-independent C4-2 cell line, NCOR2

loss associated with hypermethylation at enhancers, and the

NCOR2 cistrome significantly overlapped with those enhancers

that gain methylation. Thus, we asked if NCOR2’s role in regula-

tion of SE-associated genes involved in lineage plasticity could

explain these observations.

We identified SE regions in both LNCaP and C4-2 cells from

previously published H3K27ac ChIP-seq datasets (Hnisz et al.,
omes that annotate to ChromHMM regions.

ost overlapping datasets from the complete CistromeDB with each NCOR2

ent) were removed.

ch NCOR2 cistrome within the prostate subset of the CistromeDB (left). Peak

CaP FOXA1 ChIP-seq dataset (Sunkel et al., 2016) (right). Mean normalized

stromeDB.

played are selected significantly enriched gene sets (q value < 0.05) related to

ntiation, stem cell, EMT, and FOX transcription factor targets (FOX).
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Figure 7. Data integration identifies effects on SEs

(A and B) Upset plot showing the intersection between DEGs upon NCOR2 knockdown, expressed genes associated with differentially methylated enhancer

regions upon NCOR2 knockdown (DMR.enh), and expressed genes associated with NCOR2 binding found under basal (EtOH) conditions in both LNCaP (A) and

C4-2 (B) cells. Significant overlaps are denoted by a red asterisk (*p < 0.05; **p < 0.01; ***p < 0.001).

(C) Overlaps of NCOR2 binding by ChIP-seq with identified SEs from LNCaP and C4-2 cells. Peak overlaps are shown for both basal (EtOH) and androgen-

supplemented (DHT) conditions, and significance was determined by hypergeometric distribution.

(D) Functional enrichment analysis of genes annotated to NCOR2/SE shared regions from (C). The top 15 significant (p adjusted < 0.05) gene sets that related to

the functional categories (cell differentiation, chromatin organization, proliferation, and metastasis) are displayed as counts within their respective functional

category.

(legend continued on next page)
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2013, He et al., 2021). Overall, we identified more SEs in C4-2

cells than in LNCaP cells. We overlapped these SEs with

NCOR2-bound regions and found that there was significant

overlap in all conditions (Figure 7C). To understand the biological

relevance of theseNCOR2-bound SEs, we queried these regions

for known transcription factor-binding motifs (Figure S7F). We

found significant enrichment for factors such as AR, FOXA1,

and FOXA2 in LNCaP cells in both the DHT and basal (ethanol

[EtOH]) conditions. However, in the androgen-independent

C4-2 cells, there was enrichment for factors related to invasion

and aggressive disease. The top enriched motifs in C4-2

(EtOH) cells associated with Wilms tumor 1 (WT1) binding, which

has been shown to be upregulated in advanced PC and can

promote hormone-independent tumor growth and metastasis

(Devilard et al., 2006, Brett et al., 2013). We also observed

enrichment for other factors shown to regulate SEs related to

EMT and pluripotency (e.g., TGIF1) (Lee et al., 2015, Zhang

et al., 2020) and androgen biosynthesis in castration-resistant

PC (CRPC; e.g., NR5A2) (Zhou et al., 2021, Xiao et al., 2018).

We performed GSEA on genes annotated to NCOR2-bound

SEs. From among the top 15 significantly enriched (p adjusted <

0.05) gene sets in each analysis, we defined six functional

categories (neuronal differentiation, chromatin organization, hor-

mone-dependent differentiation, invasion/metastasis, cell cycle/

proliferation, and other cell differentiation) and displayed the

number of significantly enriched genes sets that related to these

functional categories (Figure 7D; Table S7). In LNCaP cells, there

was enrichment for gene sets related to canonical NCOR2 func-

tion, such as chromatin organization. As expected, in the DHT-

supplemented condition, there was enrichment for androgen

response and hormone-dependent cell differentiation in both

LNCaP and C4-2 cells. In both basal conditions, there was

strong enrichment for genes involved in transforming growth

factor-b (TGF-b) signaling and insulin-like growth factor (IGF)-

related pathways that have been shown to promote tumor

growth and metastasis. Unique to C4-2 basal conditions, we

found enrichment for neuronal-related gene sets, which agrees

with NCOR2’s role in the regulation of cellular differentiation of

both neuronal and liver cells, and its downregulation can pro-

mote tumorigenesis in both contexts (Wu et al., 2019, Foley

et al., 2011).

We next asked if the DEGs among CWR22 recurrent tumors

with and without knockdown of NCOR2 (shNCOR2-RT versus

shCTL-RT) could cluster metastatic CRPC (mCRPC) cases

with high NEPC scores and low AR-signaling scores and how

those DEGs associated with SEs found in LNCaP and C4-2 cells.

We queried a dataset of 266 patients withmCRPC for which both

RNA-seq and histological classification were available (Abida

et al., 2019) and found that unsupervised clustering with the

CWR22DEGs segregate the cases into threemajor clusters (Fig-

ure 7E). Cluster 1 strongly enriched for cases with high NEPC

scores, low AR scores, and small cell or adenocarcinoma with

neuroendocrine features in comparison to clusters 2 and 3.
(E) Heatmap showing the expression levels of DEGs from CWR22 shNCOR2 rec

expression (Z score) of those genes in mCRPC patient samples. The column an

signaling score (AR score). The row annotations indicate FC direction of CWR22

regulated by an SE (identified in LNCaP and C4-2 cells).
Forty-six of the DEGs are annotated to SEs found in the LNCaP

and/or C4-2 cell lines, andmost were associated with genes that

became upregulated following NCOR2 loss and recurrence.

DISCUSSION

Transcription factor co-regulators are drivers of progression in

multiple hormone-responsive cancers (Girault et al., 2003, Kha-

nim et al., 2004), including in the context of therapy resistance

(Gong et al., 2018, Girault et al., 2003). Altered NCOR2 expres-

sion has consistently been reported in ADT-RPC (Abida et al.,

2019, Robinson et al., 2015b). To date, ambiguity existed over

whether gain or loss of NCOR2 functions were a PC driver (Gir-

ault et al., 2003, Khanim et al., 2004). The current study aimed

to address this ambiguity with an integrative genomic approach

exploiting in vitro, in vivo, and in silico resources covering the

emergence of the ADT-RPC.

We exploited a patient TMA to establish that reduced NCOR2

was significantly associated with features of aggressive PC,

such as higher PSA levels and shorter disease-free survival in pa-

tients who received adjuvant ADT. Furthermore, knockdown of

NCOR2 in the CWR22 model of castration recurrence resulted in

significantlymore rapid recurrencewith increasedNEPCgenesig-

naturesafter androgenwithdrawal.Whileandrogenwithdrawal led

to a dramatic decrease in proliferating cells in both control and

NCOR2-knockdown xenografts 7 days after ADT, there were

significantly more proliferating cells with knockdown of NCOR2

(Figure 2E). The combined observations of NCOR2 knockdown

associating with decreased maximum regression and faster time

to recurrence suggests that the reduction in NCOR2 makes

some cells resistant to the effects of androgen depletion.

Supporting links between NCOR2 and androgen signaling,

NCOR2 knockdown changed gene expression in a manner

that significantly overlapped with DHT-responsive genes in

both LNCaP and C4-2 cell lines. NCOR2-dependent gene

expression patterns associated with both up- and downregu-

lated genes, and although we cannot exclude indirect effects,

this suggests that NCOR2 functions to modulate genes in both

a positive and negative direction. NCOR2 cistrome analyses

supported interactions with a diverse set of transcription factors

and revealed evolution and expansion of binding choices in the

C4-2 cells compared with LNCaP cells. The cistrome became

more distal in C4-2 cells than in LNCaP cells, and binding regions

were fairly evenly distributed between positive and negative re-

lationships where NCOR2 appears to function either as a co-

repressor or a coactivator.

Surprisingly, reduced NCOR2 expression resulted in a pro-

found increase in CpG methylation in both cell lines and in the

CWR22 model. Changes in DNA methylation were enriched at

enhancers and correlated with changes in gene expression

both positively and negatively. This is compelling because

NCOR2 has been well understood to act as a co-repressor of nu-

clear receptor transcriptional programs through its formation of
urrent tumors compared with control recurrent tumors (1,189) and the scaled

notations indicate pathology classification (Pathology), NEPC score, and AR

recurrent tumor DEGs (shNCOR2 compared with shCTL) and if that gene is
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large complexes that include HDACs, which, in turn, create a

restrictive chromatin state ((Oberoi et al., 2011), (Chen and

Evans, 1995), (Nagy et al., 1997), (Guenther et al., 2001), (Liao

et al., 2003), (Yu et al., 2003)) or further recruitment of CpG

methylation machinery (Cartron et al., 2013). Among the ChIP-

seq enrichments associated with downregulated genes

following NCOR2 knockdown were MBD2 in both LNCaP and

C4-2 cells and MED1 in C4-2 cells (Figure 4D). Both MBD2

and MED1 are known to interact with DNA methylation at the

level of reading and erasing, respectively, and suggest that

NCOR2 may be part of a large complex that includes compo-

nents of the DNA methylation regulatory system at enhancer re-

gions. While the mechanism of how DNA methylation levels are

affected in the context of reduced NCOR2 protein remains to

be determined, our data suggest a complex relationship be-

tween CpG methylation and gene expression. The conse-

quences of low-density CpG methylation at enhancer regions

are not as well understood as high-density methylation of CpG

islands at promoters. Enhancer methylation may contribute to

stabilizing large, higher-order chromatin structures or altering

transcription factor recruitment, both shown to play a role in line-

age plasticity (Charlet et al., 2016, Song et al., 2019, Yin et al.,

2017).

SEs play a key role in normal cellular differentiation, and recent

evidence suggests that targeting SEsmay be an alternative ther-

apeutic strategy in a wide range of cancers that use lineage plas-

ticity to escape therapeutic pressures (Ma et al., 2020, Bao et al.,

2019). NCOR2 has been shown to be recruited to SEs by lineage-

specific transcription factors along with HDACs to create an

epigenetic barrier and repress transcription. Consequently,

NCOR2 and other co-repressor complexes (Hnisz et al., 2013)

may offer a safeguard to overactivation of SEs and aid in their

complete shutdown during cell differentiation processes (Sier-

sbæk et al., 2017, Zhuang et al., 2018). Because we see

increased expression of neuroendocrine-related genes upon

NCOR2 knockdown following androgen withdrawal in vivo and

in vitro and a dampened response to ADT in patient samples

and in our in vivo model, we rationalize that this is attributed to

NCOR2’s role in regulation of SE-associated genes involved in

lineage plasticity and therapy resistance.

We have shown that the NCOR2 cistrome in LNCaP and C4-2

cells enriches for active and poised enhancers and overlaps with

many lineage-determining pioneer and transcription factors that

have been associated with SEs involved in CRPC and NEPC,

such as FOXA1 and MYC (Khan and Zhang, 2016, Lupien

et al., 2008). Further, we demonstrated that within those

NCOR2-bound regions, there was significant overlap with SEs.

We found significant enrichment for binding motifs that associ-

ated with factors that regulate endocrine cell differentiation,

such as AR and FOX family members (FOXA1/FOXA2) in LNCaP

cells. Recently, FOXA1 has been implicated in the reprogram-

ming of SEs that drive expression of neuronal-related genes

that are required for NEPC progression (Baca et al., 2021). Inter-

estingly, there was not enrichment for FOX family nor AR-binding

motifs in presumably NCOR2-bound SEs identified in C4-2 cells.

This suggests distinct SE landscapes between these two

models. In C4-2 cells, there was enrichment for factors that

have been shown to promote androgen-independent tumor
14 Cell Reports 37, 110109, December 14, 2021
growth and metastasis. This agrees with the phenotype of C4-

2 cells as representing amore advanced and androgen-indepen-

dent stage of PC progression than androgen-sensitive LNCaP

cells. Further, when we queried gene sets related to NCOR2-

SE annotated genes, we found strong enrichment for gene

sets involved in neuronal differentiation, but that finding was

unique to the C4-2 basal condition. This suggests that NCOR2

may co-occupy and regulate lineage-specific SEs in CaP that

have the potential to drive androgen-independent proliferation

and alternative lineages during therapeutic stress, such as

ADT. Loss of NCOR2-mediated regulation at these SEs may in-

crease the chances for stochastic or genetic-driven activation of

transcriptional programs that drive survival and recurrence dur-

ing androgen withdrawal. We speculate that without NCOR2’s

role in regulating the precise recruitment of chromatin-modifying

enzymes such as HDACs, these SEs are without a ‘‘shut-down’’

mechanism and can therefore become over-activated.

These studies indicate reduced NCOR2 function as a determi-

nant of poor response to ADT and implicate that while NCOR2

indeed contributes to canonical androgen regulation and

signaling through the AR, it additionally plays important roles in

the epigenetic control of enhancer regions through a diverse

set of factors, including FOX family members. Some NCOR2-

bound enhancers may regulate lineage choice under the

selective pressure of ADT, thereby contributing to more rapid

recurrence. Interestingly, recurrent tumors in the CWR22 model

from the shCTL group also exhibited reduced expression of

NCOR2 following recurrence similar to the levels achieved exper-

imentally in the shNCOR2 tumors, suggesting that selective pres-

sure for loss of NCOR2 functionmay be a common characteristic

for progression post-ADT. Indeed, neuroendocrine featureswere

observed inRT-shCTL tumors andhavebeenpreviously reported

in wild-type CWR22 tumors, and increased molecular and

morphological heterogeneity observed early in disease has a sig-

nificant impact on progression (Huss et al., 2004, Seedhouse

et al., 2016). Yet, the fact that RT-shNCOR2 exhibited increased

neuroendocrine characteristics relative to shCTL counterparts

suggests that releasing the epigenetic regulation of NCOR2

earlier in disease progression relative to the selective pressure

of ADT is important in altering the potential for lineage plasticity

ultimately required to develop recurrent tumors.

Limitations of the study
While this study utilized a large cohort (n = 50/group) to assess

differences in rates of recurrence after androgen withdrawal in

the CWR22 patient derived-xenograft, the study is limited by

the use of a single xenograft model system. Therefore, it is un-

clear if these observations would be replicated in other prostate

tumor models with different genetic backgrounds. In addition,

the lack of a fully functioning immune system in the nu/nu hosts

for the xenografts precludes determination of how NCOR2

loss might affect the tumor immune microenvironment. The hy-

permethylation of CpG dinucleotides observed in response to

NCOR2 knockdown is limited to the �850,000 loci covered by

the Infinium MethylationEPIC BeadChip, which avoids genomic

positions rich in repetitive elements. Therefore, we are unable

to determine if the hypermethylation phenotype extends to re-

petitive elements.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-NCOR2, rabbit polyclonal Abcam Cat# ab24551, RRID:AB_2149134

Anti-NCOR2, rabbit monoclonal Cell Signaling Cat# 62370, RRID:AB_2799628

Anti-NCOR2, rabbit Sigma-Aldrich Cat# HPA001928, RRID:AB_1079454

Normal Rabbit IgG antibody Cell Signaling Cat# 2729, RRID:AB_1031062

Normal Rabbit IgG antibody Santa Cruz Cat# sc-2027, RRID:AB_737197

Anti-AR, rabbit polyclonal Millipore Cat# 06-680

Anti-TBP, rabbit polyclonal Cell Signaling Cat# 8515, RRID:AB_10949159

Anti-GAPDH, rabbit monoclonal Cell Signaling Cat# 2118, RRID:AB_561053

Anti-beta-actin, rabbit polyclonal Abcam Cat# ab8227, RRID:AB_2305186

Rabbit anti-mouse immunoglobulins/HRP antibody Agilent Cat# P0161, RRID:AB_2687969

Goat anti-rabbit immunoglobulins/HRP antibody Agilent Cat# P0448, RRID:AB_2617138

Ki-67 antibody, rabbit polyclonal Abcam Cat# ab15580, RRID:AB_443209

Synaptophysin antibody, rabbit monoclonal Abcam Cat# ab52636, RRID:AB_882786

Biological samples

Prostate cancer patient-derived tissue microarrays

and de-identified clinical information

Roswell Park

Comprehensive

Cancer Center

Pathology Resource Network (PRN) and

Data Bank Biorepository (DBBR)

Chemicals, peptides, and recombinant proteins

TRIzol RNA Isolation Reagent Thermo Fisher Cat# 15596026

AllPrep DNA/RNA/miRNA Universal Kit QIAGEN Cat# 80224

iScript cDNA Synthesis Kit Bio-Rad Cat# 1708891

5a-Dihydrotestosterone (DHT) solution Millipore Sigma Cat# D-073

cOmplete, Mini Protease Inhibitor Cocktail Millipore Sigma Cat# 11836153001

Critical commercial assays

TruSeq Stranded Total RNA Library Prep Kit Illumina Cat# 20020596

Infinium MethylationEPIC BeadChip Kit Illumina Cat# WG-317-1002

ViaLightTM Plus Cell Proliferation and

Cytotoxicity BioAssay Kit

Lonza Cat# LT07-221

TaqMan MicroRNA Reverse Transcription Kit Applied Biosystems Cat# 4366596

Turbo DNA-Free kit Invitrogen Cat# AM2238

Deposited data

Raw data This study GEO: GSE178820 series

Prostate Adenocarcinoma

(TCGA, PanCancer Atlas)

TCGA https://www.cbioportal.org/study/summary

?id=prad_tcga_pan_can_atlas_2018

Neuroendocrine Prostate Cancer

(Multi-Institute, Nat Med 2016)

Beltran et al., 2016 https://www.cbioportal.org/study/

summary?id=nepc_wcm_2016

The Metastatic Prostate Cancer Project

(Provisional, November 2019)

The Metastatic Prostate

Cancer Project

https://www.cbioportal.org/study/

summary?id=prad_mpcproject_2018

Metastatic Prostate Cancer (SU2C/PCF

Dream Team, Cell 2015)

(Robinson et al., 2015b) https://www.cbioportal.org/study/

summary?id=prad_su2c_2015

Metastatic Prostate Adenocarcinoma

(SU2C/PCF Dream Team, PNAS 2019)

Abida et al., 2019 https://www.cbioportal.org/study/

summary?id=prad_su2c_2019

(Continued on next page)
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Prostate Adenocarcinoma

(MSKCC, Cancer Cell 2010)

Taylor et al., 2010 https://www.cbioportal.org/study/

summary?id=prad_mskcc

Prostate Adenocarcinoma (MSKCC/DFCI,

Nature Genetics 2018)

Armenia et al., 2018 https://www.cbioportal.org/study/

summary?id=prad_p1000

Experimental models: cell lines

LNCaP-shControl This study N/A

C42-shControl This study N/A

LNCaP-shNCOR2-A This study N/A

LNCaP-shNCOR2-B This study N/A

C42-shNCOR2-A This study N/A

C42-shNCOR2-B This study N/A

Experimental models: organisms/strains

Hsd:Athymic Nude-Foxn1nu, male Harlan/Envigo 069

CWR22 Prostate Cancer Xenograft Mouse (shControl,

shNCOR2; V2LHS-251658)

This study N/A

Oligonucleotides

NCOR2 (TaqMan Gene Expression Assay) Thermo Fisher Assay ID: Hs00196955_m1

AR Thermo Fisher Assay ID: Hs00171172_m1

GAPDH (TaqMan Gene Expression Assay) Thermo Fisher Assay ID: 4326317E

DENND1B (forward: TTACACAATGAAAAGGGAGG) IDT N/A

TMPRSS2 (forward: ATGATGCTGCAGCCAGAACAG) IDT N/A

HERC3 (forward: AGGTTCTTGTAGGCTGTGGT) IDT N/A

CXCR7 (forward: GATGTGGGTTACAAAGCTG) IDT N/A

KLK3 (forward: ACTTCAGTGTGTGGACCTTGT) IDT N/A

Recombinant DNA

shNCOR2-A (Targeting) pGIPZ

Lentiviral Construct

RPCCC Gene

Modulation Resource

V2LHS-251658

shNCOR2-B (Targeting) pGIPZ

Lentiviral Construct

RPCCC Gene

Modulation Resource

V2LHS-196739

GIPZ Lentiviral shRNA Construct Thermo Fisher V2LHS

Software and algorithms

Prism GraphPad Version 9.1.0

R v3.6-4.0 https://www.r-

project.org/

https://www.r-project.org/

Salmon Patro et al., 2017 https://combine-lab.github.io/salmon/

Bioconductor 3.2 (Huber et al., 2015) http://www.bioconductor.org

DESeq2 Love et al., 2014 https://bioconductor.org/packages/

release/bioc/html/DESeq2.html

LISA Qin et al., 2020 http://lisa.cistrome.org/

iRegulon (Janky et al., 2014) http://iregulon.aertslab.org/

ChAMP (Morris et al., 2014) https://www.bioconductor.org/packages/

release/bioc/html/ChAMP.html

DMRcate Peters et al., 2015 https://www.bioconductor.org/packages/

release/bioc/html/DMRcate.html

Rsubread (Liao et al., 2019) https://bioconductor.org/packages/

release/bioc/html/Rsubread.html

csaw Lun and Smyth, 2016 https://bioconductor.org/packages/

release/bioc/html/csaw.html

MotifDb Shannon and

Richards, 2021

https://bioconductor.org/packages/

release/bioc/html/MotifDb.html
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HOMER v4.10 Heinz et al., 2010 http://homer.ucsd.edu/homer/

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

GSEA v4.1.0 Subramanian

et al., 2005

https://www.gsea-msigdb.

org/gsea/index.jsp

MSigDB v7.4 Subramanian

et al., 2005

https://www.gsea-msigdb.

org/gsea/msigdb

clusterProfiler Wu et al., 2021 https://bioconductor.org/packages/

release/bioc/html/clusterProfiler.html

fgsea Korotkevich et al., 2019 https://bioconductor.org/packages/

release/bioc/html/fgsea.html

Aperio Nuclear Algorithm Leica Biosystems https://www.leicabiosystems.com/

digital-pathology/analyze/ihc/

aperio-nuclear-algorithm/

ROSE: Rank Ordering of Super Enhancers Whyte et al., 2013 http://younglab.wi.mit.edu/super_

enhancer_code.html

Other

GIBCO, RPMI 1640 Medium Thermo Fisher Cat# 11875093

Magna ChIP Protein A+G Magnetic Beads Sigma-Aldrich Cat# 16-663
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dominic J

Smiraglia, Roswell Park Comprehensive Cancer Center (dominic.smiraglia@roswellpark.org).

Materials availability
All cell lines and constructs generated in this study will be made available from the lead contact upon request.

Data and code availability

d Publicly available PC cohort SNV, copy number, RNA-seq expression data, and clinical characteristics are available in

cBioPortal and are detailed in the STAR KEY RESOURCES TABLE and cited in the main text. All raw and processed RNA-

seq, ChIP-seq, and MethylationEPIC array data generated in this study have been deposited and made available as of the

date of publication at NCBI-GEO under accession series GEO: GSE178820.

d No unique code was generated in this study.

d Any additional resources required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and cell culture conditions
LNCaP cells were derived from a 50-year oldmale with PCwho responded briefly to androgen deprivation therapy (Horoszewicz et al.,

1980) and serve as a model for androgen sensitive PC. The C4-2 variant was derived in vivo from LNCaP using multiple rounds of se-

lection in castrated mice and has metastatic potential, thus serving as an isogenic ADT resistant cell line model of aggressive PC (Wu

et al., 1994). All cells were maintained at 37�C and 5.0%CO2 using a cell culture incubator with UV contamination control. LNCaP and

LNCaP-C4-2 cells were regularly maintained in RPMI 1640Medium containing 10%FBS. All media was supplemented with 100 U/mL

Penicillin-Streptomycin. Dihydrotestosterone (DHT, D-073-1ML, Sigma-Aldrich) was kept as 10mMEtOH stocks, and diluted to 1000x

stocks prior to treatments. Prior to androgen treatment, cells were serum starved using charcoal stripped FBS (10%) for 72 hours. Cell

lines were authenticated by STR profiling and confirmed mycoplasma free by RT-PCR in the RPCCC Genomics Shared Resource.

CWR22 model of PC progression
All animal experiments were carried out at the Department of Laboratory Animal Research at RPCCC in accordance with an Institu-

tional Animal Care and Use Committee approved protocol. Male Athymic Nude BALB/c mice (Hsd:Athymic Nude-Foxn1nu) were

purchased from Harlan/Envigo at approximately 2 months of age. Mice were allowed to reach approximately 3 months of age at
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which point they were surgically castrated and implantedwith silastic tubing containing 12.5mg of testosterone for sustained release

2 weeks prior to xenograft implantation. 1x106 CWR22 PC xenograft cells in a 1:1 mix of media to matrigel were injected subcuta-

neously on the right flank as previously described (Seedhouse et al., 2016). Total initial cohort size was 65 xenografts per group

(shCTL, shNCOR2; V2LHS-251658), with 50 animals per group randomly designated for completion to recurrence. Tumor volumes

were calculated from caliper measurements using the formula (length2 x width x 0.5234). Once tumors reached approximately

0.3 cm3 in size (two consecutive measurements > 0.3 cm3), androgen withdrawal was achieved by removal of the silastic tubing

and tumor volumes were followed for a maximum of 336 days. Mice designated in recurrence group were sacrificed once tumors

reached approximately 1.0 cm3, or if mice presented with ascites or were otherwise required by veterinary staff. At the time of sac-

rifice body and tumor weight were taken. Additionally, serum, tumor and in some cases liver, spleen and/or pancreas tissues with

possible metastases were obtained and immediately flash frozen and stored at �80�C. A tumor regression response to androgen

withdrawal was defined as tumors that achieved a 40% loss in tumor size relative to size at withdrawal. A tumor was considered

to be recurrent following androgen withdrawal once the primary subcutaneous tumor had reached a size that was 200% that of

the original size of the tumor at withdrawal. Presence of shRNA targeting construct in recurrent tumors was verified by Sanger

sequencing and bioluminescence imaging for select animals (n = 10 per group).

PC patient samples
The RPCCC prostate adenocarcinoma tissue microarray and associated de-identified clinical information was made available

through the RPCCC Pathology Resource Network (PRN) and Data Bank and Bio-Repository (DBBR) core facilities. This collec-

tion includes tissue (3 distinct core samples from tumor and matching normal tissue) for 707 patients that underwent radical

prostatectomy (RP) at RPCCC between 1993 and 2005. De-identified clinical annotations include patient characteristics

(BMI, race, age, PSA), pathological information (Gleason sum, TNM), adjuvant therapy (ADT, radiation), and outcomes post-

RP (biochemical recurrence, metastases, death) with maximum follow-up time of 18.6 years (mean = 8.8 years). Patients

were considered to have received adjuvant ADT if given prior to surgery, or at any point post-surgery but before biochemical

recurrence (BCR).

METHOD DETAILS

PC patient tissue microarray
Optimization and staining of NCOR2 (HPA001928, Sigma-Aldrich) in PC human tissue samples was performed by the RPCCC PRN.

Quality assessment, nuclear identification and staining quantification (H-score) was performed using Aperio Nuclear v9 algorithm.

Tissue cores were filtered for those with at least 20 detectable epithelial nuclei, and each individual core was pathologically examined

to ensure tumor or normal involvement. Only patients with 2 ormore cores that passed these criteria were retained for further analysis

(564 patients available for NCOR2 analysis, and 463 for NCOR1). Univariate andmultivariate linear regression was applied to examine

relationships between extraneous clinical variables with NCORs protein expression. BCR survival separated on staining quantifica-

tion (median cut-off) was assessed by Cox proportional hazards regression within clinical sub-groups to limit confounding variables,

and statistical differences deemed by log-rank test.

Stable knockdown of NCOR2
Knockdown of NCOR2 in LNCaP and C4-2 cells was achieved by stable selection after transduction with lentiviral shRNA

constructs targeting NCOR2. Two targeting constructs (V2LHS-251658 (shNCOR2-A), V2LHS-196739 (shNCOR2-B)) and

one non-silencing control construct were selected from the V2LHS pGIPZ based lentiviral shRNA library (Thermo Fisher Sci-

entific). Viral packaging and cellular infection (RPCCC shRNA Resource) yielded pGIPZ containing cells, which were main-

tained in media supplemented with puromycin (2mg/mL). For xenograft studies, NCOR2 targeting shRNA (V2LHS-251658)

or non-targeting shRNA control were introduced to digested CWR22 tissue under puromycin selection for 24 hours prior

to implantation.

RT-qPCR
Total RNAwas isolated via TRIzol� reagent (Thermo Fisher Scientific) for candidate mRNAdetection by use of the AllPrep DNA/RNA/

miRNA Universal Kit (QIAGEN), following manufacturer’s protocols. Complementary DNA (cDNA) was prepared using iScriptTM

cDNASynthesis Kit (Bio-Rad), followingmanufacturer’s protocols. Relative gene expressionwas subsequently quantified via Applied

Biosystems 7300 Real-Time PCR System (Applied Biosystems), for both TaqMan and SYBR Green (Thermo Fisher Scientific)

applications. All targets were detected using either pre-designed TaqMan Gene Expression Assays (Thermo Fisher Scientific; AR,

NCOR2, GAPDH, KRT8), pre-designed PrimeTime qPCR primers (IDT; KRT18, DENND1B, TMPRSS2, HERC3, CXCR7, FOS,

KLK3) or custom designed qPCR primers (IDT) using a final primer concentration of 500nM. All primers for use with SYBR Green

application were tested for specificity by melting curve analysis with subsequent product visualization on agarose gel. All RT-

qPCR experiments were performed in biological triplicates, with at least technical duplicates. Fold changes were determined using

the 2-DDCt method as the difference between experimental group and respective control group. Significance of experimental

comparisons was performed using Student’s t test.
e4 Cell Reports 37, 110109, December 14, 2021
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Immunoblotting
Total cellular protein was isolated from exponentially growing cells for determination of target protein expression. Cells were har-

vested, then washed in ice cold PBS before lysing in ice cold RIPA buffer (50mM Tris-HCl pH 7.4, 150mM NaCl, 1% v/v Triton

X-100, 1mM EDTA pH 8.0, 0.5% w/v sodium deoxychlorate, 0.1% w/v SDS) containing 1x cOmplete Mini Protease Inhibitor Tablets

(Roche). Protein concentrations were quantified using the DC Protein Assay (Bio-Rad), following manufacturer’s protocols. Equal

amounts of proteins (30-60mg) were separated via SDS polyacrylamide gel electrophoresis (SDS-PAGE) using precast 10% poly-

acrylamide gels (Mini-Protean TGX, Bio-Rad). Proteins were transferred onto polyvinylidene fluoride (PVDF) membrane (Roche)

for 80V for 1.5 hours. Post transfer, membranes were blocked with 5% non-fat dry milk (NFDM) for 1 hour at room temperature.

Blocked membranes were probed with primary antibody against NCOR2 (ab24551, Abcam; 62370, Cell Signaling), AR (PG-21,

Millipore), IgG (2729S, Cell Signaling), TBP (8515S, Cell Signaling), GAPDH (2118, Cell Signaling), b�Actin (ab8227, Abcam), either

overnight at 4�C or for 3 hours at room temperature. Primary antibody was detected after probing for 1 hour with HRP-linked rabbit

anti-mouse IgG (P0161, Dako) or goat anti-rabbit IgG (P0448, Dako) secondary antibody at room temperature using ECL Western

Blotting substrate (Pierce). Signal and quantification was performed using the ChemiDoc XRS+ system (Bio-Rad).

Cell viability assay
Bioluminescent detection of cellular ATP as a measure of cell viability was undertaken using ViaLight� Plus Kit (Lonza Inc.) reagents.

Cells were plated at optimal seeding density to ensure exponential growth (4x103 cells per well) in 96-well, white-walled plates. Wells

were dosed with agents to a final volume of 100 ml. Dosing occurred at the beginning of the experiment, and cells were incubated for

up to 120 hours. Luminescence was detected with SynergyTM 2 multi-mode microplate reader (BioTek� Instruments). Each exper-

iment was performed in at least triplicate wells in triplicate experiments.

RNA-sequencing
RNAwas extracted from LNCaP and C4-2 cells in the presence of DHT (10nM, 6hr) or EtOH. RNAwas extracted at the indicated time

points in the CWR22 xenograft model. To profile global transcriptional patterns, a minimum of biological triplicate samples (cell line

studies; n = 3, xenograft studies; n = 5-6) per experimental condition were analyzed by RNA-seq. Approximately 30-50 mg of flash

frozen tumor tissue was homogenized in 1 mL of TRIzol (for RNA) and 1mL of Szak’s RIPA buffer containing 1x Protease Inhibitor (for

Protein) using a Polytron PT 2100 tissue homogenizer. Approximately 10 ug of extracted RNA was then DNase treated using the

TURBO DNA-freeTM kit. RNA from tissue samples utilized for RNA-seq was isolated using the AllPrep DNA/RNA/miRNA Universal

Kit (QIAGEN) as per manufacturer’s protocols.

Sequencing was performed at the RPCCC Genomics Shared Resource core facility, and sequencing libraries prepared with the

TruSeq Stranded Total RNA kit (Illumina Inc), from 1ug total RNA. Quasi-alignment of raw sequence reads to the human transcrip-

tome (hg19) and subsequent transcript abundance estimation was performed via Salmon (Patro et al., 2017). For CWR22 samples,

alignments were first filtered to remove and reads aligning to mouse (GRCm38). Transcript abundance estimates were normalized

and differentially expressed genes (DEGs) were identified using a standard DESeq2 (Love et al., 2014) pipeline. For cell line studies,

final DEG determination was called after combining samples from multiple NCOR2 targeting shRNA into a single group. Transcrip-

tional regulator analysis on DEGs was performed using LISA (Qin et al., 2020).

DNA methylation profiling
Cell lines were treated as for RNA-Seq. DNA was extracted from all samples using the AllPrep DNA/RNA/miRNA Universal Kit

(QIAGEN), following manufacturer’s protocol. DNAmethylation profiles were obtained using the InfiniumMethylationEPIC BeadChip

(EPIC array) platform (Pidsley et al., 2016), performed in the RPCCCGenomics Shared Resource. Data processing and quantification

was accomplished using ChAMP (Morris et al., 2014). Briefly, detectible beta values for all probed CpG sites were initially compiled

and filtered to remove those associated withmultiple alignments and knownSNPs, leaving reliable information for 791,398CpG sites.

To adjust for probe design bias (Infinium Type-I, Type-II), a beta-mixture quantile normalization method (BMIQ) was employed

(Teschendorff et al., 2013). Additionally, cross-array batch effect was corrected using ComBat (Johnson et al., 2007). Differentially

methylated Positions (DMPs) were determined using ChAMP and subsequently differentially methylated regions (DMR) identified

using DMRcate (Peters et al., 2015).

Chromatin immunoprecipitation
ChIP was performed in LNCaP and C4-2 cells in the presence of DHT (10nM, 1hr) or EtOH in triplicate independent experiments.

Briefly, approximately 20x106 cells were crosslinked with 1% formaldehyde solution, quenched with glycine (0.125M) and harvested

in cold PBS. Sonication of crosslinked chromatin was performed using a Bioruptor� UCD-200TM Sonicator (Diagenode) with opti-

mized cycles for each cell type. Immunoprecipitation of sonicated material was performed with antibodies against NCOR2

(ab24551, Abcam) or IgG (sc-2027x, santa cruz) for 16 hours, and antibody/bead complexes isolated with Magna ChIPTM Protein

A+Gmagnetic beads (Millipore). Complexes were washed, reverse crosslinked, and treated sequentially with RNase and proteinase

K prior to DNA isolation. Sequencing (75bp single end, 49.1x106, 50.9x106 average reads/sample in LNCaP, C4-2 respectively) was

performed at the RPCCCGenomics Shared Resource core facility. The NCOR2 cistromewas analyzedwithRsubread/csaw (Lun and

Smyth, 2016), along with TF motif analyses (Shannon and Richards, 2021) (MotifDb). Peak density plots were performed using the
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annotatePeaks.pl tool available from theHOMER (Hypergeometric Optimization of Motif EnRichment) suite v4.10 (Heinz et al., 2010).

In order to find potential transcription factor binding enrichment within NCOR2 cistromes, we utilized GIGGLE (Layer et al., 2018) to

query the complete human transcription factor ChIP-seq dataset collection (10,361 and 10,031 datasets across 1,111 transcription

factors and 75 histonemarks, respectively) in Cistrome DB (Zheng et al., 2019). Prostate specific filtering limited analysis to 681 data-

sets across 74 TFs and 238 datasets across 19 HMs. For each query dataset, we determined the overlap of each NCOR2 cistrome.

Putative co-enriched factors were identified by assessment of the number of time a given factor was observed in the top 200 most

enriched datasets relative to the total number of datasets for that factor in the complete Cistrome DB (> 1.2 FC enrichment over back-

ground). For prostate specific analysis, overlaps across datasets were averaged for each factor.

Functional annotation of gene sets
Pathway enrichment analysis and gene set enrichment analysis (GSEA) were performed using gene sets from the Molecular

signatures database (Subramanian et al., 2005) (MSigDB). Specifically, gene sets were compiled to assess enrichment of all BROAD

Hallmark pathways, curated pathways (KEGG, BioCarta, Canonical, Reactome, Chemical/Genetic perturbations), and GO terms

(Biological Processes). GSEA was implemented using the clusterProfiler (Wu et al., 2021) and fgsea (Korotkevich et al., 2019) pack-

ages in R. Master regulator analysis (MRA) was performed on select gene sets using iRegulon (Janky et al., 2014) implemented in

Cytoscape.

Super-enhancer identification
Super-enhancers (SE) are distinguished from typical enhancers based on size, and the high density of activating histone modifica-

tions, as originally discovered by Whyte et al. (2013). Identified SE regions were obtained for LNCaP cells from Hnisz et al., 2013 and

raw H3K27ac and IgG ChIP-seq data was obtained and used to call for SE’s in C4-2 cells from He et al., 2021 (GSE136130). In both

LNCaP andC4-2, SE’swere defined based on the active enhancermark H3K27acChIP-seq signals. SE’swere identified using ROSE

(Rank Ordering of Super Enhancers), wherein enhancer-associated peaks are scored and ranked. A cluster of multiple enhancers

that stretches a distance of 12.5kb were stitched together and scored based on H3K27ac peak signals. Scoring of super-enhancer

peak signal intensity was calculated based on the total normalized readsminus the number of normalized reads from the IgG control.

These defined regions are then sorted by ChIP signal score and normalized based on the amount of putative enhancer regions and

the highest score. These enhancers are ranked based on enhancer enrichment. If the calculated score for a region has a slope greater

than 1, it was deemed a super-enhancer.

QUANTIFICATION AND STATISTICAL ANALYSIS

All analyses were undertaken using the R platform for statistical computing (version 3.6.1 or later) and the indicated library packages

implemented in Bioconductor, as detailed in the KEY RESOURCES TABLE. Details on statistical tests and parameters and signifi-

cance cutoffs are listed in figure legends.
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