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Endogenous androgen receptor proteomic profiling reveals
genomic subcomplex involved in prostate tumorigenesis
S Stelloo1, E Nevedomskaya1,2, Y Kim1,2, L Hoekman3, OB Bleijerveld3, T Mirza1, LFA Wessels2,4, WM van Weerden5, AFM Altelaar3,6,
AM Bergman1,7 and W Zwart1

Androgen receptor (AR) is a key player in prostate cancer development and progression. Here we applied immunoprecipitation
mass spectrometry of endogenous AR in LNCaP cells to identify components of the AR transcriptional complex. In total, 66 known
and novel AR interactors were identified in the presence of synthetic androgen, most of which were critical for AR-driven prostate
cancer cell proliferation. A subset of AR interactors required for LNCaP proliferation were profiled using chromatin
immunoprecipitation assays followed by sequencing, identifying distinct genomic subcomplexes of AR interaction partners.
Interestingly, three major subgroups of genomic subcomplexes were identified, where selective gain of function for AR genomic
action in tumorigenesis was found, dictated by FOXA1 and HOXB13. In summary, by combining proteomic and genomic
approaches we reveal subclasses of AR transcriptional complexes, differentiating normal AR behavior from the oncogenic state. In
this process, the expression of AR interactors has key roles by reprogramming the AR cistrome and interactome in a genomic
location-specific manner.
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INTRODUCTION
The androgen receptor (AR) is a member of the nuclear receptor
superfamily of ligand-activated transcription factors (TFs). Expo-
sure of prostate cancer cells to androgens leads to AR nuclear
translocation where it interacts with the chromatin to regulate
transcriptional programs involved in prostate cancer cell
proliferation.1

Over the past decades, numerous reports have greatly
increased our understanding of AR function, along with the
identification of coregulators involved in these processes. Upon
ligand activation, AR recruits a multitude of regulatory proteins
acting in concert with AR to transduce the hormonal signal. These
regulatory proteins, so called coactivators and corepressors, can
modify AR action by either enhancing or inhibiting gene
transcription.2 To date, 4300 AR-interacting proteins have been
reported to modulate AR transcriptional activity by several diverse
mechanisms.
A specific subgroup of AR coregulators, including ATP/

dependent nucleosome remodeling proteins (for example, BRG1)
and pioneer factors (for example, FOXA1), affect gene activation
through their ability to remodel the chromatin, facilitating AR
binding, complex formation and transcriptional activity.3,4

Genome-wide selective action of pioneer factors dictates AR
binding at distinct sites,5 of which the vast majority are enhancer
regions hallmarked by the histone modifications H3K27ac and
H3K4me1.6–8 Other coregulators influence AR functionality via
posttranslational modifications of AR itself, such as acetylation,
phosphorylation, sumoylation and ubiquitination.9

Several coregulators of AR are subjected to transcriptional
regulation by androgens themselves, and in turn, these proteins
regulate AR transcriptional activity providing an intricate feedback
mechanism. HOXB13, for instance, is transcriptionally regulated by
androgens10 and physically interacts with the AR to modulate its
activity.11,12 Interaction of HOXB13 with AR enhances AR recruit-
ment to binding sites containing HOX regulatory elements.11,13

The fact that other TFs influence AR signaling and recruitment to
the DNA yields new opportunities for therapeutic intervention.
This notion is further strengthened through recent work by us and
others revealing that AR chromatin binding is significantly
changed during prostate cancer progression.13–15 Agents target-
ing these TFs required for AR action are in various stages of
preclinical or clinical evaluation, including Olaparib (PARP1
inhibitor),16 JQ1 (BRD4 inhibitor)17 and NCL1 (LSD1 inhibitor).18

Given the prominent role of AR coregulators in mediating AR
transcriptional activity, it is key to systematically interrogate the
total protein interactome of the AR in prostate cancer cells. Most
methodologies to expand the AR interactome so far involve
exogenous-tagged AR or in vitro AR binding to DNA
templates.19–25 Here we performed endogenous purification of
AR transcriptional complexes and generated genome-wide bind-
ing maps of its interactors in LNCaP prostate cancer cells.
Integration of proteomic and genomic data revealed distinct AR
transcriptional subcomplexes on a genome-wide scale directly
influencing AR transcriptional programs. Assessment of the most
differential binding sites among all studied coregulators reveals a
previously identified dependence and reprogramming of AR by
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FOXA1 and HOXB13,13 which affect epigenetic rewiring required
for cell transformation and prostate tumorigenesis.

RESULTS
Identification of the AR interactome
To identify cooperating factors that are involved in the regulation
of AR signaling, we used an unbiased proteomic approach RIME
(Rapid Immunoprecipitation Mass Spectrometry of Endogenous
proteins).26 The RIME method combines precipitation of endo-
genous protein complexes, from crosslinked and sheared chro-
matin preparations, with mass spectrometry analysis.
Hormone-deprived LNCaP cells were stimulated for 4 h with

synthetic androgen R1881 followed by immunoprecipitation of
endogenous AR, in three independent biological replicates. After
applying label-free quantitation of mass spectrometry data, a total of
316 proteins were identified as co-purified together with AR, of which
66 proteins were being quantitatively enriched over the negative
control (immunoglobulin G (IgG)) (Figure 1, Supplementary Figure S1).
A full list of AR-interacting proteins is provided in Supplementary
Table 1. The identified AR interaction partners are involved in different
molecular functions, such as DNA repair, chromatin remodeling,
transcriptional repression and cell cycle (Figure 1a). Peptide coverage
of selected AR-associated proteins is shown in Figure 1b. AR was
detected with almost 30% peptide coverage of amino-acid residues.
The selected interacting proteins were validated by co-
immunoprecipitation experiments using the chromatin fraction
followed by western blotting analysis in two prostate cancer cell
lines: LNCaP and LAPC4 (Figure 1c). In both cell lines, we confirmed
interaction of AR with known interactors (ARID1a, HOXB13, HSP90,
FOXA1, PARP1) as well as novel AR interactors (TLE3 and TRIM28).
Even though FOXA1 was identified as AR interactor based on AR
RIME, no statistically significant enrichment over IgG was observed
(Supplementary Figure S1). Co-immunoprecipitation did validate
FOXA1 as AR interactor in our analyses, implying a level of false
negativity using this approach. All validated interactors are enriched in
the chromatin-bound AR complex, with exception of HSP90, which is
known to dissociate from AR upon hormone stimulation.27 Further-
more, AR interactions with ARID1a, BRG1, TLE3, PARP1, RCC1 and
FOXA1 were further verified by co-immunoprecipitation on tissue
derived from two independent prostate cancer patient-derived
xenograft (PDX) models (Figure 1d).
In summary, using endogenous immunoprecipitation of the AR

coupled with mass spectrometry, we identified ligand-dependent
known and novel AR interactors in LNCaP prostate cancer cells.

AR interactors are essential for prostate cancer cell proliferation
As AR is critically involved in prostate cancer cell growth, AR-
interacting proteins are expected to have an impact on cell
proliferation as well. To identify AR interactors whose loss affects
cell growth, we analyzed data from the Broad Institute’s Project
Achilles. The Project Achilles data scored the effect of 419 000
CRISPR/Cas9-mediated individual gene knockout on cell prolifera-
tion (ATARiS score) in 33 cancer cell lines. Two prostate cancer cell
lines were studied, one AR-positive cell line LNCaP and an AR-
negative cell line PC3. Figures 2a–f show waterfall plots with the
ATARiS score for each significant AR interactor, ranked by
phenotype score in LNCaP cells. AR itself scored as top essential
gene for LNCaP cell growth, among all AR interactors (Figure 2a).
As expected, growth of PC3 cells was not affected by AR knockout
(Figure 2b, first bar). Furthermore, knockout of many AR
interactors in LNCaP cells reduced cell growth, as represented
by a greater shift of the waterfall to the left (P-valueo0.001)
(Figure 2a). The AR interactors showed significantly different
effects on LNCaP cell proliferation as compared with other cell
types (Figure 2, P-values are listed in Supplementary Table 2).

As an independent biological validation series, we made
use of another genome-wide CRISPR screen for essential genes
in LNCaP cells cultured in the presence of dihydrotestosterone.28

We investigated the ranking of the AR interactors in the
screen by calculating the mean robust rank aggregation (RRA)
score, in which a low RRA score indicates essentiality for LNCaP
growth. The mean RRA score (0.25) of the AR interactors
demonstrates essentiality for LNCaP growth in this independent
CRISPR screen, as compared with 1000 bootstrapped RRA score
means (95% confidence interval 0.28–0.43) (Supplementary
Figure 2A).
AR interactors do not have a consistent similar effect across all

cell lines, as no effect was observed in averaged signal of all 33 cell
lines tested (Figure 2c), nor in specific other types of cancer such
as pancreas (Figure 2d), breast (Figure 2e) and skin (Figure 2f).

Genome-wide mapping of AR interactors
Having characterized the AR interactome that is essential for
LNCaP proliferation, we next generated genome-wide chromatin-
binding profiles of AR and its interactors with different molecular
functions to reconstruct the AR transcriptional complex. We
performed chromatin immunoprecipitation assays followed by
sequencing (ChIP-seq) in LNCaP cells for AR, ARID1a, BRG1, FOXA1,
HOXB13, TLE3, TRIM28 and WDHD1, all shown to be required for
LNCaP proliferation (Figure 2 and Supplementary Figure 2B). The
cells were exposed to vehicle or R1881 in order to evaluate
whether the increased interaction observed in Figure 1c can be
explained by hormone-induced AR chromatin binding at sites
preoccupied by the coregulators and/or due to AR-driven
coregulator recruitment. Replicate experiments were performed
and peaks present in at least two replicates were considered for
further analysis (Supplementary Figure 3). For all seven factors,
distinct peaks could be observed and shared with AR, as
exemplified at four genomic locations (Figure 3a). To investigate
whether the factors bind DNA directly in a sequence-specific
manner or indirectly through tethering, we searched in each ChIP-
seq peakset of each factor for known DNA-binding motifs
(Supplementary Table 3). Motif discovery analysis for AR peaks
showed strong enrichment for the androgen response element as
well as sequence motifs of previously reported collaborative
factors, including motifs for Forkhead, GATA and Ets factors
(Figure 3b).29–31 The androgen response element was also
significantly enriched at peaks for ARID1a, BRG1 and TLE3. Motif
analysis on HOXB13- and FOXA1-binding sites revealed presence
of their canonical binding motifs, the homeodomain and forkhead
motifs, respectively. TLE3-binding sites reveal comparable motif
enrichments as HOXB13- and FOXA1-binding sites, which were
expected as TLE3 chromatin recruitment is dependent on
FOXA1.32 TRIM28 regions show enrichment for motifs of the
GATA domain family and the expected zinc finger family as
TRIM28 is known to tether to the DNA by Krüppel-associated box
zinc finger proteins.33,34 ARID1a-, BRG1- and WDHD1-occupied
sites show a variety of binding motifs, suggesting recruitment to
the genome through other TFs.
By combining all peaksets, we identified 68 791 sites bound by

at least 1 of the 8 TFs for both replicates in LNCaP cells across
vehicle and R1881-stimulated conditions (Figure 3c). Around one-
third of those peaks are bound by AR (cluster I: 26 510 peaks,
Figure 3c), while the remaining sites were devoid of AR signal
(cluster II: 42 281 peaks). The AR occupied cluster I sites show
accessible chromatin (DNase I hypersensitivity) and presence of
active histone marks (H3K27ac and H3K4 methylation) as well as
RNA polymerase II signal. In contrast, cluster II displays reduced
DNase I hypersensitivity signal and low RNA polymerase II signal,
which was accompanied by low signal of all active histone marks
tested, as compared with cluster I. Upon R1881 stimulation,
chromatin binding of ARID1a, BRG1, FOXA1 and HOXB13 was
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increased at AR-occupied sites, while the other factors TLE3,
TRIM28 and WDHD1 are not affected by R1881 treatment
(Figure 3d, cluster I). The 42 281 sites from cluster II showed
absence of AR binding but did display evident signal for HOXB13
and FOXA1, which was not affected by R1881 treatment
(Figure 3d). Interestingly, while devoid of AR, TRIM28 and TLE3
signal in cluster II decreased upon R1881 stimulation (Figures 3c
and d). Sites from clusters I and II have similar genomic
distributions with most enrichment in intron and distal intergenic
regions (Figure 3e).

Cumulatively, all tested AR interactors, as identified by RIME and
confirmed by co-immunoprecipitation, interacted with AR in a
chromatin-bound state, of which a subset were R1881 induced
(ARID1A, BRG1, FOXA1, HOXB13) while others were found at AR
sites independent of R1881 stimulation (TLE3, TRIM28, WDHD1).

Acquired transcriptional AR subcomplexes in prostate
carcinogenesis
In total, 26 510 AR-binding sites were found in LNCaP cells
(Figure 3c; cluster I), though the composition of the transcriptional
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complex may differ between different genomic locations. There-
fore, we next analyzed the ChIP-seq data of all 8 interactors,
including AR, to determine whether quantitative differences could
be identified in relative binding between factors in cluster I. Using
read count in the peaks of cluster I, the eight TFs were clearly
separated based on principal component analysis reflecting two
major groups (Figure 4a). One group encompasses FOXA1,
HOXB13 and TLE3 while the other comprises of AR, BRG1, TRIM28
and WDHD1. For further analysis, we focused on the top 2000
regions (Supplementary Table 4) with the most variable binding of
the TFs at AR sites revealing three distinct clusters upon
hierarchical clustering (Figure 4b). Cluster 1.1 comprises 1151
peaks with a strong signal for FOXA1, HOXB13 and TLE3, while
cluster 1.2 is depleted for these factors. The third cluster 1.3 is
characterized by strong signal for AR and FOXA1, with very weak
signal for HOXB13. As the binding of the sequence-specific TFs
(FOXA1, HOXB13 and AR) is quantitatively divergent between the
three clusters, we performed motif enrichment analysis to test
whether their binding preference is due to underlying DNA
sequence. Motif enrichment is highly consistent with the observed
TF binding (Figures 4b and c) where cluster 1.1 (exposing strong
FOXA1 and HOXB13 signal) has both forkhead and homeodomain
motifs, whereas these motifs were not significantly enriched in

regions from cluster 1.2. In addition, lack of enrichment for
homeodomain motifs in cluster 1.3 is in concordance with lack of
HOXB13 binding at these regions, while forkhead motifs as well as
FOXA1 binding were observed (Figure 4c, green).
As AR sites in cluster 1.1 are shared with HOXB13 and FOXA1

sites, the question arose whether AR binding at these regions
depends on the presence of these TFs. For this, we used publicly
available data on AR-expressing normal prostate epithelium cells
(LHSAR), where AR ChIP-seq was performed with or without the
overexpression of FOXA1 and/or HOXB13 (GSE56288).13 Although
no AR binding was found at sites from cluster 1.1 in the absence of
FOXA1 and HOXB13 expression in LHSAR cells, overexpression of
either of these two TFs sufficed in inducing AR binding at these
sites (Figures 4d and e). In addition, FOXA1 overexpression (but
not HOXB13) enhanced AR recruitment at the sites of cluster 1.3,
where only forkhead motifs were found enriched (Figures 4d and
e (green)). Gained AR signal at clusters 1.1 and 1.3, observed after
exogenous introduction of HOXB13/FOXA1 or FOXA1 alone,
respectively, was at the expense of the sites of cluster 1.2 where
AR signal was found decreased, suggesting a competitive
relocation of AR in this setting (Figures 4d and e (red)).
Does relocation of AR to clusters 1.1 and 1.3 by overexpression

of FOXA1 and/or HOXB13 coincide with altered expression of
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Figure 2. AR interactors are essential for prostate cancer cell proliferation. (a) ATARiS gene level scores for AR interactors were ranked by
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Figure 3. Genome-wide mapping of AR and its interactors. (a) Snapshots for AR, ARID1a, BRG1, FOXA1, HOXB13, TLE3, TRIM28 and WDHD1
ChIP-seq are shown across four example loci for vehicle (gray) and R1881 (black) conditions. Genomic coordinates are indicated.
(b) Enrichment of motifs in each ChIP-seq peakset. Each row of the heatmap represents a motif that is significantly enriched in at least one
ChIP-seq peakset. Motifs significantly enriched in the peaksets are indicated in black. (c) Heatmap showing ChIP-seq signal (fragments per
kilobase pair per million reads (FPKM)) in vehicle or R1881 conditions for AR, ARID1a, BRG1, FOXA1, HOXB13, TLE3, TRIM28 and WDHD1 as well
as DNase I hypersensitivity, RNA Pol II and histone marks, including H3K27ac and H3K4 monomethylation, dimethylation and trimethylation
from publicly available data sets (Supplementary Table 9 for references and GEO accession numbers). Regions are sorted according to
decreasing signal in AR binding. Data are centered at TF peaks, depicting a 5-kb window around the peak. (d) Average signal (FPKM) for ChIP-
seq data sets at AR-occupied regions (cluster I) and non-AR-occupied sites (cluster II). Data are centered at TF peaks, depicting a 2.5-kb
window around the peak. Vehicle-stimulated samples are shown in black and R1881 stimulation in orange. (e) Genomic distribution of peaks
from cluster I: AR-occupied sites (top) and cluster II: non-AR sites (bottom) across genomic features.
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proximal genes? To address this, RNA-seq data from the LHSAR
cells with or without overexpression of FOXA1 and/or HOXB13
was analyzed. All genes with a proximal AR site were considered
(list of genes is provided in Supplementary Table 5). We used a
hypergeometric test to determine the degree of overrepresenta-
tion of the AR target genes from each cluster within the list of
differentially expressed genes (comparing cells transduced with
LacZ control to cells overexpressing FOXA1, HOXB13 or both)
(Supplementary Table 6). Strikingly, genes from cluster 1.1 show a
significant overlap with the differentially expressed genes upon
overexpression of both FOXA1 and HOXB13. No significant overlap
of genes from cluster 1.2 was found upon FOXA1 or HOXB13
overexpression, in line with the observed absence of the
corresponding sequence motifs (Figure 4c). However, genes from
cluster 1.3 were not significantly affected by HOXB13 over-
expression, while this was the case when FOXA1 was
overexpressed.
AR-expressing normal prostate epithelial LHSAR cells illustrate

redirecting of AR to regions of clusters 1.1 and 1.3 when cells
overexpress FOXA1 and HOXB13, resembling an AR-binding
profile as observed in the prostate cancer cells LNCaP
(Figure 4b). Therefore, we next tested whether AR binding in
clusters 1.1 and 1.3 were gained in human prostate tumors
(n= 13), as compared with normal prostate tissue (n= 7).13 In
binding sites from clusters 1.1 and 1.3, AR signal was stronger in
tumor tissue as compared with normal prostate tissue, while AR
signal in cluster 1.2 was comparable between both states
(Figures 4f and g). This illustrates that genome-wide mapping of
AR interactors can discriminate between ‘AR sites found in normal
epithelial cells’ and ‘tumor-associated AR sites’. Furthermore, the
expression of FOXA1 and HOXB13 is significantly increased in
tumors as compared with normal prostate tissue while AR
remained unaltered (Supplementary Figure 4). This further
corroborates the observations that FOXA1 and HOXB13 expression
can dictate AR binding as seen in the normal prostate epithelial
LHSAR cells.
To test whether genes with proximal AR sites (o20 kb from

transcription start site or gene body) are differentially expressed
between normal and tumor tissue, we conducted differential
expression analysis using The Cancer Genome Atlas gene
expression data set consisting of 496 prostate tumor samples
and 53 normal prostate samples (downloaded from https://
xenabrowser.net/). Even though genes from all three clusters
were significantly enriched in the differentially expressed gene list
between normal and tumor tissue, larger fold enrichment was
found for genes from cluster 1.1 (2.74 versus 1.62 and 1.84 for
clusters 1.2 and 1.3, respectively; Supplementary Table 7).
Cumulatively, our results indicate that AR binding to the
chromatin is tightly regulated by other TFs, with the identification
of various subcomplexes on a genome-wide scale. Differential
involvement of interacting transcriptional regulators as part of the
AR complex directly influences AR transcriptional programs. Our
results, consistent with an earlier study,13 suggest that alterations
in the expression of AR-interacting TFs FOXA1 and HOXB13
reprograms AR binding and affects epigenetic rewiring required
for transformation and prostate tumorigenesis.

DISCUSSION
AR has a critical role in prostate cancer development and
progression. Along with the altered biological state of the tissue
during tumorigenesis, massive changes in epigenetic state and AR
cistrome are observed.13–15 As the AR cistrome is under the direct
control of a number of its interaction partners, alterations in AR
protein complex composition may have direct clinical implica-
tions. Hence, we used an unbiased proteomic approach to identify
endogenous AR transcription regulatory complexes, revealing AR
interactions with several groups of functionally related proteins

(Figure 1). In line with prior work that functionally links AR action
with DNA damage induction,35–39 multiple DNA damage repair
proteins were identified, including PARP1, DNA-PK and APEX1.
Furthermore, members of the chromatin remodeling SWI/SNF
complex were found, known to interact with AR to reorganize the
chromatin upon activation.40 In accordance with these results,
BRG1 was recruited to AR sites upon R1881 treatment as observed
at regions from cluster 1 (Figure 3c and d), hallmarked by
increased DNAse I hypersensitivity. Other members of the AR
interactome are involved in transcriptional repression (CHD4 and
HP1a) and general transcription (GTF2I and NFIX). Furthermore,
multiple factors involved in mRNA processing/splicing were
identified. Recent reports describe chromatin-associated proteins
to directly interact with RNA, influencing transcription and
chromatin-mediated posttranscriptional regulation of RNA.41–43

Of this group, PRPF6, HMGB1 and DDX39 have been found
previously to interact with AR, augmenting transcriptional activity
by AR.44–47 Other previously reported AR coactivators were found,
including TRIM28/TIF1 beta,48 which was reported previously as
direct interaction partner for multiple nuclear receptors.49 Many
other well-known AR interactors, such as SRC350 and GATA230

were not detected, which may be due to low abundance, poor
signal detection by mass spectrometry or poor tryptic digestion,
whereas others may be false positive hits due to their high
abundance (for example, ribosomal proteins).
Using a publicly available CRISPR screen, we found AR

interactors strongly associated with proliferative potential in
LNCaP cells, while knockout of the AR interactors did not affect
proliferation of most other cell lines studied. Even for the AR/
estrogen receptor-α (ERα)-positive breast cancer cell line T47D, no
deviation of the median was found when knocking out the
identified AR interactors, while proliferative effects were expected
given that both LNCaP and T47D are hormone-driven cell lines. As,
to date, no ERα RIME or AR RIME data for T47D cells has been
generated, the question remains whether the AR/ERα interactome
are overlapping between prostate and breast cells.
To identify any potential subcompartmentalization of AR

complexes on a genome-wide scale, proteomics was followed
by ChIP-seq to reveal co-occupancy of AR with its interactors at
the level of individual AR-binding sites. In this study, we
performed ChIP-seq for seven interactors with different molecular
functions: chromatin remodelers of the SWI/SNF complex ARID1a
and BRG1, pioneer TF FOXA1 and HOXB13, transcriptional
coregulators TLE3 and TRIM28, and the replication initiation factor
WDHD1. Although we generated ChIP-seq for a limited number of
AR interactors, differential involvement of the interacting tran-
scriptional regulators was found on a genome-wide scale.
Importantly, our analyses enabled the stratification of ‘AR sites
found in normal epithelial cells’ over ‘tumor-associated AR sites’,
strictly based on quantitative differences in coregulator recruit-
ment. As ‘tumor-associated AR sites’ were gained in the prostate
cancer cell line LNCaP as well as tumor specimens as compared
with normal epithelial cells (LHSAR cells and normal tissues), AR
genomic action in prostate cancer may be considered as a gain-of-
function phenomenon, dictated by FOXA1 and HOXB13. Altered
expression of these two TFs may be an early oncogenic event that
effectively increases the AR cistromic repertoire found in prostate
cancer, as both FOXA1 and HOBX13 were found overexpressed in
prostate tumors as compared with normal tissue (Supplementary
Figure 4). Even though FOXA1/HOXB13 overexpression repro-
grams AR binding, R1881 treatment of exogenously AR-expressing
LHSAR cells inhibits cell proliferation (data not shown).51 There-
fore, it currently remains to be determined whether additional
events beyond FOXA1 and HOXB13 are required to render AR a
driver in prostate carcinogenesis.
The effect of FOXA1 on the AR cistrome reported here is in full

concordance with previous reports, where knockdown of FOXA1
results in extensive redistribution of AR chromatin binding.7,52,53
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Figure 4. Distinct subsets of the AR transcriptional complexes reveal clusters associated with prostate carcinogenesis. (a) Principal component
analysis scores plot based on the read counts of each TF under R1881 conditions in AR-binding sites. (b) Heatmap of the top 2000 regions with
the most variable binding of the indicated TFs at AR sites. Three clusters were defined on the basis of hierarchical clustering. (c) Radar plot
showing motif enrichment in the top 2000 variable regions (separated in the three clusters). Lengths of radii represent the absolute Z-score.
Motif colors correspond to TF families. (d) Heatmap showing AR ChIP-seq signal (FPKM) in three clusters in LHSAR cells transduced with LacZ
control, FOXA1, HOXB13 or both. Data are centered at AR peaks, depicting a 5-kb window around the peak. (e) Boxplot visualizing normalized
AR signal (FPKM) at AR-binding sites from cluster 1.1 (blue), 1.2 (red) and 1.3 (green). *Po0.05, ***Po1e−16 (t-test). (f) Heatmap showing
AR ChIP-seq signal (FPKM) at sites of cluster 1.1 (blue),1.2 (red) and 1.3 (green) in 7 normal prostates and 13 prostate tumors. Data are centered
at AR peaks, depicting a 5-kb window around the peak. (g) Boxplot visualizing normalized average AR signal (FPKM) at AR-binding sites from
cluster 1.1 (blue), 1.2 (red) and 1.3 (green) in normal prostate tissue samples and prostate tumor samples. *Po0.05 (t-test); NS, not significant.
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Also consistent with our observation is that HOXB13 preferably
facilitates AR recruitment to binding sites containing HOX
regulatory elements (Figure 4; cluster 1.1).11 FOXA1/HOXB13/AR
sites were co-occupied by TLE3 (Figure 4b), a previously reported
interactor of FOXA1.32 As TLE3 was essential for LNCaP cell
proliferation (Figure 2a), cellular reprogramming in prostate
cancer tumorigenesis may require other AR interactors beyond
FOXA1 and HOXB13 alone. Unraveling functional involvement of
the full AR interactome in tumor-specific AR sites may lead to the
identification of novel therapeutic targets in the treatment of
prostate cancer, with potentially limited effects on healthy tissue.
In summary, by combining proteomic and genomic approaches

we provide evidence for AR subcomplex formation, differentiating
normal AR behavior from the tumor state. In this process, TFs
FOXA1 and HOXB13 have key roles by redirecting AR chromatin
binding depending on their abundance (Figure 5) and therefore
reprogram androgen-dependent AR target gene expression in
prostate tumorigenesis. Understanding deviations in AR transcrip-
tion complex formation between healthy and tumors cells may
further aid in design of novel therapeutic intervention strategies.

MATERIALS AND METHODS
Cells
LNCaP cells were cultured in RPMI-1640 medium supplemented with 10%
fetal bovine serum (FBS) and LAPC4 cells were grown in Iscove’s Modified
Dulbecco’s Medium supplemented with 10% FBS and 1 nM R1881. For
hormone depletion, cells were grown in medium containing 10% charcoal-
treated FBS for 3 days. Cell lines were authenticated by STR profiling
(BaseClear, Leiden, The Netherlands) and tested for mycoplasma
contamination.

Patient-derived xenograft propagation
PDX-PC310 was obtained from primary prostate tumor and PDX-PC295
from a regional lymph node metastasis of otherwise untreated prostate
cancer patients. Androgen-dependent PDXs were established subcuta-
neously in athymic male nude mice supplemented with testosterone-
containing implants54 and propagated in vivo as described.55 With each
mouse passage, tumors are retrieved from host animals and cut in small
fragments. Fragments are transplanted subcutaneously in both shoulders
of recipient 6–8-week-old male athymic NMRI nu/nu mice (Taconic, Ry,
Denmark). Mice are supplemented with silastic implants containing
crystalline testosterone for maximal take rates.56 With each mouse
passage, tumor fragments are formalin fixed and paraffin embedded for
histological verification and remaining tumor tissue is snap-frozen. The
animal protocol is conducted in accordance to the Animal Experiments
Committee under the Dutch Experiments on Animals Act in adherence of
the European Convention for Protection of Vertebrate Animals used for
Experimental Purposes (Directive 2010/63/EU).

Rapid immunoprecipitation mass spectrometry of endogenous
proteins
Cells were hormone deprived for 3 days followed by the addition of 10− 8

M

R1881 for 4 h. Cells were fixed, lysed and sonicated as previously
described.26 The nuclear lysate was incubated with 100 μl magnetic beads
prebound with 10 μg AR antibody (sc-816, Santa Cruz Biotechnology, Santa
Cruz, CA, USA) or rabbit IgG control (sc-2027, Santa Cruz Biotechnology).
Peptide mixtures were prepared as previously described26 and analyzed by
nanoLC-MS/MS on an Orbitrap Fusion Tribrid mass spectrometer equipped
with a Proxeon nLC1000 system.57 Samples were directly loaded onto the
analytical column; solvent A was 0.1% formic acid/water and solvent B was
0.1% formic acid/acetonitrile. Peptides (25% of total digest) were eluted
from the analytical column at a constant flow of 250 nl/min in a 65-min
gradient, containing a 46-min linear increase from 8% to 38% solvent B,
followed by a 19-min wash at 100% solvent B. For mass spectrometry data
analysis, see Supplementary Materials and Methods.

Figure 5. Model of FOXA1 and HOXB13 regulation of AR chromatin binding. Normal prostate epithelial cells have low expression of FOXA1
and HOXB13. Owing to the limiting expression of FOXA1 and HOXB13, AR binding is more prominent on genomic regions containing AREs
lacking the forkhead and homeodomain motifs, whereas tumor cells have high expression of FOXA1 and HOXB13, resulting in the
redistribution of AR to genomic regions containing forkhead and homeodomain motifs.
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Co-immunoprecipitations
Cells were hormone deprived for 3 days followed by the addition of vehicle
or 10− 8

M R1881 for 4 h. Nuclear lysate was extracted as described above
(RIME). The nuclear lysate was incubated with 40 μl magnetic beads
prebound with 4 μg AR antibody or rabbit IgG control. At least two
biological replicates were performed. After overnight immunoprecipita-
tion, beads were washed 10 times with RIPA buffer and once with Tris-
buffered saline. Beads were resuspended in Laemmli buffer and boiled at
99 °C for 15 min. Co-immunoprecipitations on PDX tissue were performed
with the same method with minor modifications. Tissues were cryosec-
tioned and fixed with 1% formaldehyde for 20 min. Tissues were
homogenized and nuclear lysate was extracted. The lysate was incubated
with 100 μl magnetic beads prebound with 10 μg AR antibody or rabbit
IgG control. The antibodies used for western blotting are listed in
Supplementary Table 8. Immunoprecipitations were carried out in at least
two independent biological replicates.

Genome-wide CRISPR data
We used Achilles v3.38 data (http://vcancerportal05.broadinstitute.org/
achilles/datasets/all), a data set containing scores (ATARiS score) on the
impact of knockouts on the proliferation of 33 cancer cell lines. The ATARiS
score for each significant AR interactor was extracted (85 values) for LNCaP
and PC3 cells or averaged across all cell lines, all pancreas, breast or skin
cancer cell lines. The interactors were ranked on phenotype score in LNCaP
cells. Wilcoxon rank test was used to measure the difference of gene effect
between LNCaP cells and other cell lines.
For the second genome-wide CRISPR screen in LNCaP cells, we used the

RRA scores reported.28 For both CRISPR screens, random sampling was
performed using 1000 iterations, and the mean for each random sample
(mean ATARiS score or mean RRA score) was calculated. The P-value was
determined as the portion of random samples with a mean lower than or
equal to the mean of the significant AR interactors in LNCaP cells.

ChIP-seq
ChIPs were performed as described.14 For details, see Supplementary
Materials and Methods. All ChIP-seq data are deposited on NCBI GEO
(GSE94682).

Gene expression analysis
Gene expression data from AR-expressing LHSAR normal prostate
epithelial cells was downloaded from the NCBI Gene Expression Omnibus
database (GSE70078). Gene expression data of The Cancer Genome Atlas
PRAD cohort was downloaded from https://xenabrowser.net/ containing
the expression data of 496 primary tumor samples and 53 normal samples.
Limma R package was used to identify differentially expressed genes
between normal and tumor tissue, as well as between LHSAR cells
expressing LacZ control with cells overexpressing FOXA1 alone, HOXB13
alone or both FOXA1 and HOXB13. Hypergeometric tests were used to test
for enrichment of genes of interest in the list of differentially expressed
genes. Bonferroni method was used for multiple testing correction.
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