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Introduction 
 

The androgen receptor (AR), a member of the nuclear receptor superfamily, is a master 
regulator of prostate cancer. Prostate cancer (PC) is the most common non-cutaneous 
neoplasm affecting males in the United States [1]. Due to the dependence of PC on androgen, 
primary therapy for non-localized and recurrent PC is aimed at chemically abrogating androgen 
signaling through its receptor, the AR, either by reducing the amount of androgen ligand 
available to activate AR signaling, or directly antagonizing the AR. These strategies inhibit 
disease progression for a variable period of time, but progression inevitably occurs, often 
through continued AR-mediated signaling. Indeed, several lines of evidence suggest that both 
localized and castration-resistant prostate cancer (CRPC) – which is generally defined as 
disease that has progressed despite standard androgen deprivation therapies [2] - are critically 
dependent on continued AR activity [3-7]. Several mechanisms contribute to continued AR 
signaling in advanced disease, including de novo synthesis of androgen [8], copy number gain 
[9], point mutations [9-11], alterations to the dynamic balance of AR co-activators and co-
repressors through a variety of mechanisms [9, 12-14], and crosstalk with various kinase 
signaling pathways [15, 16]. As a result, there is great enthusiasm over the recent development 
of novel and more effective therapies that target AR activity in CRPC such as abiraterone 
acetate and enzalutamide. As the AR acts primarily through transcriptional regulation of target 
genes, it is critical to further understand the determinants of the AR-mediated transcriptional 
program.     
 Since the first discovery of fusion of the 5’ regulatory region of the androgen-regulated 
TMPRSS2 gene to the ETS family members ERG (Ets-related gene) and ETV1 (Ets-variant1), 
significant strides have been made in understanding the prevalence and characteristics of these 
fusions, summarized in [17]. Large cohort studies suggest that approximately 50% of prostate 
cancers contain recurrent TMPRSS2-ERG gene fusions, generally characterized by 5’ genomic 
elements that are either expressed at high levels under the control of androgen, fused to 
portions of ETS family members. These fusions lead to the overexpression of ETS family 
members, with TMPRSS2-ERG the most common gene fusion product identified. The 
prognostic significance of these fusions is unclear, although the largest study to date of men in 
the United States treated with surgery suggests no relationship between fusion status and more 
aggressive prostate cancer [18].   

Although ERG alone exerts a modest impact on prostate epithelial cells, numerous 
studies have demonstrated collaboration between AR and ERG expression in prostate cancer. 
Multiple studies in mice demonstrated that co-overexpression of both genes synergized to 
generate invasive prostate cancer [19, 20]. Convincing evidence exists to suggest a role for 
chromatin structure in the cooperation between the AR and ERG. In silico analysis of ERG co-
expression patterns in a cohort of tumors revealed that HDAC1 is consistently highly expressed 
along with ERG [21]. The importance of histone deacetylase proteins in the ERG fusion-positive 
tumor context was confirmed by the same group in a later study showing that HDAC inhibitory 
compounds are effective in slowing the growth of ERG-fusion positive cell lines in vitro [22]. 
Furthermore, two studies recently showed that AR and ERG co-occupy thousands of locations 
across the genome, and many of these locations are associated with AR-regulated genes [23, 
24]. Both studies propose a model whereby ERG expression serves to repress and thus re-
program AR function to cause prostate cell de-differentiation, putatively promoting prostate 
tumorigenesis.  The more recent of these studies further found that various HDACs including 
HDAC1 co-occupy genomic regions bound by the AR and ERG. Finally, two reports suggest 
that AR function may prime prostate epithelial cells to be predisposed to generation of ERG 
fusions [25, 26]. These findings suggest that the temporal relationship in prostate cancer 
progression is first differentiation of basal epithelial cells towards luminal epithelial cells such 
that they acquire the AR, followed by generation of ERG fusion products.  This putative 
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mechanism is reinforced by the relatively low prevalence of ERG fusions in high-grade PIN 
compared to local adenocarcinoma [27, 28].  Together, these various lines of evidence point to 
a collaborative role between the AR, ERG and histone deacetylates proteins in prostate cancer. 
However, these studies have focused only on cell lines derived from metastatic tumors, and do 
not fully explore this cooperation in prostate cancer initiation. 

DNaseI hypersensitivity (DHS) analysis, based on the preferential cleavage of 
euchromatin by the DNase I enzyme, offers a tool to interrogate chromatin structure that has 
been recognized as a marker for accessible chromatin such as that seen at promoters, 
enhancers, silencers and locus control regions [29].   Coupling this assay with high throughput 
sequencing technologies (DNase-seq) offers the ability to interrogate chromatin structure on a 
genome-wide scale [30, 31].  Such studies have further found that DNaseI HS correlates with 
transcriptionally relevant histone modifications such as H3K4me2 [30] and can also be used to 
identify DNaseI footprints that correlate to transcription factor binding [32].  DNaseI HS analysis 
has been used to detect chromatin structure around the TSS of various genes impacted by the 
ligand of different nuclear receptors, including those in the same family as the AR. For example, 
DNase-seq analysis of glucocorticoid receptor (GR) activation revealed that the GR initially 
targets regions of chromatin that are accessible prior to activation. A majority of these pre-
accessible regions of chromatin are poised by occupancy of the AP-1 protein [33, 34] 

Given the evidence supporting the interplay between AR and ERG in prostate cancer at 
the level of chromatin and the proven ability of high-throughput chromatin assays to uncover 
relevant biology, this research proposal aims to integrate chromatin accessibility, protein-DNA 
binding and transcription to further elucidate how ERG impacts AR function in prostate cancer 
initiation.  
 
 
Body 
 
I. Optimization of techniques and development of computational analyses 
 

In order to move forward with the specific aims outlines in the Statement of Work, we 
first had to develop an analytical workflow to effectively integrate DNase-seq, ChIP-seq and 
mRNA-seq data. This effort has been the focus of the first year of work. 

To develop such a workflow, we focused on LNCaP cells before (LNCaP) and after 
(LNCaP-induced) AR activation by 1 nM of the synthetic ligand R1881 for 12 hours. LNCaP 
cells grow easily in cell culture, and are a canonical model for AR activation. We generated a 
more deeply sequenced data set including more biological and technical replicates. These 
replicates serve to make our data set more robust and reproducible, and enable more detailed 
analysis. A summary of the data generated is shown below in Table 1. 

 
 LNCaP LNCaP Induced 
Total DNase-seq Reads 129,131,592 138,464,636 
Number of DHS 144,070 140,966 
Bases within DHS 86,989,168 82,887,882 
Percentage of genome 3.01 2.87 
Table 1: Summary of DNase-seq experiments. Three biological replicates of LNCaP and two 
biological replicates of LNCaP-induced were combined to create final DNase-seq libraries.   
  

Inspection of our data revealed that chromatin accessibility is more nuanced than a 
simple open or closed state. Thus, we approached interpretation of DNase-seq data in two 
ways: (1) calling discrete peaks, referred to as DNaseI hypersensitive (DHS) sites, and 
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comparing regions qualitatively as binary conditions (DHS site or not), and (2) identifying 
regions of statistically different DNase-seq signal before and after hormone treatment, referred 
to as ΔDNase regions. For the first method, we used our previously established analytical 
pipeline to identify DHS sites [35]. For the second method, we chose to utilize the edgeR 
algorithm [36] to detect significant changes in signal. These analyses generated regions that we 
could relate to AR binding and transcription data. 

To generate sequence-based transcriptome data for AR activation, we harvested mRNA 
from multiple biological replicates under the same growth conditions as the DNase-seq data and 
created sequencing libraries using the standard mRNA-seq protocol provided by Illumina. To 
analyze the resultant sequencing data, we integrated multiple available bioinformatics tools into 
a single pipeline, as illustrated below in Figure 1. 
 

 
Figure 1: mRNA-seq analysis pipeline. Raw sequence reads were aligned to the reference 
genome using BWA [37] and unaligned reads were further matched to splice junctions using 
TopHat [38]. Mapped reads were matched to established gene models, and expression values 
were generated in the RPKM (reads per kilobase mapped) scale. Differential expression 
analysis was carried out with edgeR. 
 
 Finally, we spent considerable time attempting to establish ChIP-seq. While we were 
able to generate fixed chromatin, we were unable to adequately fragment our chromatin down to 
the 500 bp range required to create the sequencing library despite extensive troubleshooting. 
This is an ongoing effort. Fortunately, we were able to utilize three published AR ChIP-seq data 
sets generated under various growth conditions as shown in Table 2. We therefore utilized three 
sets of AR ChIP-seq data from LNCaP cells (Table 2) that we refer to as "Yu" [24], "Massie" [39] 
and "Coetzee" [40, 41]. To minimize the impact of technical variation within each individual 
experiment, we created two high confidence sets of AR binding sites from these three sources: 
(i) an “R1881 intersect” set consisting of Yu and Massie peaks that overlap each other, as these 
experiments used the same AR hormone ligand as our DNase-seq experiments (R1881); and 
(ii) an “All AR intersect” data set containing the intersection of peaks from all three data sets 
including the Coetzee experiment that used an alternative AR ligand, dihydrotestosterone 
(DHT). 
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Data Set Ligand Treatment time No. of AR binding sites 
Massie 1 nM R1881 4 hr 19,505 
Yu 10 nM R1881 16 hr 37,676 
Coetzee 10 nM DHT 4 hr 12,929 
    
R1881 intersect (Massie/Yu 
intersect) 

R1881  
13,258 

All AR Intersect R1881/DHT  5,940 
Table 2: Characteristics of AR ChIP-seq data sets. Name, ligand, ligand treatment time and 
number of peaks called for each AR ChIP-seq data set are shown. R1881 intersect represents 
the intersection of the Massie and Yu data sets. All AR intersect represents high confidence AR 
binding sites that are found in all three data sets. 
 
 Through these efforts, we were able to generate new analysis pipelines for DNase-seq, 
mRNA-seq and ChIP-seq data and integrate these data sets into an exploration of how AR 
activation impacts chromatin accessibility, AR binding, and transcription. 
 
II. Results from analyses to date 
 
DNase-seq identifies changes in chromatin accessibility with androgen receptor 
activation 
 
 From our robust DNase-seq data we identified 144,070 DHS sites in LNCaP and 
140,966 DHS in LNCaP-induced cells using a p-value cutoff of 0.05 (Table 1). A comparison of 
the DHS sites identified in LNCaP-induced and LNCaP reveals that 102,173 (72.5%) overlap. 
To put the degree of overlap in context, we used the same criteria to identify DHS sites in 7 
unrelated cell lines for which high quality DNase-seq data is available (NHEK, GM12678, 
HelaS3, HepG2, HUVEC, K562, and H1-ES) [42]. The average overlap between distinct cell 
lines is 50.4% +/- 7.04%, which is substantially less than the overlap between LNCaP and 
LNCaP-induced cells (Figures 2A and 2B). We also investigated the overall distribution of DHS 
sites relative to promoters, intronic, or intergenic regions and found that the location of all DHS 
sites prior to and following AR activation does not shift this distribution. These data suggest that 
while AR activation induces a modest amount of chromatin changes, the overall degree of these 
changes are substantially less than those detected between cell lines from unrelated tissues. 
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Figure 2: Changes in chromatin accessibility with AR-activation. (A) Overlap between DHS 
sites identified before (Vehicle or LNCaP) and after hormone (LNCaP-induced) as compared to 
the unrelated liver carcinoma cell line HepG2. (B) Spearman correlation heatmap of DNase-seq 
score in the union set of top 100,000 DHS peaks in each of the 9 cell lines illustrated. 
 
 As discussed above, in order to quantitatively identify those loci with the most 
substantive increase or decrease in DNase-seq signal with AR activation, we used the edgeR 
statistical package. Increases represent regions that become more accessible after hormone 
treatment, and decreases become less accessible. To capture a broad spectrum of significant 
changes in signal, we used two statistical thresholds ("strict" = a false discovery rate (FDR) 
threshold of 5%, and "loose" = unadjusted p-value threshold of 0.05) to identify the degree of 
accessibility changes, which we refer to as ΔDNase regions (Table 3). These regions suggest 
that AR activation results primarily in regions with increased rather than decreased chromatin 
accessibility. Mapping all regions of significantly changed DNase-seq signal to genic elements 
revealed a depletion of promoter regions and enrichment for both inter- and intra-genic locations 
compared to all DHS sites with AR activation (Figure 3A). An example of one such ΔDNase 
increase is shown below in Figure 3B at the well-described KLK3 AR-binding enhancer element.  
 
Strict Threshold  Number of regions 
Strict ΔDNase increase 2,586 
Strict ΔDNase decrease 0 
Loose Threshold  
Loose ΔDNase increase 18,692 
Loose ΔDNase decrease 1,467 
Table 3: Number of Differential regions of DNase-seq with AR activation (ΔDNase). 
ΔDNase regions were identified using edgeR. Strict ΔDNase increases are a complete subset of 
the loose ΔDNase increase regions. 
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Figure 3: (A) Distribution of ΔDNase regions and union (LNCaP and LNCaP-induced) DHS 
sites relative to genic elements. (B) Replicates of DNase-seq data around KLK3 and KLK2. Y-
axis is fixed for all rows. Highlighted regions marked by an asterisk represent examples of 
significant ΔDNase increases. 

We hypothesized that ΔDNase regions represented locations where AR activation 
altered transcription factor binding. As expected, we found a strong AR motif match in regions of 
increased chromatin accessibility. In addition, several other significantly enriched motifs were 
detected in both ΔDNase increase and decrease regions (Figure 4) that correspond to 
transcription factors such as SP1. SP1 can bind directly with multiple known AR co-factors as 
well as the AR [43] and represents an intriguing protein for further investigation as a modifier of 
AR function. 
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Figure 4: De novo motif analysis identifies putative transcription factors that may impact AR-
induced chromatin accessibility and thus AR function.  
 
The androgen receptor binds both poised and remodeled chromatin accessible to DNaseI 
cleavage  
 

We next examined the relationship between chromatin accessibility and AR binding to 
the genome. Each of the three individual AR ChIP studies displayed consistent overlap patterns 
with DHS sites.  In each individual experiment approximately 20% of all AR binding sites 
occurred within DHS sites that are present both before and after hormone treatment (“poised”) 
and an additional 20-30% of AR binding sites overlapped DHS sites following androgen 
induction.  Thus, each data set suggests that slightly less than half of all AR binding sites in 
DHS regions are poised (Figures 5A, 5B) and the remainder change in response to androgen 
treatment.  The high confidence AR (R1881 intersect and All AR intersect) binding sites 
displayed a similar trend.  Of note, only 1-2% of AR binding sites map within a DHS site present 
in LNCaP, but not LNCaP-induced cells.   

 
Figure 5: Relationship between AR binding and DHS regions. (A) Overlap of each ChIP-seq 
data set with poised LNCaP DHS (regions that are DHS sites in both LNCaP and LNCaP-
induced, shown in purple) and LNCaP-induced only DHS sites (shown in red).  AR binding sites 
not overlapping a DHS site are represented in black.  Common Myc and CTCF binding sites are 
shown as controls.  (B) Overlap of ChIP-seq peaks shown at different thresholds of DNase-seq 
enrichment (“DHS sites” representing the regions of significant signal over background p<0.05, 
“Top 200k” representing the top 200,000 initial peaks showing enrichment over background, and 
“Top 400k” representing all regions showing DNase-seq enrichment over background). Columns 
in various shades of blue show overlap with LNCaP DHS at different thresholds, and columns in 
various shades of red show overlap with LNCaP-induced DHS at different thresholds. 
 
The amount of AR binding to both poised and LNCaP-induced DHS sites is in stark contrast to 
Myc and CTCF binding sites [42] that almost exclusively bind within poised DHS sites (Figure 
5A).  Thus, of the AR binding events occurring within a DHS site, less than half occurred in 
poised regions, with the majority binding to regions that displayed qualitative AR induced 
chromatin remodeling.   
 Given the observation that a substantial number of AR binding sites occur within LNCaP-
induced only DHS sites, we examined the association between AR binding events and 
quantitative chromatin remodeling.  To test this, we evaluated AR sites that overlapped regions 
with increased DNase-seq signal (strict and loose ΔDNase increases).  As expected, AR ChIP-
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seq peaks identified only within LNCaP-induced DHS sites (Circle III, Figure 6A) show 
significant overlap with ΔDNase increase regions. Interestingly, AR binding sites in peaks found 
in both LNCaP and LNCaP-induced cells (Circle II, Figure 6A) were also enriched for ΔDNase 
increases, although not to the same extent as those sites that mapped only within LNCaP-
induced DHS.  The proportion of AR binding regions that mapped to poised, LNCaP-induced 
DHS sites only, and ΔDNase regions were consistent across each AR binding data set.  
Analogously, we found that 36.5% of strict ΔDNase increases and 16.7% of loose ΔDNase 
increases overlapped the high confidence AR binding set (“All AR intersect”) (Figure 6B).  
These observations indicate that even if AR binding occurred within poised chromatin, these 
binding events were associated with a substantial increase in chromatin accessibility, 
highlighting the utility of identifying regions of ΔDNase signal.  These findings support similar 
observations at three previously identified “poised” AR enhancers [40] and suggest that AR 
binding more globally promotes chromatin accessibility, allowing for more DNaseI cleavage 
following hormone treatment. 

	
  
Figure 6: Overlap of AR binding sites and ΔDNase regions. (A) Venn diagram shows 
overlap of DHS sites and the high confidence “All AR Intersect” data set.  Column plots below 
illustrate the overlap of each region of the Venn diagram (I – AR binding sites only in an 
uninduced LNCaP DHS site, II – AR binding sites that fall within both a LNCaP and LNCaP-
induced DHS sites (poised), III – AR binding sites in LNCaP-induced only DHS sites) with 
ΔDNase regions. (B) The reverse comparison illustrating the overlap of ΔDNase regions with AR 
binding sites. 

 Data from Figure 5 indicates that a proportion of AR binding occurs in non-DHS sites, 
and that a small yet significant subset of AR binding occurs in regions of the genome 
inaccessible to cleavage by the DNaseI enzyme. We thus wondered whether there was a 
difference in the quality of AR binding within DHS sites relative to less accessible chromatin. 
Indeed, AR binding signal was stronger in regions overlapping DHS sites than non-DHS regions 
(Figure 7), and was the strongest for AR sites common to two or three experiments. Motif 
analysis of regions that bound the AR but were inaccessible to DNaseI cleavage at any DNase-
seq threshold revealed a very similar binding motif to the canonical AR DNA recognition 
sequence. Thus, it appears that AR binding occurs at a range of chromatin accessibility and 
accessibility correlates with AR binding strength.  
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Figure  7:  AR  ChIP-­‐‑seq  binding  scores  for  peaks  overlapping  and  not  overlapping  DHS  sites.    
Asterisks  denote  significant  differences  in  AR  peak  score  (Mann-­‐‑Whitney  p-­‐‑value  <  0.001)  

Changes in chromatin accessibility correlate with the AR transcriptional program. 
 

To determine if ΔDNase regions were associated with AR-mediated transcriptional 
changes, we analyzed our mRNA-seq data and identified genes differentially regulated by 
androgen induction. Expression values from three replicates generated clustered according to 
hormone treatment status (Figure 8A).  Using edgeR [36], we identified 339 genes differentially 
expressed upon AR induction (FDR < 0.05), 202 of which were upregulated and 137 of which 
were downregulated (Figure 8B).  Of these, 46% were identified as AR target genes in at least 
one other published microarray study.  
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Figure 8: mRNA-seq analysis of AR-mediated transcriptional changes. (A) Spearman 
correlation heatmap of expression (RPKM) data from each biological replicate of LNCaP and 
LNCaP-induced cells. (B) Heatmap of expression levels (RPKM) for genes identified as 
differentially regulated by the AR.  Rows are ordered by total sum.  Genes most commonly 
identified in microarray studies as AR-regulated are all located near the top of the heatmap, 
reflecting their overall high levels of expression before and after androgen induction.   

We hypothesized that AR-mediated changes in chromatin accessibility contribute to the 
AR-mediated gene expression program.  By mapping ΔDNase regions to their closest gene, we 
found that strict ΔDNase increase regions were significantly enriched near up-regulated genes 
(p-value < 0.001) and were modestly enriched with downregulated genes (p = 0.053; Figure 
9A).  Loose ΔDNase increases were significantly enriched near both up- and down-regulated 
genes (p < 0.001).  Loose ΔDNase decreases were not present near upregulated genes, but 
were modestly enriched with downregulated genes (p-value = 0.057).  We performed an 
identical analysis using ΔDNase regions and microarray expression data from Massie et al. [39], 
and observed similar associations (Figure 9B).  The reverse comparison wherein we associated 
differentially regulated genes to ΔDNase regions within 20 kb of the transcriptional start site 
shows a similar trend (Figures 9C, 9D).  Both up- and downregulated genes were associated 
with loose ΔDNase increases in chromatin accessibility.  Interestingly, the borderline significant 
associations between AR downregulated genes and strict ΔDNase increases as well as loose 
ΔDNase decreases became very insignificant upon limiting the distance criteria for associating a 
ΔDNase region to a gene (Figure 9C).  This finding may indicate that AR-mediated repression of 
gene expression requires chromatin interactions over longer distances.  Overall, our data 
support the hypothesis that AR activation preferentially causes distal chromatin accessibility 
changes that are significantly associated with nearby gene expression changes.   
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Figure 9: Association between ΔDNase regions and AR-regulated transcription. (A-B) 
ΔDNase regions were mapped to the closest gene, and the amount of overlap between these 
genes and a randomly chosen gene set containing the same number of genes as were 
identified as AR-regulated was permuted 100,000 times to generate a null distribution 
(histograms) and assess significance of the overlap between ΔDNase associated genes and 
AR-regulated genes.  Arrows indicate the actual overlap between ΔDNase nearest genes and 
AR-regulated genes from either mRNA-seq analysis or Massie et al. Blue shading represents 
less ΔDNase regions (absence/depletion) around AR-regulated genes, whereas yellow shading 
represents more ΔDNase regions (presence/enrichment) around AR-regulated genes. (C-D) 
The reverse comparison, relating AR-regulated expression to ΔDNase regions for mRNA-seq 
and Massie et al. data. 

Base-pair resolution analysis of DNase-seq reveals multiple signal profiles 
 

Our group and others have shown that deep sequencing of DNaseI cleavage libraries 
can detect individual transcription factor binding events via the identification of DNaseI footprints 
and that DNaseI footprints correspond to local protection of DNA from nuclease cleavage by 
bound transcription factors [32, 44, 45]. To examine the AR-DNA binding footprint, we examined 
the aggregate DNase-seq signal around the AR-DNA recognition motif within AR binding sites 
and compared the resultant pattern to that around the recognition motif of other transcription 
factors within our data. An overall increase in DNase signal was observed around AR motifs 
(Figure 10A) compared to other transcription factor motifs such as CTCF and NRSF (Figures 
10B and 10C).  A symmetrical depletion of DNase-seq signal was detected around AR motifs in 
DHS sites that closely matches the information content of the AR binding motif dimer (Figure 

!""#$%
&'()$*#$#

+,%-.%
/$'$#

+,%0"1'
/$'$#

23)4(3%
&'()$*#$#

56789:;

5<78779

5<78779

5678::=

5<78779

5678>??

@
*#
#4
$

-
.%
!*
3$

@
*#
#4
$%

-
.%
A*
)BC

@
*#
#4
$

0
"1

'%
!*
3$

@
*#
#4
$

0
"1

'%
A*
)BC

23)4(3%
&'()$*#$#

!""#$%
&'()$*#$#

!""#$%
0$()$*#$# 56789>

5678>D

567879

5678>9

5<78779

56789E

567877>

5<78779

5<78779

56787:D

5<78779

5<78779

!

"

!""#$%
0$()$*#$#

!

! !

! ! !

! !!

! !

0F*#$%
)$G4"'#

0F*#$%
)$G4"'#

#
23
)4(
3%

&'
()
$*
#$
#

!"
"#
$%

&'
()
$*
#$
#

!"
"#
$%

0
$(
)$
*#
$#

%@*##4$
-.%!*3$

@*##4$%
-.%A*)BC

@*##4$
0"1'%!*3$

@*##4$
0"1'%A*)BC

568779 5<8779

568;=956787H 567879

56787?

5<8779 5<8779

5<87795<8779 56787:

5678>EI)
$J
K$
'(
C

9E777

97777

%%E777

%%%%%%7

>7777

! !

! !

!

!!

I)
$J
K$
'(
C

%%%%%%7

>E777

!

!"1$)
3L*'
)*'M"N

O4GL$)
3L*'

)*'M"N

>7777
9E777
97777
%E777

0F*#$%)$G4"'#

$

23
)4(
3%

&'
()
$*
#$
#

!"
"#
$%

&'
()
$*
#$
#

!"
"#
$%

0
$(
)$
*#
$#

I)
$J
K$
'(
C

9E777

97777

%%E777

%%%%%%7 +,%-.
/$'$#

+,%0"1'
/$'$#

5<8779 5<8779

5<877956787E: 56787E=

5678>E>
! !

!

I)
$J
K$
'(
C

9E777

97777

%%E777

%%%%%%7

>7777

>7777
0F*#$%)$G4"'#



	
   15	
  

10A, red line) [46].  In poised AR binding sites, we observed a similar pattern of protection 
despite lower overall DNase-seq signal intensity (Figure 10A, blue line).  Binding sites that 
became available only after androgen induction only exhibited the footprint after androgen 
treatment (Figure 10D, blue line).  Importantly, the overall enrichment of DNase signal in 
LNCaP-induced cells is specific to DHS regions that bind the AR and have an AR motif, as 
opposed to all DHS sites (Figure 10E).  

 

	
  
Figure 10: Base pair resolution around AR motif matches reveals a unique pattern of 
protection by the AR.  (A) Aggregate DNase-seq signal around AR motif matches within 
poised DHS sites that bind the AR.  The pattern of DNaseI cuts within the motif closely follows 
the known structure of the AR dimer as well as the information content of the AR DNA 
recognition motif determined from ChIP-seq data.  Aggregate DNase-seq signal centered on 
CTCF (B) and NRSF (C) motif matches genome-wide display a structurally different footprint 
from that of the AR. (D) Aggregate signal around AR motif matches within DHS sites unique to 
LNCaP-induced cells that also bind the AR.  (E) Aggregate signal around the center of 10,000 
randomly chosen DHS sites shared between LNCaP and LNCaP-induced cells.  Note that 
overall the aggregate signal is higher in LNCaP as compared to LNCaP-induced cells within all 
DHS sites. 

 Two algorithms exist to identify transcription factor binding events from DNase-seq data. 
These algorithms are able to successfully predict binding of large transcription factors with a 
strong footprint (such as CTCF and NRSF – see Figure 10). We attempted to apply these 
algorithms to prospectively identify AR binding events with minimal success. Reasoning that 
since these algorithms learn the footprint pattern from the aggregate DNase-seq signal at a 
motif, such as shown in Figure 10A, we supposed that discrete patterns of AR binding and 
subsequent protection from DNaseI cleavage may occur at specific loci, thus confounding the 
models. Indeed, using k-means clustering we identified three reproducible clusters of DNaseI 
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cleavage patterns, each of which represented part of the observed composite footprint (Figure 
11). These clusters were much less frequently detected across repeated iterations of clustering 
in untreated LNCaP cells, indicating the three distinct patterns of DNaseI protection appeared to 
be a robust phenomenon more often detected in LNCaP-induced DNase-seq data, suggesting 
that AR activation stabilizes specific chromatin structure around AR motifs. AR binding has been 
associated with enrichment of palindromic full-site AR motifs (such as depicted in Figure 10A) 
as well as half-site motifs [47, 48]. The directional footprinting in clusters 1 and 2 is indicative of 
only half of the full canonical AR motif being protected from DNaseI cleavage, whereas Cluster 
3 is consistent with full-site protection. Our ability to detect this indicates that specific half site 
usage is consistent across the entire population of cells, and does not fluctuate randomly. The 
spike in the center of Cluster 3 corresponds to the degenerate bases in the middle of the AR 
motif, indicating reduced DNA protection between AR proteins, possibly within a dimer. Overall, 
our footprinting analysis revealed three different stable modes of AR binding that represent 
either full or half-site protection at full-site DNA motifs. 
 

	
  
Figure  11:  K-­‐‑means  clustering  of  LNCaP-­‐‑induced  DNase-­‐‑seq  signal  into  three  consistent  

clusters  within  AR  binding  sites.  

 
III. Generation of DNase-seq and expression data for PrEC +/- AR activation 
 
 To utilize the computational framework developed towards understanding the role of AR 
and ERG in prostate cancer tumorigenesis, we proceeded with Aim 2 from the Project Narrative 
utilizing an immortalize and tumorigenic prostate epithelial cell line expressing the AR. From 
previous work in our lab, we knew that these cells differentiate and decrease their rate of 
proliferation with AR activation by ligand [49]. This experiment was to serve as proof of principle 
that these cell lines, which are more difficult to handle than other established prostate cancer 
cell line models, could be processed for DNase-seq analysis. Preparation of DNase-seq 
libraries was successful and genome-wide data was generated. However, in cross-replicate 
analysis and subsequent analysis of AR-mediated transcription, it became clear that AR 
activation was not inducing known transcriptional changes. We are currently troubleshooting this 
approach to ensure adequate AR activation before moving forward. 
 
Key Research Accomplishments 
 

• Established molecular biology techniques for DNase-seq and mRNA-seq 
• Established computational pipeline for analysis of DNase-seq, ChIP-seq and mRNA-seq 

data 
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• Generated the first set of mRNA-seq data for AR activation by the ligand R1881 in 
LNCaP prostate cancer cells; this data will be made publicly available 

• Uncovered novel dynamics of the chromatin template with regards to AR activation that 
stand in distinct contrast to the dynamics recently reported for other nuclear receptors. 

• Specifically discovered that 
o Quantitative analysis of DNase-seq changes, as opposed to viewing chromatin 

as “open” or “closed”, reveals unique insight into cofactors such as SP1 that may 
be involved in AR function   

o AR activation generally leads to increases in chromatin accessibility, especially in 
intergenic and intronic regions of the genome 

o AR binding does not just target regions of chromatin accessible to DNaseI prior 
to AR activation (in contrast to the GR). Rather, AR binding is often associated 
with an increase in chromatin accessibility 

o These increases in chromatin accessibility are associated with AR-mediated 
transcriptional changes 

o Uncovered DNaseI footprinting evidence of a possible monomeric AR-DNA 
interaction, which until now has only been speculated upon based on ChIP-seq 
motif analysis 

• Presented findings at 2 national meetings with 1 poster presentation and 1 podium talk 
• Submitted manuscript of findings that is under revision 

 
Reportable Outcomes 
 
Manuscripts 
 
A manuscript entitled “Chromatin Accessibility reveals insights Into Androgen Receptor 
Activation and Transcriptional Specificity” was submitted on May 1, 2012 to the journal Genome 
Biology. We received reviews back on June 26, 2012. These reviews were largely favorable, but 
require significant response. We are currently preparing a response to the reviewer issues. 
 
Abstracts and Presentations 
 

1. Chromatin accessibility reveals insight into androgen receptor activation and 
transcriptional specificity. Presented as poster at AACR Special Conference on 
Advances in Prostate Cancer Research in Orlando, FL in February 2012. 

2. Chromatin accessibility reveals insight into androgen receptor activation and 
transcriptional specificity. Presented as minisymposium podium presentation at AACR 
Annual Meeting in Chicago, IL in April 2012. 
 

 
 
Informatics 
 
Multiple high-quality and deeply sequence data sets have been generated in this first year of 
work that will be of use for both our research and that of the scientific community. 
 
DNase-seq: We have generated multiple technical and biological replicates of DNase-seq data 
for LNCaP cells before and after AR activation by the widely-used synthetic ligand R1881 for 12 
hours. This represents the only such data set available, and is now publicly available. 
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mRNA-seq: We have also generated multiple technical and biological replicates of mRNA-seq 
data matching the same cellular growth conditions as the DNase-seq data. This provides a 
powerful data set to relate chromatin accessibility to AR-mediated transcriptional changes, and 
is the only such mRNA-seq data set that we are aware of. This data will be made publicly 
available upon publication of our manuscript.  
 
Conclusion 
 
 The AR is a transcription factor and a primary driver of prostate cancer. Understanding 
the key determinants of its transcriptional specificity remains a critical issue. By integrating 
analysis of DNase-seq data with AR ChIP-seq and mRNA-seq, we showed that AR activation 
induced genome-wide changes in chromatin structure that were associated with AR binding and 
transcriptional response and uncovered multiple modes of AR utilization of its DNA recognition 
motif. Although a subset of AR binding occurs in qualitatively poised chromatin exhibiting 
nucleosome depletion prior to hormone treatment, we demonstrated that AR binding is 
consistently associated with a quantitatively significant increase in DNase-seq signal suggesting 
stabilization of chromatin remodeling.  
 In the first year of this award, we have developed the computational expertise to handle 
various epigenetic and genetic high-throughput data as well as integrate them in a meaningful 
way to understand AR biology in prostate cancer. This work established the necessary 
framework to perturb AR function and elucidate the effects of the perturbation on chromatin 
structure, transcription and cellular phenotype. 
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