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Androgen receptor (AR) is overexpressed in the majority of
castration-resistant prostate cancers (CRPCs). Our goal
was to study the effect of AR overexpression on the
chromatin binding of the receptor and to identify AR target
genes that may be important in the emergence of CRPC. We
have established two sublines of LNCaP prostate cancer
(PC) cell line, one overexpressing AR 2–3-fold and the other
4–5-fold compared with the control cells. We used chromatin
immunoprecipitation (ChIP) and deep-sequencing (seq) to
identify AR-binding sites (ARBSs). We found that the
number of ARBSs and the AR-binding strength were
positively associated with the level of AR when cells were
stimulated with low concentrations of androgens. In cells
overexpressing AR, the chromatin binding of the receptor
took place in 100-fold lower concentration of the ligand than
in control cells. We conﬁrmed the association of AR level
and chromatin binding in two PC xenografts, one containing
AR gene ampliﬁcation with high AR expression, and the
other with low expression. By combining the ChIP-seq and
expression proﬁling, we identiﬁed AR target genes that are
upregulated in PC. Of them, the expression of ZWINT,
SKP2 (S-phase kinase-associated protein 2 (p45)) and FEN1
(ﬂap structure-speciﬁc endonuclease 1) was demonstrated to
be increased in CRPC, while the expression of SNAI2 was
decreased in both PC and CRPC. FEN1 protein expression
was also associated with poor prognosis in prostatectomytreated patients. Finally, the knock-down of FEN1 with
small interfering RNA inhibited the growth of LNCaP cells.
Our data demonstrate that the overexpression of AR
sensitizes the receptor binding to chromatin, thus, explaining
how AR signaling pathway is reactivated in CRPC cells.
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Introduction
The development of prostate cancer (PC) is strongly
dependent on androgens as evidenced by the ﬁnding that
men castrated early in their life will not develop PC
(Isaacs, 1994), and by trials indicating that lowering
tissue levels of 5a-dihydrotestosterone (DHT) with 5areductase inhibitors, reduces the risk of PC (Thompson
et al., 2003; Andriole et al., 2010). The efﬁcacy of
androgen deprivation in the treatment of PC was
demonstrated >50 years ago (Huggins and Hodges,
2002) and castration still remains the main form of
treatment for advanced PC. Despite the initial positive
response, the castration-resistant PC (CRPC) phenotype
will eventually emerge during the therapy. Earlier it was
believed that PCs progressing during castration are
androgen-independent (Thompson et al., 2003). Subsequently, the emergence of CRPC has been associated
with increased expression of androgen receptor (AR),
partly due to the ampliﬁcation of the AR gene (Linja
et al., 2001; Chen et al., 2004). Recently, it has been
suggested that also a loss of RB gene could lead to AR
overexpression (Sharma et al., 2010). In addition,
mutations in AR altering transactivation properties of
the receptor, expression of constitutively active AR
splice variants and re-expression of androgen-regulated
genes have been demonstrated in CRPC (Seruga et al.,
2011). It has also been suggested that CRPC cells
could themselves synthesize low levels of androgens
from cholesterol (Seruga et al., 2011). Finally, recent
phase II trials of CRPC with novel superantiandrogen,
MDV3100, and CYP17 inhibitor, abiraterone, have
directly demonstrated that CRPC cells are actually still
androgen sensitive (Tran et al., 2009; Reid et al., 2010).
We showed more than a decade ago that one-third of
CRPCs contain ampliﬁcation of AR (Visakorpi et al.,
1995). In addition, we have demonstrated by quantitative reverse transcriptase (qRT)–PCR that almost all
CRPCs overexpress AR compared with hormone-naı̈ve
PC (Linja et al., 2001). However, expression of AR
protein by immunohistochemistry seems to be variable
in CRPC (Roudier et al., 2004). Later, Chen and coworkers (2004) showed that in a xenograft model system
overexpression of AR is necessary and sufﬁcient to
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transform the androgen-dependent growth to an independent
one. To study the consequences of AR overexpression in
PC cells, we have a stable transfected androgen-sensitive
LNCaP PC cell line with wild-type AR and established
two sublines. LNCaP-ARmo expresses 2–4 and LNCaPARhi 5–6 times higher level of AR protein than the
control cells, LNCaP-pcDNA3.1 (Waltering et al.,
2009). The LNCaP-ARhi cells grow faster in
the presence of low levels of androgens than the control
cells and the androgen-regulated genes are induced,
on average, at 10-fold lower concentrations of DHT in
the AR overexpressing compared with control cells.
As the sublines share the same genomic background, the
model is especially suitable for studying how AR
promotes, maintains and drives the PC progression.
AR is a transcription factor that regulates the
expression of hundreds of genes. Nevertheless, only
one AR target gene that is commonly involved in the
development of the disease, TMPRSS2:ERG fusion
gene, has so far been identiﬁed (Tomlins et al., 2005).
However, the fusion seems not to explain the phenotypical heterogeneity, including hormone responsiveness,
of PC (Leinonen et al., 2010). The identiﬁcation of such
downstream genes could potentially provide new biomarkers and means to develop novel therapies.
Here, we utilized the LNCaP-based model as well as
LuCaP xenografts to study the effect of the AR
overexpression on the chromatin binding of AR by using
chromatin immunoprecipitation and deep sequencing
(ChIP-seq). In addition, we combined the ChIP-seq data
with expression proﬁling to identify AR downstream
genes that could be important in the progression of PC,
and demonstrated overexpression of ZWINT, SKP2 (Sphase kinase-associated protein 2 (p45)) and FEN1 (ﬂap
structure-speciﬁc endonuclease 1) and reduced expression
of SNAI2 in clinical samples of CRPC.
Results
In order to map AR-binding sites (ARBSs) across the
genome, we ﬁrst performed ChIP-seq for a total of
nine samples: LNCaP-pcDNA3.1, -ARmo and -ARhi,
treated for 2 h with 0, 1 and 100 nM of DHT (Supplementary Table S1). We found higher number of ARBSs
in LNCaP-ARhi and -ARmo compared with control
cells on stimulation with low concentration (1 nM) of
DHT (Figure 1a). To conﬁrm the association between
AR level and the number of ARBSs in another model
system, we utilized two PC xenografts, LuCaP69
and LuCaP73. They derive from castration-resistant
tumors and have been grown in intact mice. We have
previously demonstrated that LuCaP69 contains AR
ampliﬁcation, whereas LuCaP73 cells do not (Linja
et al., 2001). The expression of AR is about 10-fold
higher in LuCaP69 compared with LuCaP73 according
to qRT–PCR. We found approximately 19 000 and 7000
ARBSs in LuCaP69 and LuCaP73, respectively, verifying that the level of AR is associated with the number of
ARBSs.
Oncogene

To conﬁrm the ChIP-seq data, we used traditional
ChIP–qPCR. We studied the well-characterized enhancer and promoter regions of a known AR target gene,
PSA (Shuur et al., 1996; Cleutjens et al., 1997), in the
cell lines (Figure 1b) and xenografts (Supplementary
Figure S1). The ChIP–qPCR data reproduced the
ChIP-seq data. Furthermore, we were able to conﬁrm
previously identiﬁed ARBSs in AR target genes, such
as TMPRSS2 (Wang et al., 2007) (Supplementary
Figure S1).
In the further analysis of the LNCaP-model, LNCaPARmo and -ARhi displayed high overlap of ARBSs in
cells exposed to 1 nM DHT. On the contrary, in cells
exposed to 100 nM DHT the LNCaP-ARmo and -ARhi
cells showed less ARBSs overlap than -ARmo and
control cells (Figure 1c and Supplementary Table S2).
We then investigated the average peak heights that we
assumed to represent the strength of the AR binding
(Supplementary Table S2). The peak height was deﬁned
as the number of tags present in the speciﬁed loci of the
ARBSs. The average peak height was higher in -ARhi
and -ARmo cells compared with control cells at 1 nM
DHT and lower at 100 nM DHT (Figure 1d and
Supplementary Table S2).
As we used cells with various levels of AR and ligand
concentrations, we were able to make comparison of the
effect of AR and ligand on the binding proﬁles and on
the chromatin loading of AR at the ARBSs (Supplementary Table S2). LNCaP-ARmo and -ARhi grown
in 1 nM DHT had 985 common ARBSs, whereas
pcDNA3.1 at 100 nM and ARmo at 1 nM had 1209,
and pcDNA3.1 at 100 nM and ARhi at 1 nM 1323
ARBSs (Supplementary Table S2). By combining these
ARBS maps, we constructed a high-conﬁdence ARBS
map of 1833 binding sites. The high-conﬁdence ARBSs
map includes all the binding sites with high reproducibility in the three samples mentioned above. We then
re-analyzed the chromatin binding at these highconﬁdence ARBSs by computing the binding strength
at each of the 1833 ARBSs. In this way, we were able
to obtain normalized (against vehicle-treated cells)
data on the AR-binding strength (that is, peak height)
(Figure 1e). In cells stimulated with 1 nM DHT, the
average peak height was greater in LNCaP-ARmo and
-ARhi than in control cells. Whereas in cells stimulated
with 100 nM DHT there seems to be a slight decrease in
the peak height in LNCaP-ARhi cells.
Next, we analyzed the genomic localizations of
ARBSs. About 40% of the high-conﬁdence ARBSs
were located in intronic regions and about 50% in distal
intergenic regions. Thus, those regions probably include
most of the enhancer elements (Figure 1f). Similar
results were obtained if the ARBSs maps in every
individual samples were taken into account.
We then performed a motif analysis by searching for
the motifs deposited in TRANSFAC database (Matys
et al., 2006). We found AR (canonical and 6-bp half
site), and HNF3A (alias FOXA1) motifs to be the most
signiﬁcantly overrepresented (Po106). Furthermore,
by categorizing the ARBSs according to their genomic
locations, also ETS family of transcription factor motifs
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Figure 1 ChIP-seq data analyses. (a) Comparison of number of ARBSs between cell lines treated with 1 nM DHT according to peak
detection with a P-value threshold of 0.00001 (black bar) and controlling also for false discovery rate (FDR) (white bar) at 5%. (b) AR
binding to PSA promoter and enhancer in LNCaP-model. LNCaP-pcDNA3.1, -ARmo and -ARhi cells were hormone-starved for
4 days and treated for 2 h with DHT or ethanol (0 M). ChIP–qPCR was performed to assess the AR recruitment. Mean and s.e.m. are
shown. (c) Number of ARBSs in common between the ChIP-seq samples. (d) Average background subtracted height of ARBSs
in common between samples treated with 1 nM DHT (526 ARBSs in total) and between samples treated with 100 nM DHT (274 ARBSs
in total) corrected according to the corresponding amount of raw reads (in millions) obtained in the sequencing (see Supplementary
Table S1). (e) Normalized (against no DHT) average peak height of all high-conﬁdence ARBSs in cell lines treated with different
concentrations of DHT. (f) The genomic location of the 1833 high-conﬁdence ARBSs. The high-conﬁdence ARBSs were divided
according to their location in distal intergenic regions (i), in exons (ii), within 1.5 kb upstream of transcription start site (TSS) (iii),
within 1.5 kb downstream of 30 UTR (iv) and in introns (v).

were found to be enriched in promoters (P ¼ 3.3  103),
and within 1500-bp downstream of transcription start
site (P ¼ 4  104) as well as in exons (P ¼ 1.1  102).
Next, we performed Gene Ontology (GO) enrichment
analysis of genes located within a 25 kb window in the
ARBS maps generated by pcDNA3.1 grown at 100 and
1 nM, -ARmo at 1 nM, as well as -ARhi at 1 nM DHT, by
using GeneTrail (Keller et al., 2008). In 1 nM DHTtreated cells, the number of overrepresented GO
(biological processes) categories increased from 5 in
pcDNA3.1 to 22 in -ARmo, and 31 in ARhi. The

processes that showed enrichment exclusively in -ARhi
included, for example, cell–cell adhesion (GO:0016337),
and regulation of locomotion (GO:0040012). Generally,
in cells overexpressing AR, the same category of genes
was enriched than in control cells, except in lower
androgen concentration (Supplementary Table S3).
We then investigated the overlap of the highconﬁdence ARBSs map between the cell lines and the
ARBSs maps of the xenografts. The overlap was
surprisingly low. LuCaP69 showed 31% overlap with
the high-conﬁdence ARBS map in the cell lines, whereas
Oncogene
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LuCaP73 only about 4%. When comparing individual
samples, LNCaP-ARhi at 1 nM, -ARmo at 100 nM and pcDNA3.1 at 100 nM showed the highest percentage of

Oncogene

overlap with the LuCaP69 ARBS map. In order to
conﬁrm our ﬁnding, we compared LuCaP69 and
LuCaP73 ARBS maps with the publicly available
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LNCaP ARBS map from the work by Yu et al. (2010).
We found even less overlap. The overlap with LuCaP69
was 6.5% and with LuCaP73 0.4%, whereas we found
86.8% overlap between our high-conﬁdence ARBSs in
LNCaP-model and the ARBSs of LNCaP cell line
published by (Yu et al., 2010).
Finally, we integrated the high-conﬁdence ARBS
maps and expression proﬁles of mRNAs (Waltering
et al., 2009) obtained from the LNCaP-model.
We used ﬁrst hypergeometric distribution to compute
enrichment P-values for differentially expressed genes
and AR bound genes. When DHT concentrations were
used to stimulate the cells, we observed that the
differential expression, which was controlled directly
by AR at the 4-h time point, still continued at the 24-h
time point (Po0.05). Thus, we used both time points to
identify direct targets of AR. Since we have previously
shown that LNCaP-ARhi cells grow signiﬁcantly faster
in 1 nM DHT than control cells (Waltering et al., 2009),
we focused on genes that showed AR binding and
differential expression in that DHT concentration.
The Venn diagrams in Figures 2a and b show that there
are more such genes in LNCaP-ARhi and -ARmo than
in control cells. The lists of 346 genes that were AR
bound and androgen-regulated only in LNCaP-ARhi
and -ARmo at 4- and/or 24-h time points are given in
Supplementary Tables S4 and S5, respectively. Next, we
interrogated the expression of these genes in clinical PC
specimens by retrieving data from 14 independent
array-based studies (see Supplementary Table S6 for
references). We found that 38 out of these 346 genes
(Supplementary Table S6) were overexpressed in PC
according to, at least, one of the studies. Subsequently,
of these we selected ﬁve putative target genes (FEN1,

ZWINT, SKP2, SNAI2 and AZGP1) based on information retrieved from the literature, and conﬁrmed their
androgen regulation (Figure 2c). Furthermore, in order
to test the hypothesis that not only the androgens but
also the amount of AR in the cells has an effect on such
regulation, we performed a two-way analysis of variance
in which the interaction between the effect on the
variance of both AR amount and concentration of DHT
was tested. The analysis indicated highly signiﬁcant
(Po0.0001) interaction and that both AR amount and
the DHT concentration affect the gene expression
signiﬁcantly (Po0.0001).
Next, we used qRT–PCR to measure the expression
of the genes in benign prostate hyperplasia (BPH),
untreated PC and CRPC (Figure 2d). SKP2, ZWINT
and FEN1 transcripts were signiﬁcantly overexpressed in
CRPC when compared with PC and/or BPH, whereas
the expression of SNAI2 was reduced in CRPC and PC
compared with BPH. The expression of AZGP1 was
signiﬁcantly lower in CRPC than in PC. For SKP2,
ZWINT and FEN1, we also conﬁrmed the closest highconﬁdence ARBSs using ChIP–qPCR (Figure 3), and
showed that AR binding is stronger in AR overexpressing than in control cells. To investigate the function of
FEN1, ZWINT and SNAI2 in PC, we suppressed them
using small interfering RNAs (siRNAs) in both LNCaPpcDNA3.1 and LNCaP-ARhi cells. FEN1 depletion
reduced signiﬁcantly cell growth of both cell lines
(Figure 4), while SNAI2 and ZWINT depletions
seem to give a growth advantage in control cells, but
not in LNCaP-ARhi cells (Supplementary Figure S2).
To study protein expression of FEN1, we ﬁrst used
western blotting in the cell line model and demonstrated increased protein expression in LNCaP-ARhi

Figure 3 AR binding on putative enhancers of AR target genes. ChIP–qPCR on LNCaP-pcDNA3.1 and -ARhi cells, hormone
starved for 4 days and treated for 2 h with 1 nM DHT or ethanol (0 M), was performed to assess the AR recruitment on the putative
enhancers of FEN1 (a), ZWINT (b) and SKP2 (c) genes located 100 kb upstream (in the ﬁrst intron of the gene DAGLA), 23 kb
upstream and 120 kb upstream the above mentioned genes, respectively, according to our ChIPseq data. The data are presented as fold
over percentage of input of the ethanol-treated sample. Mean±s.e.m. are shown.

Figure 2 Identiﬁcation of androgen-regulated AR target genes that are overexpressed in CRPC. The Venn diagrams showing the
number of genes that are located in a window of 250 kb around the high-conﬁdence ARBSs in LNCaP-pcDNA3.1, -ARmo and -ARhi
cells and that showed at least 1.5-fold differential expression on 1 nM DHT stimulation for 4 h (a) and 24 h (b) (see Supplementary
Tables S4 and S5). (c) Androgen regulation of AR target genes and effect of AR overexpression on their expression. LNCaPpcDNA3.1, -ARmo and -ARhi cells were hormone starved for 4 days and subsequently treated with the indicated concentration of
DHT or with vehicle (0 M). The expression of the genes was measured with qRT–PCR. Mean and s.e.m. of each gene against TBP
values, normalized against the 0 M of each time point are shown. (d) Expression of the indicated AR target genes relative to average of
three housekeeping genes (TBP, b-actin and G3PDH2) in BPH (n ¼ 15), PC (n ¼ 27) and CRPC (n ¼ 13) according to qRT–PCR.
Kruskall–Wallis with Dunn post-test results are shown (***o0.001; *0.01 to 0.05; NS, not signiﬁcant).
Oncogene
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Figure 4 Functional signiﬁcance of FEN1. Growth curve of siFEN1-transfected LNCaP-pcDNA3.1 (a) and LNCaP-ARhi (b) cells.
Mean and ±s.d. are shown on different days. Statistical signiﬁcance against control siRNA-transfected cells growth was assessed at
day 4 by t-test. qRT–PCR at day 2.5 and western blot analysis at day 3 after transfection are also shown in each experiment conﬁrming
the FEN1 knockdown.

and -ARmo compared with control cells (Figure 5a).
Next, we immunostained 185 untreated prostatectomy
specimens as well as 92 CRPC samples (Figures 5b–d).
Although cytoplasmic FEN1 staining was equal in PC
and CRPC, the strong nuclear staining was observed
signiﬁcantly (Po0.0001) more often in CRPC than PC
samples (Figure 5e). Only 5/185 (3%) prostatectomy
samples showed nuclear staining in 410% of malignant
cells. Interestingly, these cases had short time for
biochemical recurrence (Figure 5f).

Discussion
Overexpression of AR is a common feature in CRPC
(Linja et al., 2001), and it has been shown to sensitize
cells to low levels of androgens (Kokontis et al., 1998;
Chen et al., 2004; Waltering et al., 2009). Here, we
utilized our previously established LNCaP-based model
(Waltering et al., 2009), expressing different levels of AR
to interrogate the effect of both ligand and the receptor
on chromatin binding of AR. The data here indicated
that both the ligand concentration and the amount of
receptor affect together the chromatin binding of AR.
A modest overexpression of AR enhances the chromatin
binding of the receptor by sensitizing the cells to 100fold lower ligand concentration. The majority of the
previously reported ChIP-seq and ChIP-chip experiments (Jia et al., 2008; Wang et al., 2009; Takayama
et al., 2010; Yu et al., 2010) have compared the binding
of AR at the saturating concentration of androgens, and
thus, missed the dynamics of AR binding. However, our
data are in line with a recent work by Massie et al.
(2011), in which they found almost ﬁve times more
ARBSs in the strongly AR-overexpressing cell line
VCaP compared with LNCaP cells. The data here are
also consistent with our previous ﬁnding (Waltering
et al., 2009) that androgen-regulated genes are induced
in lower ligand concentrations in cells overexpressing
AR. Thus, the increased chromatin-binding capacity of
the receptor because of the overexpression of the
receptor provides also a mechanistic explanation to the
Oncogene

progression of PC in the presence of only low levels of
androgens.
We conﬁrmed the effect of AR levels on chromatin
binding of the receptor also in another independent
model system. There were almost three times more
ARBSs in LuCaP69 than in LuCaP73 PC xenografts
verifying that the level of AR is associated with the
number of ARBSs. LuCaP69 contains AR gene ampliﬁcation and 10-fold higher expression of AR than
LuCaP73 (Linja et al., 2001). The reliability of the
ChIP-seq data was, on the other hand, conﬁrmed by
traditional ChIP–qPCR of PSA, and our ARBS maps
were able to conﬁrm previously reported ARBS like for
TMPRSS2 enhancer. Furthermore, we obtained a high
degree of ARBSs overlap with previously published data
set on the same cell line.
Although the ChIP–qPCR data conﬁrmed increased
binding in the PSA enhancer in AR-overexpressing
compared with control cell, no such loading difference
was seen in the promoter region (Figure 1b). Previous
studies (Kang et al., 2004; Wang et al., 2005) have
pinpointed the importance of the dynamics of the AR
recruitment in the PSA regulatory regions. Here, we
studied the AR recruitment only 2 h after DHT
stimulation. Thus, we cannot exclude the possibility
that there are differences in the AR recruitment at the
promoter of PSA between the cell lines at later time
points.
Unlike most of the previous AR ChIP-chip and ChIPseq studies (Massie et al., 2007; Wang et al., 2007, 2009;
Jia et al., 2008; Takayama et al., 2010; Yu et al., 2010),
we used several ligand concentrations and several
LNCaP derivative cell lines. Thus, we were able to
produce highly reproducible ARBSs data, which we
called high-conﬁdence ARBSs map. We utilized that
map in comparison of the cell line model and the
xenograft as well as in ARBS localizations, motif and
ontology analyses, and also in identiﬁcation of the
critical AR target genes. The poor overlap (from 4 to
31%) of the high-conﬁdence ARBSs map between the
cell lines and the xenografts emphasizes that AR binding
to chromatin varies signiﬁcantly between tissue samples
suggesting that genetic or other intrinsic differences,
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Figure 5 AR overexpression increases FEN1 protein. (a) AR overexpression increases FEN1 protein production. Western blot
analysis of LNCaP-pcDNA3.1, -ARmo and -ARhi cells grown in normal medium showing FEN1 protein being overexpressed in
AR-overexpressing cells compared with control cells. Anti-ATP synthase subunit alpha (ASS1) antibody was used as loading control.
Immunohistochemical staining of (b) untreated PC with no cytoplasmic or nuclear staining, (c) untreated PC, and (d) CRPC specimen
with strong nuclear staining in almost all malignant cells with monoclonal anti-FEN1 antibody. (e) The percentage of tumors
according to percentage of positive nuclei in PC (n ¼ 185) and CRPC (n ¼ 92) specimens (Po0.0001 according to w2 test). (f) Kaplan–
Meier analysis of biochemical progression-free survival in prostatectomy-treated patients according to the percentage of FEN1 positive
nuclei. Five patients with high frequency of FEN1-positive nuclei had very short progression-free time. The P-value was calculated
with Mantel–Cox test.

such as binding of other transcription factors, in the
cells could contribute strongly to the AR binding
(Zinzen et al., 2009; Kasowski et al., 2010). This notion
is also supported by our re-analysis of the publicly
available data from the work by Yu and co-authors
(2010). According to the re-analysis, Yu et al. obtained
58.1% overlap of ARBSs between LNCaP and only
28.7% overlap between VCaP and a tumor sample. The
same tumor tissue sample showed 44.1% overlap with
our high-conﬁdence ARBSs, while the overlap with the
LuCaP69 ARBSs was only 17.9%. Although the two
xenografts overlapped poorly within each other and also
with the high-conﬁdence ARBSs map of LNCaP, the
ARBSs in the xenografts, localized often close to the
genes that showed ARBSs and androgen regulation in
the LNCaP-model. This suggest that androgen-regulated genes may have alternative ARBSs. The poor

overlap between the cell lines and xenografts may
obviously also be due to the microenvironmental (cell
culture versus mouse) differences.
The genomic localization of the ARBSs indicated that
most of the androgen regulation is mediated by binding
of AR to the distal intergenic elements and intronic
regions as previously suggested (Jia et al., 2008; Lupien
et al., 2008; Yu et al., 2010), instead of, for example, to
promoter regions. Also, the motif analyses were in
concordance with previously published ﬁndings (Massie
et al., 2007; Lupien et al., 2008; Wang et al., 2009; Wei
et al., 2010; Yu et al., 2010) showing that binding sites
of, especially, FOXA1 and ETS family of transcription
factors are enriched in the vicinity of ARBSs. FOXA1
has previously been suggested to be a pioneering factor
for binding of other transcription factors to chromatin
(Lupien et al., 2008, Wang et al., 2011), which is in line
Oncogene
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with our data. Also, the ontology analysis of genes
located within a 25 kb window of the ARBS maps was
consistent with our previous ﬁndings based on the
expression proﬁling of the LNCaP model (Waltering
et al., 2009). Cell–cell adhesion and regulation of
locomotion were among the most enriched ontologies.
Finally, to identify AR target genes that could be
important in the progression of PC, we combined the
high-conﬁdence ARBS map with expression proﬁling of
the LNCaP model. The analyses indicated that there are
more genes, which show ARBSs in LNCaP-ARhi and ARmo than in control cells. The data are consistent with
our previously published ﬁndings on the expression of
AR target genes in this model (Waltering et al., 2009).
Thus, in cells overexpressing AR, less ligand is needed
for induction of target gene expression. We then further
studied the expression of FEN1, ZWINT, SKP2, SNAI2
and AZGP1 in clinical PC ﬁrst by data mining publicly
available microarray data, and subsequently by using
qRT–PCR to measure the expression in BPH, PC and
CRPC. Of those, the expression of SKP2, ZWINT and
FEN1 transcripts were signiﬁcantly overexpressed in
CRPC when compared with PC and/or BPH while the
expression of SNAI2 was reduced in cancer compared
with BPH. Also, recently published data in advanced PC
conﬁrm the overexpression of these genes (Taylor et al.,
2010). In addition, we conﬁrmed the androgen regulation and the ARBSs of these genes by qRT–PCR, and
ChIP–qPCR, respectively.
SKP2 is known to have oncogenic properties and to
be overexpressed in many cancers (Nakayama and
Nakayama, 2006). It has previously been shown to be
androgen regulated (Waltregny et al., 2001) and the
expression being associated with a short biochemical
recurrence following prostatectomy (Nguyen et al.,
2011). However, to our knowledge, this is the ﬁrst
report showing elevated levels of SKP2 transcripts in
CRPCs. A recent study by Lin and co-authors (2010)
suggested SKP2 as a potential target in cancer treatment
and prevention, because inhibition of SKP2 triggered
cellular senescence in p53/PTEN-deﬁcient PC-3 cells
and tumor regression in mice. ZWINT (ZW10 interactor), on the other hand, encodes a kinetokore protein
(Starr et al., 2000) that has been suggested to have a role
in the development of some malignancies (Obuse et al.,
2004; Kops et al., 2005; Lin et al., 2006). We have
previously shown ZWINT to be an androgen-regulated
gene (Waltering et al., 2009). Depletion of ZWINT in
LNCaP-pcDNA3.1 cells resulted in faster growth,
whereas there was no signiﬁcant effect on LNCaP-ARhi
cells. Thus, the functional data are discordant with the
ﬁnding of overexpression of the gene in cancer. SNAI2
(snail homolog 2 (Drosophila)) is a zinc-ﬁnger transcriptional repressor involved in epithelium to mesenchyme
transition (Thiery, 2002). Depletion of also SNAI2 in
LNCaP-pcDNA3.1, but not in LNCaP-ARhi, cells
resulted in faster growth, which is concordant with the
reduced expression in cancer.
FEN1 encodes a structure-speciﬁc metallonuclease
that interacts with several other proteins involved in
DNA replication, apoptosis, DNA repair and telomere
Oncogene

stability (Zheng et al., 2010). Somatic mutations of
FEN1 have been reported in several common cancers
(Zheng et al., 2007). These mutations abolish the
exonuclease activity but retain the ﬂap endonuclease
activity (Zheng et al., 2007), which is consistent with the
ﬁnding that mice carrying mutations show higher
chemically induced cancer incidence (Xu et al., 2011).
The mutations of FEN1 in PC are yet to be investigated,
however, FEN1 has been reported to be overexpressed
in PC, especially in high Gleason score tumors (Lam
et al., 2006). Here, we showed that the high frequency of
nuclear staining was found signiﬁcantly (Po0.0001)
more often in CRPC than in PC, and that the
staining was associated with poor prognosis in
prostatectomy-treated patients. Thus, FEN1, as an
androgen-regulated, overexpressed and associated
with aggressive phenotype of the disease, could be
an important AR downstream gene and, therefore, a
putative drug target. Also, our preliminary functional
data further suggest that FEN1 could promote the
growth of PC cells, since the knockdown of FEN1
signiﬁcantly reduced the growth of both control and
AR-overexpressing cells.
In conclusion, we demonstrated that chromatin
binding of AR is dependent not just on the ligand
concentration, but also on the level of the receptor.
Thus, the overexpression of AR in CRPC cells allows
these cells to activate the AR signaling even in low
androgen concentrations. By combining ChIP-seq and
expression data, we were able to identify genes whose
expression is directly regulated by AR, and are
transcriptionally upregulated in PC and CRPC. These
genes could be important in the progression of PC.

Materials and methods
Cell line and cell culture procedure
The establishment of LNCaP cells overexpressing AR has been
described previously (Waltering et al., 2009). The cells were
maintained under geneticin 250 mg/ml (Invitrogen Inc., Carlsbad, CA, USA). The hormone treatments and RNA extractions were performed as previously described (Waltering et al.,
2011). LNCaP, VCaP and LAPC4 cells were purchased from
ATCC (LGC/ATCC, Rockville, MD, USA) and maintained
according to the manufacturer’s instructions.
Xenografts material
Two PC xenografts, LuCaP69 and LuCaP73, grown in intact
male mice, were provided by one of the investigators (RLV).
Clinical samples
Freshly frozen 8 BPH and 27 untreated primary PC samples
from prostatectomies, as well as 7 BPH and 15 CRPC
specimens from transurethral resection of the prostate-treated
patients were used in the study. The samples were snap frozen
in liquid nitrogen and total RNA was isolated with TrizolReagent (Invitrogen Inc.) according to the manufacturer’s
instructions. Tumor samples contained, at least, 70% of cancer
cells. The use of the clinical material has been approved by the
ethical committee of the Tampere University Hospital.
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Tissue microarrays contained 185 formalin-ﬁxed parafﬁn-embedded prostatectomy and 92 CRPC (transurethral
resection of the prostate) specimens obtained from Tampere
University Hospital. For the prostatectomy-treated patients,
detectable PSA values (X0.5 ng/ml) in two consecutive
measurements or the emergence of metastases were considered
as signs of progression. The use of tissue microarrays has been
approved by the ethical committee of Tampere University
Hospital and the National Authority for Medicolegal Affairs.
ChIP, ChIP-seq assays and data analysis
Four million cells were plated and hormone-deprived for
4 days and treated with DHT at different concentrations for
2 h. Cells were ﬁxed by adding formaldehyde (Merck KGaA,
Darmstadt, Germany) in 1% ﬁnal concentration for 10 min at
room temperature and lysed in 1% sodium dodecyl sulfate,
10 mM EDTA, 50 mM Tris–HCl containing 2X protease
inhibitor (Roche Inc., Mannheim, Germany). To perform
tissue ChIP, 3 ml of phosphate-buffered saline containing 2X
protease inhibitor (Roche Inc.) were added to 40  20 mm
sections of freshly frozen xenograft specimens. They were ﬁrst
vigorously mixed three times with syringe and 14G needle,
then four times with 25G needle. The cells were ﬁxed for
10 min in room temperature by adding 1/10 volume of ﬁxation
solution (11% formaldehyde, 0.1 M NaCl, 1 mM EDTA, 0.5 mM
EGTA, 50 mM HEPES). Fixation was stopped by adding 1/20
volume of 2.5 M glycine for 5 min at room temperature.
The cells were pelleted, washed twice in phosphate-buffered
saline containing 2X protease inhibitor (Roche Inc.) and lysed
as above. The chromatin was immunoprecipitated with 10 mg
of normal rabbit immunoglobulin G (Santa Cruz Inc., Santa
Cruz, CA, USA) or 10 ml of anti-AR polyclonal antibody
(AR3) (provided by one of the investigators: OAJ) (Karvonen
et al., 1997, Thompson et al., 2006). Supplementary Figure S3
shows a validation of the AR3 antibody in western blot and
ChIP assay. The libraries of ChIP DNA were prepared and
sequenced with Genome Analyzer II (Illumina Inc., San Diego,
CA, USA) according to the manufacturer’s protocol. Detailed
descriptions of the ChIP procedure, sequencing and detailed
data analysis are included in Supplementary Information.
mRNA expression proﬁling
mRNA expression data with Illumina platform (including
RefSeq genes) (Illumina Inc.) were retrieved from the studies
by Waltering et al. (2009). A detailed description of the raw
data analysis is provided in the Supplementary Information.
Quantitative PCR assays
For mRNA expression analyses, ﬁrst-strand complementary
DNA synthesis was performed from total RNA using AMV
reverse transcriptase (Finnzymes Inc., Espoo, Finland) according to the manufacturer’s instructions. The relative expression
of each gene against the average value of TBP, G3PDH2
and b-actin reference genes was measured with Maxima
SYBR Green (Fermentas Inc., Burlington, Ontario, Canada)
and CFX96 real-time PCR detection system (Bio-Rad
Laboratories Inc., Hercules, CA, USA) essentially as previously described (Urbanucci et al., 2008). For the ChIP–
qPCR analysis, the enrichment relative to input chromatin
was calculated according to the delta Ct method with the
percentages been calculated using the formula 2DCt, where DCt
is Ct(ChIP-template)-Ct(Input). A standard curve from one of
the diluted input was included in the run to control that the
efﬁciency of the reaction would be maintained in the range
between 95 and 105%. A qPCR on a control region in which
AR is not supposed to bind, between PSA enhancer and

promoter (middle region) was performed for each ChIP assay.
The ChIP assay was considered speciﬁc if in the control region
the enrichment was not above the enrichment of the nonspeciﬁc immunoprecipitated sample made with normal rabbit
immunoglobulin G. The primers used are listed in Supplementary Table S7.
Western blot
Western Blot was performed from total cell lysates. The primary
antibodies used were anti-FEN1 (clone 4E7; LifeSpan Biosciences Inc., Seattle, WA, USA) and anti-ATP synthase subunit
alpha (clone 15H4C4; MitoSciences Inc., Eugene, OR, USA)
monoclonal antibodies. A detailed description of the western
blot procedure is provided in the Supplementary Information.
Immunohistochemistry
Mouse anti-FEN1 (mAb clone 4E7; LifeSpan Biosciences Inc.)
was used with Power Vision þ Poly-HRP IHC kit (ImmunoVision Technologies Co., Burlingame, CA, USA) according to
the manufacturer’s instructions. The protocol has previously
been described (Leinonen et al., 2010).
siRNA transfections
Silencer selected siRNAs from Ambion (Applied Biosystems/
Ambion, Austin, TX, USA) were used. Cells were transfected
with INTERFERin transfection reagent (Polyplus-transfection, Illkirch, France) according to the manufacturer’s
protocol. Brieﬂy, 20 000 cells/24-well plate were seeded and
transfected with 20 nM of siFEN1 (s5103), 20 nM each of
siZWINT (s21949 and s21951), 20 nM each of siSNAI2 (s13127
and s13128) or equal concentration of Silencer negative
control siRNA #1. Expression levels of FEN1, ZWINT and
SNAI2 relative to TBP were measured by qRT–PCR (2.5 days
after transfection) and protein levels by Western blot analysis
(3 days after transfection).
Growth curves
Growth curve measurements were started 1 day after siRNA
transfection and marked as day 1. Images of the same growth
area in each well were acquired every day using a Retiga-2000R
FAST Cooled Mono 12-bit camera (QImaging Inc., Surrey, BC
Canada) mounted on a Motorized Inverted Research Microscope IXT1 (Olympus America Inc., Center Valley, PA, USA)
and a 10X objective. The total growth area occupied by cells
(area percent) in each well was determined each day of
measurement with ImageJ software (Abramoff et al., 2004)
and normalized against the growth area of the relative well
at day 1. Four replicates were used in each siRNA experiment.
T-test was used to assess signiﬁcance of differences in growth
curves at day 4.
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