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The androgen receptor (AR) is a key regulator of prostate

growth and the principal drug target for the treatment of

prostate cancer. Previous studies have mapped AR targets

and identified some candidates which may contribute to

cancer progression, but did not characterize AR biology in

an integrated manner. In this study, we took an inter-

disciplinary approach, integrating detailed genomic studies

with metabolomic profiling and identify an anabolic tran-

scriptional network involving AR as the core regulator.

Restricting flux through anabolic pathways is an attractive

approach to deprive tumours of the building blocks needed

to sustain tumour growth. Therefore, we searched for tar-

gets of the AR that may contribute to these anabolic pro-

cesses and could be amenable to therapeutic intervention by

virtue of differential expression in prostate tumours. This

highlighted calcium/calmodulin-dependent protein kinase

kinase 2, which we show is overexpressed in prostate

cancer and regulates cancer cell growth via its unexpected

role as a hormone-dependent modulator of anabolic meta-

bolism. In conclusion, it is possible to progress from tran-

scriptional studies to a promising therapeutic target by

taking an unbiased interdisciplinary approach.
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Introduction

The androgen receptor (AR) is a ligand activated transcrip-

tion factor and is the main therapeutic target in prostate

cancer. Androgen deprivation therapy (chemical castration)

is an effective first-line therapy for prostate cancer, but

despite good initial responses the recurrence of castrate-

resistant disease is common and ultimately fatal. Functional

studies have shown that the AR is essential for cell viability,

proliferation and invasion in both hormone-sensitive

and castrate-resistant prostate cancer (Haag et al, 2005;

Hara et al, 2008; Snoek et al, 2009). These findings are

supported by clinical studies reporting the sensitivity of

castrate-resistant prostate cancer to second-generation AR

antagonists and hormone synthesis blockade (Attar et al,

2009; Attard et al, 2009; Tran et al, 2009). In castrate-resistant

disease, where tumours are less sensitive to androgen deple-

tion, AR activity is maintained by gene amplification

(Visakorpi et al, 1995), activating mutations (Veldscholte

et al, 1990; Steinkamp et al, 2009) or signalling cross talk

with other oncogenic pathways (Craft et al, 1999). All of

these mechanisms suggest a strong selective pressure to

maintain AR-regulated signalling pathways in castrate-resis-

tant disease, although the nature of these important pathways

has remained unclear.

Previous studies have aimed to identify androgen-regu-

lated genes or AR genomic binding sites (Wang et al, 2007; Jia

et al, 2008; Yu et al, 2010). However, no single study has

identified the transcriptional networks, which underlie AR

dependency in both hormone naive and castrate-resistant

prostate cancer. Individual studies have focussed on the

use of a single model of prostate cancer (LNCaP or its

in vitro-derived subclones) (Velasco et al, 2004; Massie

et al, 2007; Wang et al, 2007, 2009), been limited by genome

coverage on microarrays (Massie et al, 2007; Wang et al,

2007; Jia et al, 2008), did not map sites of transcriptional

activity (Massie et al, 2007; Wang et al, 2009) or assessed

only a limited number of time points following androgen

stimulation (Velasco et al, 2004). These studies have pro-

vided important insights into the upstream mechanisms

which direct the transcriptional activities of the AR and

identified a number of transcription factors which cooperate

with or antagonize AR activity (Wang et al, 2007; Jia et al,

2008; Yu et al, 2010). However, efforts to identify the key

downstream targets of the AR in prostate cancer have identi-

fied indirect links to anabolic pathways (Heemers et al, 2001,

2004; Xu et al, 2006) or focussed on cell-cycle regulators

(Knudsen et al, 1998; Wang et al, 2009), some of which

appear only to be AR targets in models of castrate-resistant

prostate cancer (Wang et al, 2009). Therefore, a detailed
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map of AR-regulated genes in diverse models of pro-

state cancer is needed to better understand the essential

signalling pathways downstream of the AR in both

hormone-sensitive and castrate-resistant stages of the

disease.

Results

Identifying a core set of direct AR-regulated genes

To identify direct AR-regulated genes, we combined genome-

wide AR binding profiles with detailed transcript profiling.

We also integrated androgen-stimulated recruitment of

the transcriptional machinery to identify a core set of AR

binding sites, which regulate gene expression in prostate

cancer cells. First, we mapped AR binding profiles in two

cell lines which represent distinct molecular subtypes of

prostate cancer: one harbouring an AR ligand binding

domain mutation (LNCaP); one harbouring an AR gene

amplification (VCaP). Using chromatin immunoprecipitation

with direct Solexa sequencing (ChIP-seq), we identified

11053 AR binding sites in LNCaP cells and 51 811 androgen-

dependent AR binding sites in VCaP cells (Supplementary

Tables S1 and S2). VCaP cells harbour a copy number gain of

the AR gene locus resulting in elevated AR expression

(Supplementary Figure S1; Makkonen et al, 2011), which

may at least in part explain the larger number of AR binding

sites found in VCaP compared with LNCaP cells. Despite the

difference in total number of identified binding sites, over

90% of the LNCaP AR binding sites were also found in the

VCaP cells (Figure 1A; Supplementary Figure S2;

Supplementary Table S3), suggesting that these core binding

sites are commonly occupied by the AR even in distinct

molecular subtypes of prostate cancer. The common AR

binding sites between LNCaP and VCaP cells included all

established AR target genes (Figure 1A; Supplementary

Figure S2), had significant correlations with other published

data sets (Supplementary Figure S3) and identified thousands

of AR targets not identified in previous AR ChIP studies

(Supplementary Table S3). As a resource we have compiled

all published AR ChIP-chip studies together with our data in

Supplementary Table S3.

Next, we integrated the location of the transcriptional

machinery on the prostate cancer genome together with

detailed expression profiling. We identified 15 761 andro-

gen-dependent RNAP II (serine 5 phosphorylated RNA poly-

merase II) regions in LNCaP cells using ChIP-seq

(Supplementary Table S4), 1283 of which overlapped with

androgen-stimulated AR binding sites (Figure 1B). The re-

gions enriched for RNAP II alone (n¼ 14 478) represent sites

of paused, primed or active transcription (Bernstein et al,

2006; Core et al, 2008); however, sites to which the AR and

RNAP II are dynamically co-recruited (n¼ 1283) are candi-

date regions for androgen-stimulated transcriptional initia-

tion (explored in detail below). Using Illumina BeadArrays,

we made a detailed study of androgen-regulated gene expres-

sion with samples taken every 30 min for 4 h and then every

hour up to 24 h following androgen stimulation of LNCaP

cells. This detailed expression array time course made it

possible to identify androgen-regulated gene expression

changes based on trends with time following androgen

stimulation (using autocorrelation), allowing detection of

early and even small gene expression changes (see Materials

and methods for details). In total, we found 3319 transcripts

with altered expression in response to androgens, 1556 (47%)

transcripts were upregulated and 1763 (53%) were down-

regulated (Supplementary Table S5).

We made a combined analysis of our treatment contrast

ChIP and detailed gene expression profiling to identify

AR binding sites which recruit the transcriptional machinery

and direct AR-regulated genes. Such combined analyses

require a predefined genomic distance between transcript

factor binding sites and genes, which is often set arbitrarily.

To address this issue, we took a more empirical approach

using gene set enrichment analysis (GSEA) to define the

optimal genomic distance between AR binding sites (peaks)

and androgen-regulated genes (gene boundaries). We found

that genes located within 25 kb of an AR binding site were

the most significantly enriched for androgen-regulated genes;

the maximal enrichment score at 25 kb suggests that smaller

genomic windows would include a greater proportion of

false negatives and that larger genomic windows would

include a greater proportion of false positives (Figure 1C;

Supplementary Figure S3; Supplementary data). Therefore,

using this 25 kb window we integrated the genomic locations

of AR binding sites, androgen-stimulated recruitment of the

core transcriptional machinery and detailed gene expression

profiling (Figure 1D). This integrated analysis revealed that

loci bound by either the AR or RNAP II alone contain genes

which are upregulated, downregulated or not affected by AR

signalling (Figure 1D). This finding is consistent with pre-

vious studies showing that the AR can directly activate or

repress transcription (Margiotti et al, 2007; Prescott et al,

2007), that only a proportion of transcription factor binding

sites are active in a given cellular context (Carroll et al, 2006)

and that RNAP II enriched regions of the genome include

both sites of active transcription and also sites where trans-

cription has paused or stalled (Bernstein et al, 2006;

Core et al, 2008). In contrast, the core overlap of androgen-

stimulated AR binding sites and RNAP II recruitment

showed specific enrichment for androgen upregulated

transcripts (Figure 1D). Therefore, our combined analysis

has identified a core set of AR binding sites that recruit

the transcriptional machinery and upregulate the trans-

cription of adjacent genes. These core AR targets may

help to identify the features of transcriptionally active AR

binding sites.

Analysis of the genomic sequences underlying all AR

binding sites found in LNCaP, VCaP or those identified in

both cell lines revealed evolutionary conservation, enrich-

ment of AR binding sequences and motifs for previously

reported AR interacting transcription factors, including fork-

head and NF-1 (Supplementary Figure S1; Supplementary

Table S6) (Wang et al, 2007; Jia et al, 2008). The overlapping

AR and RNAP II sites showed significant enrichment of 6 bp

and 15 bp AR binding motifs (Figure 1E and F), but also

showed enrichment for CREB and AHR binding motifs, in

contrast to the full set of AR binding sites (Supplementary

Figure S1; Supplementary Table S6). De novo motif analysis

revealed an inverted-repeat 15 bp ARE similar to the in vitro-

derived consensus binding motif (Roche et al, 1992) and

also a 6 bp motif consisting of one half of the consensus

15 bp element, as previously reported in other AR ChIP

studies (Massie et al, 2007; Wang et al, 2007) (Figure 1E;

Supplementary Figure S1).
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Identifying cellular processes regulated by the AR

Our combined analysis of AR, RNAP II and detailed expression

profiling also identified a core set of direct androgen-regulated

genes for further investigation. We defined direct AR targets

as those genes induced by androgen treatment and for which

there were overlapping hormone-induced AR binding sites
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Figure 1 Mapping transcriptional targets of the AR. (A) ChIP-seq enrichment profiles for AR and RNAP II with or without androgen treatment
and in LNCaP or VCaP cells, as indicated (cells cultured in steroid depleted media and treated with 1 nM R1881 or 0.01% ethanol for 4 h).
Location of the PSA gene is indicated below enrichment plots, arrow indicates the direction of transcription. Androgen-stimulated expression is
shown at the bottom, represented as a heatmap showing expression changes with time following androgen stimulation (1 nM R1881, data from
Illumina beadarray gene expression time course). (B) Venn diagram showing the overlap between AR binding sites and androgen-dependent
RNAP II enriched genomic regions (1 nM R1881, 4 h; data from intersects of all peaks overlapping by 41 bp). (C) Gene set enrichment analysis
(GSEA) of androgen-regulated genes (Illumina beadarray androgen stimulation time course), using gene sets identified within genomic
windows from 1 to 500 kb from AR binding sites. (D) Combined analysis of AR binding sites, androgen-dependent RNAP II enriched regions
and androgen-regulated genes. Genes are grouped by expression changes early (o4 h), late (44 h), up, down or no change in response to
androgen stimulation (left). Pie charts indicate the proportion of genes with adjacent AR, RNAP II or overlapping AR-RNAP II sites in each set
(o25 kb from gene boundaries; groups indicated above). (E) Sequence logos for 15 and 6 bp AR/GR binding motifs (P-values indicate
enrichment in AR-RNAP II overlapping regions). (F) Venn diagram showing the occurrence of 15 and 6 bp AR binding motifs in andro-
gen-dependent AR-RNAP II overlapping sites.
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within 25 kb of the genes. This definition identified a suffi-

cient number of genes to allow pathway enrichment analysis

and as a resource we have included a table noting these genes

together with their androgen-stimulated expression profile,

annotated with the location of adjacent AR and RNAP II

binding sites (Supplementary Table S7). Interestingly, this

core set of direct AR-regulated genes gave overlapping but

distinct functional enrichment by gene ontology (GO) analy-

sis compared with gene expression data alone (Figure 2A;

Supplementary Tables S8 and S9).

While many established classes of AR target gene were

represented within the data sets as a whole, including

cell-cycle regulators (e.g., CDC25, CDK6 and E2F1) and

signalling molecules which have been implicated in prostate

cancer (e.g., WWP1, ERBB2, MEK5, SGK1 and IGF1R)

(Figure 2C; Craft et al, 1999; Hellawell et al, 2002; Mehta

et al, 2003; Chen et al, 2007; Sherk et al, 2008), the combined

analysis of direct AR targets and androgen-regulated genes

also revealed a significant enrichment of metabolic targets

(Figure 2A–C; Supplementary Table S9). GO analysis high-

lighted central metabolism and biosynthetic pathways among

the direct AR targets (Figure 2A) and GSEA also revealed

significant enrichment of central metabolism and metabolic

gene signatures (Mootha et al, 2003) among direct AR-regu-

lated genes (Figure 2B). Unlike other biological processes,

metabolism has been subjected to decades of detailed

biochemical study and consists of a series of interlinked

and well-characterized processing steps. This makes the

functional consequences of changes in enzyme expression

uniquely predictable for metabolic pathways and made these

pathways an ideal testing ground for the linkages established

by our genomics data. We found that the AR directly

upregulated expression of key steps in glucose uptake and

glycolysis including glucose transporter 1 (GLUT1/SLC2A1),

hexokinase I and II (HK1 and HK2), phosphofructokinase

(PFK2/PFKFB2) and also many anabolic enzymes at both the

transcript and protein level (Figure 2C and D; Supplementary

Figures S4 and S5). Based on the annotation of these

direct metabolic AR target genes within well-defined meta-

bolic pathways we predicted that the AR may facilitate cell

growth by promoting glucose uptake and anabolic meta-

bolism (Figure 2D). To test these predictions from our

genomics data, we undertook comprehensive metabolomic

profiling to assess the effects of AR signalling on glucose

consumption and lactate production, O2 consumption and

detailed metabolite profiling of intracellular and extracellular

metabolites using proton nuclear magnetic resonance

(1H NMR) and glucose flux using carbon-13-labelled glucose

with gas chromatography–mass spectrometry (GC/MS).

The AR regulates aerobic glycolysis and anabolism

in prostate cancer cells

Androgen stimulation of prostate cancer cells increased

glucose uptake and increased lactate production in normoxia,

but had no effect on oxygen consumption, showing that AR

signalling does indeed stimulate aerobic glycolysis (Christofk

et al, 2008; Vander Heiden et al, 2009) (Figure 2E–I;

Supplementary Figure S4F). Citrate levels were also increased

following androgen stimulation (Figure 2G) while the levels

of the tricarboxylic acid (TCA) cycle metabolite succinate

remained unchanged (Figure 2H), further underscoring

androgen stimulation of glycolysis and highlighting the trun-

cated TCA cycle in prostate epithelial cells (Costello et al,

1997). We also found that AR signalling significantly stimu-

lated anabolic synthesis, by measuring the flux from carbon-

13-labelled glucose to amino acids (e.g., glutamine) and RNA

(ribose) in response to androgen stimulation (Supplementary

Figure S6; Figure 4F and G). Therefore by specifically upregu-

lating these rate-limiting steps in glycolysis, the AR stimu-

lates energy production and provides carbon needed for

macromolecule synthesis. In addition, we found that the

AR stimulated the expression of key anabolic enzymes,

which utilize glucose metabolites (e.g., fatty acid synthase

(FASN) and acetyl-CoA carboxylase a (ACACA)) and master

regulators of biosynthesis (e.g., MTOR, encoded by FRAP1;

Supplementary Figure S5). Therefore, AR signalling appears

to coordinately regulate energy production and biosynthesis

at multiple levels (Figure 2D), highlighting these metabolic

pathways as potential targets to inhibit the growth of prostate

cancer cells (Migita et al, 2009).

CAMKK2 is a metabolic master regulator downstream

of the AR in prostate cancer cells

Identifying cancer-specific alterations that affect central

metabolism is a major challenge for drug discovery in cancer

biology. Therefore, we used clinical gene expression data

(Rhodes et al, 2004) to assess cancer-specific expression of

AR targets (Supplementary Table S7). Among the direct AR

target genes, we identified calcium/calmodulin-dependent

kinase kinase 2 (CAMKK2, Figure 3A) as consistently over-

expressed in prostate cancer in nine independent clinical

gene expression studies (Rhodes et al, 2004; Varambally et al,

2005), showing a similar pattern to the established prostate

cancer marker AMACR (Jiang et al, 2001, 2002) (Figure 3B;

Supplementary Figure S5). CAMKK2 was only highlighted by

integrating AR genomic targets with clinical expression data,

since we identified a core set of 1164 direct AR-regulated

genes and on average CAMKK2 was ranked only 40th

over the nine clinical studies (Figure 3B). CAMKK2 has

Figure 2 Functional annotation of direct AR-regulated genes. (A) Gene ontology (GO) network of direct AR-regulated genes (androgen
upregulated genes within 25 kb of AR binding site, Cytoscape BiNGO analysis). (B) Gene set enrichment analysis (GSEA) plots for direct
AR-regulated genes, showing enrichment for carbohydrate metabolism GO and the curated peroxisome proliferator-activated receptor g
co-activator 1-a (PPARGC1A) metabolic gene set. (C) Gene expression heatmaps, showing androgen-regulated genes within 25 kb of an
AR binding site, grouped by functional categories (indicated above; data from Illumina beadarray time course in LNCaP cells; pathway
annotations from GO annotations, KEGG pathways and literature reviews). (D) Schematic showing the locations of direct AR-regulated genes in
metabolic and cell-cycle pathways. Red boxes indicate direct AR upregulated genes, blue boxes represent direct AR downregulated genes and
yellow boxes indicate proteins not found to be regulated by the AR. Dashed lines indicate intermediate steps not shown. (E–I) Levels of (E)
glucose, (F) lactate, (G) citrate, (H) succinate and (I) oxygen consumption rates were measured following growth of LNCaP prostate cancer
cells in steroid depleted media with and without androgen stimulation (1 nM R1881). Expressed as mM lactate, mM citrate, mM succinate and
% glucose consumption in cell culture media and nmol/ml/min oxygen consumption rate, all normalized to cell number (represented as
mean±s.e.m.; each data point represents triplicate measurements).
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previously been linked to central metabolism as an essen-

tial regulator of the metabolic sensor AMP kinase (AMPK)

in the hypothalamus (Anderson et al, 2008), implicating

CAMKK2 also as a regulator of cellular metabolism. The AR

was recruited to the CAMKK2 promoter in both androgen-

dependent and castrate-resistant prostate cancer cell lines
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(Supplementary Figure S7), suggesting that CAMKK2 is an

AR target in both stages of the disease. CAMKK2 transcript

and protein were upregulated early (o4 and o12 h, respec-

tively) in response to androgen stimulation and downregu-

lated in response to the AR antagonist bicalutamide,

underscoring the direct regulation of CAMKK2 by the AR

(Figure 3C and D; Supplementary Figure S7i). In clinical

samples, we found CAMKK2 protein overexpression in two

independent prostate cancer cohorts (Figure 3E;

Supplementary Figure S7; Supplementary Table S10) and

confirmed that CAMKK2 was a direct AR target in a panel

of clinical prostate cancer samples using ChIP from human

tissue (Figure 3F). These data highlight CAMKK2 as an

AR-regulated gene in prostate cancer and in combination

with the published role of CAMKK2 as a metabolic regulator

(Anderson et al, 2008), prompted us to investigate the func-

tional effects of AR-CAMKK2 signalling.

Since CAMKK2 has been shown to phosphorylate AMP

activated kinase (AMPK) in the hypothalamus (Anderson

et al, 2008) we tested the effects of CAMKK2 inhibition

on AMPK phosphorylation in a panel of prostate cancer

cell lines. Inhibition of CAMKK2 using siRNA or the

specific inhibitor STO-609 (Tokumitsu et al, 2002) reduced

p-AMPK without affecting total AMPK levels (Figure 4A;
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Figure 3 The regulation and expression of CAMKK2 in prostate cancer. (A) ChIP-seq enrichment profiles for the AR (LNCaP and VCaP) and
RNAP II (LNCaP), as indicated. The CAMKK2 gene position is indicated below, arrow indicates the direction of transcription. Androgen-
regulated expression of CAMKK2 is shown in the heatmap below (data from Illumina beadarray time course in LNCaP cells). (B) Summary of
gene expression data from nine separate studies using clinical samples showing the expression of six direct AR targets in prostate cancer
compared with benign (represented as the percentile rank for each gene in each set and labelled with median gene rank and median P-value for
each gene over all nine studies; data from Oncomine). (C) Real-time qrtPCR quantification of CAMKK2 transcript following androgen
stimulation (LNCaP cells cultured in steroid depleted media and treated with1 nM R1881; data represented as average of triplicates±s.e.m.).
(D) Western blotting for CAMKK2 and b-tubulin, using LNCaP cell lysates harvested following 72 h culture in steroid depleted media followed
by treatment with either androgen (1 nM R1881) or vehicle (0.01% ethanol) for 4, 12, 24 or 48 h, as indicated. (E) Summary of CAMKK2
immunohistochemical staining of benign (BPH), prostate intraepithelial neoplasia (PIN) and prostate cancer (PrCa) (data from Vancouver
prostate tissue microarray, n¼ 84 cores). (F) Heatmap showing the results of AR ChIP from six individual clinical prostate cancer samples, with
Real-time PCR detection of the CAMKK2 promoter and PSA (KLK3) enhancer regions (represented as fold-enrichment over total input DNA,
normalized to unbound control locus).
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Supplementary Figure S8). This shows that CAMKK2 is

required for AMPK phosphorylation in prostate cancer

cells and confirmed that CAMKK2 was inhibited by the

STO-609 compound. Androgen treatment induced AMPK

phosphorylation and this was blocked by siRNA knock-

down of either the AR or CAMKK2 (Figure 4B), highlighting

an AR-CAMKK2-AMPK signalling pathway in prostate cancer

cells. AMPK activity promotes glycolysis by phosphorylation

of PFK2 and negatively regulates protein synthesis by phos-

phorylating the TSC1/TSC2 complex upstream of mTOR

(Marsin et al, 2000; Gwinn et al, 2008). We assessed the

relative impact of the AR-CAMKK2-AMPK pathway on
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Figure 4 CAMKK2-AMPK signalling and glucose metabolism downstream of the AR in prostate cancer cells. (A) Western blotting of lysates
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or scrambled control siRNA. (B) Western blotting of lysates from LNCaP cells 72 h after transfection of AR siRNA, CAMKK2 siRNA or scrambled
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24, 48 and 72 h, as indicated (average of triplicate experiments, normalized to cell counts). (D) Measurement of glucose flux to citrate using
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72 h following transfection of AR siRNA, CAMKK2 siRNA or scrambled control siRNA in the presence and absence of androgens (1 nM R1881
or 0.01% ethanol; concentrations measured using enzymatic assays, Abcam). (G) Measurement of glucose flux to glutamate using carbon-13-
labelled glucose (1,2-13C2-glucose) and GC/MS. LNCaP cells were cultured for 72 h in the presence or absence of androgen (1 nM R1881
or 0.01% ethanol) and with or without CAMKK2 inhibition (25mM STO-609) or CAMKK2 siRNA knock-down (represented the proportion
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mTOR by blotting for phospho-mTOR and for phospho-S6

kinase downstream of mTOR. These surrogates for mTOR

activity were unaffected either by STO-609 or by CAMKK2

siRNA, indicating that protein synthesis is unperturbed by

targeting the AR-CAMKK2-AMPK (Figure 4A; Supplementary

Figure S8). By contrast glycolytic flux was significantly

inhibited by these interventions (Figure 4C–E); cells treated

with the CAMKK2 inhibitor STO-609 or CAMKK2 siRNA had

reduced glucose uptake and produced less lactate and citrate

(Figure 4C–F), suggesting a reduction in aerobic glycolysis.

In addition, metabolic profiling revealed an intracellular

accumulation of glucose following CAMKK2 inhibition

(Figure 4C) and decreased anabolism from glucose to citrate,

ribose and amino acids (Figure 4G; Supplementary Figure

S6), together suggesting a metabolic block downstream of

glucose uptake (Figure 5F). CAMKK2 inhibition also reduced

PFK activity (Supplementary Figure S8), suggesting that

AR-CAMKK2-AMPK signalling may stimulate glucose uptake

and glycolysis through effects on PFK (Figure 5F). Impor-

tantly, CAMKK2 knock-down or inhibition was sufficient to

block AR stimulated glucose uptake and lactate production

(Figure 4E and F), highlighting CAMKK2 as an essential

regulator of these metabolic effects downstream of the AR

in prostate cancer cells.

Both RNAi knock-down and chemical inhibition of CAMKK2

reduced proliferation in prostate cancer cells (Figure 5A;
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Supplementary Figure S8), while CAMKK2 overexpres-

sion stimulated proliferation (Supplementary Figure S8).

Interestingly, combining CAMKK2 inhibition with glucose

depletion or the metabolic inhibitor metformin has a syner-

gistic effect on proliferation and cell viability (Figure 5B

and C). To assess the contribution of other signalling path-

ways downstream of CAMKK2 in prostate cancer we used

phospho-protein profiler arrays from replicate CAMKK2

siRNA transfected and STO-609-treated cell lysates. These

showed almost identical profiles (Pearson’s correlation

40.9), highlighting the specificity of STO-609 in this context.

Loss of AMPK phosphorylation was confirmed on the phos-

pho-specific antibody array following either CAMKK2 siRNA

or STO-609 treatment, interestingly both treatments resulted

in loss of AMPK1a phosphorylation but no measurable

change in AMPKa2 phosphorylation (Supplementary Figure

S9). In addition, we observed no change in the phosphoryla-

tion of the CAMK1 and CAMK4 target CREB (Supplementary

Figure S9), suggesting no gross alterations in CAMK1 or

CAMK4 signalling downstream of CAMKK2 inhibition in

AR-dependent prostate cancer cells. To further test the

contribution of these downstream targets of CAMKK2, we

used siRNA knock-down of CAMK1 and CAMK4, and the

AMPK activator AICAR. Knock-down of CAMK1 and CAMK4

had marginal effects on cell proliferation, glucose consump-

tion and lactate production (Supplementary Figure S9). These

effects were significantly less than the effects of CAMKK2

inhibition in both androgen-dependent and castrate-resistant

cell lines which express the AR (Supplementary Figure S9;

Figure 6B). In contrast, the AMPK activator AICAR was

sufficient to rescue the growth inhibitory effects of

CAMKK2 RNAi knock-down or STO-609 treatment in AR

expressing cell lines (Figure 5D; Supplementary Figure S8).

Importantly, while CAMKK2 knock-down or chemical inhibi-

tion significantly inhibited androgen-stimulated proliferation,

the AMPK activator AICAR was sufficient to rescue this

effect and also to rescue the growth inhibitory effects of

androgen depletion (Figure 5D and E; Supplementary

Figure S8). Together, these functional studies implicate

CAMKK2-AMPK signalling in prostate cancer growth and

place this signalling axis downstream of the AR. Overall,

our data suggest that CAMKK2 stimulates glycolysis by

activating AMPK and without significant effects on biosynth-

esis (e.g., mTOR signalling) or other CAMKK2 substrates

(Figure 5F).

CAMKK2 is functionally important in hormone-sensitive

and castrate-resistant prostate cancer

In clinical samples, CAMKK2 levels were reduced following

neoadjuvant hormone therapy, confirming in vivo the AR

regulation of CAMKK2 (Figure 6A). Interestingly, we found

that CAMKK2 levels were increased again in castrate-resistant

disease (Figure 6A; Supplementary Table S10). This supports

the in vitro findings that the AR binds to the CAMKK2

promoter in castrate-resistant prostate cancer cell lines

(Supplementary Figure S7i) and that both glycolysis

(Supplementary Figure S9) and cell proliferation (Figure 6B;

Supplementary Figure S8) were sensitive to CAMKK2 inhibi-

tion or knock-down in these resistant cell lines. Collectively,

these data implicate CAMKK2 in late stage drug-resistant

prostate cancer where existing therapies are no longer effec-

tive. Therefore, to assess the functional importance of

CAMKK2 in tumour formation we used the C4-2B xenograft

model of castrate-resistant prostate cancer, a model

which mirrors clinical late stage disease where AR signalling

frequently remains functionally important (Snoek et al, 2009;

Tran et al, 2009). Pharmacokinetic measurements showed

that the CAMKK2 inhibitor STO-609 had a moderate half-life,

low clearance and a low volume of distribution when admi-

nistered IV or IP (Supplementary Figure S10). There was

little difference in the plasma concentration of STO-609

following a single administration and after 19 sequential

doses, indicating neither accumulation nor increased

clearance with repeat dosing of STO-609 (Figure 6C).

STO-609 was easily detected in tumour samples with a

mean concentration of 2670 and 682 nM at 0.5 and 2 h,

respectively (Figure 6C; Supplementary Figure S10). The

tumour levels of STO-609 were approximately equal in

tumour and plasma at 2 h (682 versus 663 nM, respectively),

although earlier time points suggest that the tumour kinetics

of STO-609 differ from plasma kinetics (Supplementary

Figure S10). The growth of C4-2B prostate cancer xenografts

was reduced in mice treated with the CAMKK2 inhibitor

STO-609 (Figure 6D–F; Supplementary Figure S10) and we

observed an additive effect with AR inhibition, in castrated

mice treated with the CAMKK2 inhibitor STO-609 (Figure 6F).

Interestingly, CAMKK2 inhibition had no measurable effect

on normal mouse prostate size or the cytoplasmic volume

of prostate epithelial cells (Supplementary Figure S10),

whereas castration resulted in macroscopic loss of prostate

size and atrophy of luminal epithelial cells (Supplementary

Figure S10). This shows greater selective effects on cancer

tissue through targeting CAMKK2 than through complete

inhibition of the AR itself. Yet more significantly CAMKK2

is overexpressed in both hormone-sensitive and castrate-

resistant prostate cancer, opening up the possibility of using

CAMKK2 inhibitors alone or in combination with other

therapies at all stages of the disease.

Discussion

Over the last 5 years a number of groups have employed ChIP

to map genomic binding sites for the AR as a stepping stone

to explain the contribution of the AR to prostate cancer

(Jariwala et al, 2007; Massie et al, 2007; Takayama et al,

2007; Wang et al, 2007, 2009; Jia et al, 2008). These studies

have provided important insights into the mechanisms which

direct AR signalling (e.g., FOXA1 as an AR pioneer factor)

and have identified castrate-resistant disease-specific AR

signalling changes (e.g., UBE2C as an AR target only in

castrate-resistant prostate cancer) (Wang et al, 2007, 2009;

Jia et al, 2008). By contrast our approach has been to define

AR transcriptional networks in distinct models of prostate

cancer, defining actively transcribed target genes as those to

which the AR and RNAP II are dynamically recruited in

response to AR activation. In combination with the most

detailed androgen-stimulated gene expression time course we

have maximized the number of transcriptional events that

have been captured and can be integrated with our ChIP data.

The enriched pathways in this core set of direct

AR-regulated genes included cell-cycle and metabolic regula-

tors. Metabolism is the biological process that can be most

readily measured and studied in an experimental setting

given the 50þ years of clinical biochemistry underpinning
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our understanding of glycolysis and oxidative phosphoryla-

tion. Mounting evidence supports the addiction of cancer

cells to aerobic glycolysis (Warburg effect) as a potential

Achilles Heel for the treatment of cancer (Christofk et al,

2008; Tong et al, 2009; Vander Heiden et al, 2010).

Consequently, we used metabolic pathways as a test-bed to

prove that transcriptional biology can guide the biochemical

study of prostate cancer.

Our combined analysis highlighted enzymes which regu-

late glycolytic flux (e.g., HK1 and HK2; 6-phosphofructo-

2-kinase/fructose-2,6-biphosphatase 2, PFKFB2) and also

enzymes which utilize glycolysis metabolites in the production
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three times per week and imaged once per week following IP injection of 150 mg/kg luciferin. Expressed as bioluminescence relative to week 1
for each mouse (represented as mean±s.e.m.).
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of lipids (e.g., FASN and ACACA) and nucleotides (e.g.,

the ADP-ribose diphosphatase NUDT9). This highlighted an

anabolic program downstream of the AR in prostate cancer

cells. Using multiple metabolomic approaches, we confirmed

that AR signalling stimulates aerobic glycolysis and anabo-

lism in prostate cancer cells.

We further refined the core set of direct AR target genes by

undertaking a meta-analysis of clinical expression data to

identify the downstream targets of the AR which are relevant

to clinical disease. Only by integrating these distinct data

sets we were able to identify CAMKK2, which otherwise was

only one among hundreds of genes in our core AR-regulated

gene set or reported to be overexpressed in prostate cancer.

We discovered that CAMKK2 is a key effector of the AR,

regulating glycolytic flux by activating AMPK-PFK signalling,

which in turn drives anabolism and thereby controls prostate

cancer cell proliferation and tumour growth.

The role of AMPK in prostate cancer is controversial

(Park et al, 2009; Zhou et al, 2009); however, AMPK has an

essential energy sensing role in cells and is critical in deter-

mining cell fate under stress conditions (Liang et al, 2007).

Therefore, the timing, level and cellular context of AMPK

activation may have profound effects on the functional con-

sequences of AMPK signalling. For example, in normal

somatic cells AMPK has been shown to activate glycolysis

via PFK and inhibit protein biosynthesis by decreasing MTOR

activity (Marsin et al, 2000; Gwinn et al, 2008). In contrast,

our data indicate that CAMKK2 enhances metabolic flux by

stimulating AMPK phosphorylation without any effect on

mTOR activity. The mechanisms underlying this skewing

of AMPK signalling in this context are unclear; however,

it is possible that other targets of the AR or CAMKK2 may

impact on these downstream pathways. The functional conse-

quences of this signalling axis are clear from our functional

studies which point to a role for CAMKK2 inhibitors as

inducers of metabolic stress, sensitizing prostate cancer

cells to the effects of AR antagonists and metabolic drugs.

In conclusion, our genomics study has uncovered a

coordinated network of transcriptional changes orchestrated

by the AR which includes upregulation of (1) glucose uptake

and glycolysis (e.g., GLUT1, HK1/2 and PFKFB2); (2) bio-

synthetic pathways (e.g., FASN and ACACA); (3) master

regulators of these metabolic processes (e.g., MTOR and

CAMKK2); and (4) cell-cycle regulators (e.g., CDC2 and

CDC25A). By taking an unbiased, interdisciplinary approach

we confirmed the functional consequences of these transcrip-

tional changes, finding that the AR enhances aerobic glyco-

lysis and anabolic pathways which utilize glucose as a carbon

source. Our functional data show that CAMKK2 has an

essential role in regulating anabolic metabolism downstream

of the AR in prostate cancer cells. In the course of preparing

this manuscript another group reproduced our finding that

CAMKK2 is an important downstream effector of the AR,

selecting CAMKK2 from published expression array data on

a candidate basis (Frigo et al, 2010). This study reported that

CAMKK2 can also affect cell migration through a mechanism

that has yet to be defined. A complete understanding of the

function of CAMKK2 in prostate cancer will clearly depend on

improved in vivo and in vitro models. However, our work

provides a framework for future studies by defining the

crucial role of CAMKK2 in anabolic metabolism, cell prolif-

eration and as an important effector of AR signalling.

Materials and methods

Chromatin immunoprecipitation
ChIP was performed as previously described (Massie et al, 2007;
Schmidt et al, 2008; Wilson et al, 2008) (see Supplementary data for
details). Cells were cultured in phenol red-free RPMI media
supplemented with 10% charcoal dextran-stripped FBS for 72 h
before adding 1 nM R1881 or 0.01% ethanol for 4 h. AR and RNAP II
antibodies used for ChIP were AR N20 (SC-816X, Santa Cruz) and
phospho-Ser-5 RNAP II (AB-5401, Abcam). ChIP enrichment was
tested by real-time PCR and the remainder was used for single-end
SOLEXA library preparation.

ChIP-seq SOLEXA library preparation
Single-end SOLEXA sequencing libraries were prepared as pre-
viously described (Schmidt et al, 2008) (see Supplementary data for
details). Sequence reads were generated using an Illumina (Solexa)
Genome Analyzer II and these reads were mapped back to the
reference human genome before peak calling.

Sequence read analysis
Sequence reads were generated by the Illumina analysis pipeline
versions 1.3.4 and 1.4.0. The two lanes of reads were combined for
each sample, and aligned to the Human Reference Genome
(assembly hg18, NCBI Build 36.1, March 2008) using MAQ
(Li et al, 2008). Next, they were filtered by alignment quality score,
removing all reads with a MAQ score o20, and exact duplicate
reads were removed such that no single read start position was
represented more than once. Enriched regions of the genome were
identified by comparing the ChIPed samples with input samples
using two independent peak calling algorithms: MACS (Zhang et al,
2008) and ChIPSeqMini (Johnson et al, 2007), taking only those
regions found by both algorithms. Sites found in the androgen-
stimulated condition, but not the vehicle-treated condition, were
taken forward for further analysis. All ChIP-seq data have been
deposited at the NCBI Short Read Archive (SRA012454.1) and
identified binding sites (peaks) are available in Supplementary
Tables S1–S3. The ‘super-set’ of AR binding sites (Supplementary
Table S3) was generated by combining the publicly available AR
peak regions from previous reports (Horie-Inoue et al, 2004, 2006;
Barski et al, 2007; Bolton et al, 2007; Jariwala et al, 2007; Massie
et al, 2007; Takayama et al, 2007; Jia et al, 2008; Lin et al, 2009;
Wang et al, 2009).

Analysis of ChIP peak regions
Overlap, subtraction, union and feature annotation of
ChIP-seq enriched regions were performed using the Galaxy suite
(Blankenberg et al, 2007; Taylor et al, 2007). Transcription factor
motifs were identified using CEAS, de novo motif searches using
MEME and Nested MICA (Bailey and Elkan, 1995; Down and
Hubbard, 2005) and position weight matrix searches using
RSAT matrix-scan (http://rsat.ulb.ac.be/rsat/). Motifs identified
using de novo searches were aligned with known transcription
factor PWMs using the motif alignment tool in the JASPAR database
(http://jaspar.cgb.ki.se/). The optimal genomic distance between
AR binding sites (peak boundaries) and androgen-regulated genes
(gene boundaries) was defined using GSEA. Briefly, we generated
gene sets by identifying all genes within 1, 2.5, 5, 25, 100, 200
and 500 kb of AR binding sites and control set were generated by
identifying genes with no adjacent AR binding sites. These gene
sets were tested for enrichment of the 3319 androgen-regulated
genes identified in our detailed expression profiling data using
GSEA (using the ‘time course’ correlation).

Illumina beadarrays
Forty-eight total RNA samples were harvested from LNCaP cells
grown for 72 h in steroid depleted medium (RPMI supplemented
with 10% charcoal dextran-stripped FBS). These comprised 3 time
zero samples; 10 vehicle (ethanol) control samples taken at 2, 4, 8,
12 and 24 h in duplicate; 36 androgen (R1881)-treated samples
taken every 30 min for 4 h then every hour until 24 h following
treatment (with replicates at 1, 2, 4, 8, 12, 16, 20 and 24 h).

Autocorrelation analysis of Illumina gene expression data
The Illumina HumanWG v2 BeadArrays consist of two replicate
sections that we treat as technical replicate arrays for the purposes

AR coordinates anabolic program in prostate cancer
CE Massie et al

&2011 European Molecular Biology Organization The EMBO Journal VOL 30 | NO 13 | 2011 2729

http://rsat.ulb.ac.be/rsat/
http://jaspar.cgb.ki.se/


of this analysis due to small but systematic shifts between sections
that need to be addressed in the normalization. Data were analysed
from the raw bead-level using the beadarray software, with spatial
artefacts identified and removed automatically (BASH) and curated
manually (Dunning et al, 2007; Cairns et al, 2008). The resultant,
reduced, data set was then summarized in a standard manner
(with outliers removed) in order to obtain a mean log-intensity
and standard error for each probe/array combination. The
November 2008 annotation from http://www.compbio.group.cam.
ac.uk/Resources/Annotation/index.html was used to map probes
to transcripts, and probes with no ‘good’ or ‘perfect’ match were
discarded along with those that registered no signal above back-
ground on all 96 arrays. This resulted in 17182 probes for which
analysis proceeded.

To detect probes that showed a systematic, smooth, change over
time without prescribing a form for that change we used the
autocorrelation at lag 1 as a measure of activity. This measure
identifies profiles where neighbouring time points are more similar
than disparate time points, and so can identify all smooth and
systematic gene expression changes regardless of the shapes of
their profiles. To account for the uncertainty in our measurements,
we simulated 100 sets of observations from the known mean values
and standard errors, calculated the autocorrelation of each and took
the mean. Simulations and arguments of symmetry suggested that
a cutoff of autocorrelation 0.5 would lead to a low false-discovery
rate and 4224 probes passed this threshold. Raw and normalized
data from Illumina BeadArray experiments have been deposited at
GEO (under accession GSE18684).

Functional annotation was done using the DAVID gene onto-
logy tool, GSEA and interaction networks were generated using
Cytoscape with the BiNGO and BioNetBuilder plug-ins.

Real-time PCR validation
We used SYBR-green quantitative real-time PCR to confirm AR
binding sites and gene expression changes (see Supplementary data
for details and primer sequences).

Immunohistochemistry
Tissue sections were stained with CAMKK2 antibody (Atlas Anti-
bodies #HPA017389) at a 1:100 dilution (see Supplementary data for
details).

Xenograft experiments
Xenograft tumours were generated with C4-2b cells that stably
expressed a fusion protein of luciferase and YFP. There were
four groups of mice (castrationþ vehicle, castrationþ STO-609,
fullþ vehicle and fullþ STO-609), each consisting of four mice.
In all, 10 mmol/kg of STO-609 (or the equivalent vehicle, 10% DMSO
in PBS) was injected intraperitoneally three times per week and the
growth of the tumours was monitored weekly through biolumines-
cence with an IVIS camera (Xenogen). See Supplementary data for
details.

Pharmacokinetic/pharmacodynamic measurements
For plasma studies, mice (Supplementary Figure S10B) were
injected IV or IP with 0.5mmol/kg STO-609 and at time points
(5, 15, 30, 45 min, 1, 1.5, 2, 4, 6 h) after treatment blood samples
were collected into heparinized tubes. Blood was centrifuged to
obtain the plasma fraction and frozen at �801C before analysis. For
tumour and parallel serum measurements (Figure 6C), mice were
treated with 10mmol/kg and samples of blood and tumour were
collected at 0.5 and 2 h after treatment. Bioanalysis was carried
out by protein precipitation of plasma followed by detection using
an STO-609-specific LC-MS/MS method with an assay range of
1–1000 ng/ml. The plasma concentration:time profile was then
constructed for PK analysis by WinNonLin. Tumour samples were
homogenized 4 v/w in 50% CH3CN (aq). An aliquot of this
homogenate then processed using the same extraction procedure as
plasma. The assay range for STO609 in tumour homogenate was
4–4000 ng/g.

Metabolomic profiling
LNCaP cells grown in RPMI media supplemented with 10%
FBS were harvested on days 0, 1, 2 and 3 after DMSO or
STO-609 treatment. LNCaP cells grown in RPMI media supple-
mented with 10% charcoal dextran-treated (steroid depleted)
FBS were harvested on days 0, 1, 2 and 3 with and without

androgen treatment (1 nM R1881). Cell culture media and cell
lysates were collected from all the cell plates for NMR analysis.
1H NMR spectroscopy data were acquired on a 600 MHz Bruker
Avance NMR spectrometer. See Supplementary data for details.
Metabolite concentrations were normalized to the protein content
of cells.

Glucose flux experiments using 1,2-13C2-glucose and GC/MS
Cells were grown in media supplemented with charcoal dextran-
treated FBS (steroid depleted conditions) and treated either with
vehicle (0.01% ethanol), androgen (1 nM R1881), androgenþ STO-
609 (25mM) or androgenþCAMKK2 siRNA for 72 h. Cells were
harvested by scraping on ice and metabolites were obtained by
methanol/chloroform extraction (Wu et al, 2008). The aqueous
phase was dried using a Speedvac and derivatized by silylation
(Perroud et al, 2006). RNA ribose extraction and derivatization was
performed as previously described (Boren et al, 2003). The sample
was injected into a GC-TOF MS (Leco Pegasus HT GC/TOFMS;
Leco UK, Stockport, UK) and run according to methods described
previously (Perroud et al, 2006). The obtained chromatograms were
analysed using the ChromaTOF software package (Leco UK) to
identify the different peaks. Mass spectral results were accepted
only if the standard sample deviation was o1% of the normalized
peak intensity.

PFK activity measurements
PFK activity was measured in prostate cancer cell line extracts
using the method of Brand and Soling (1974), see Supplementary
data for details.

Glucose and lactate measurements
Media were harvested from cells grown in RPMI supplemented
with either 10% FBS or 10% charcoal dextran-treated FBS
and treated for 3 days with or without androgen, bicalutamide
(casodex) or ST0-609. Glucose and lactate levels were determined
using commercial enzyme based kits (Abcam and BioVision Inc.,
USA).

Oxygen consumption
Oxygen consumption of cell suspensions was measured using a
Clark-type oxygen electrode (DW1 Oxygen Electrode Chamber,
Hansatech) over a 15 min time course at 371C, according to the
manufacturer’s instructions (see Supplementary data for details).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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