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have identified that amyloid B-precursor protein is
an androgen-inducible gene that could be a novel
prognostic and therapeutic target of PCa by screening
genes in the vicinity of both ARBSs and acetylated
histone H3 (AcH3) sites (Takayama et al., 2009).

In terms of transcriptome, cDNA microarray has been
extensively used for years as a convenient and cost-
effective technique for analyzing gene expression signa-
tures. cDNA microarray, however, is not designed to
identify novel genes without probes, thus it has limita-
tions to analyze the expression of noncoding RNAs,
including short RNAs. As some microRNAs (miRNAs)
and novel RNA transcripts have been reported to be
relevant to PCa (Louro et al., 2007; Shi et al., 2007),
an alternative high-throughput transcriptome technol-
ogy will be also required to analyze noncoding RNA
expression as well as coding RNA profiles.

In this study, we investigated AR actions across the
entire human genome to elucidate the androgen-
mediated transcriptional network by performing ChIP-
chip and cap analysis gene expression (CAGE). We
could determine novel AR-mediated genomic actions,
in particular, those dependent on antisense (AS) or
intergenic transcription start sites (TSSs) that have not
been previously identified by any other methods. Thus,
our integrated approach identify novel androgen target
genes and provides potential diagnostic and therapeutic
molecular targets of PCa, which can be applied to the
clinical management of the advanced disease.

Results

Genome-wide analysis of androgen-activated promoters
in prostate cancer cells

CAGE involves the preparation and sequencing of
concatemers of 20-nucleotide (nt) DNA tags that were
derived from the 5'-end of capped mRNA, and mapping
the CAGE tags to the genome (Shiraki et al., 2003). This
method is cost-effective and enables high-throughput
genome-wide analyses of TSSs and promoter usage. For
preparing CAGE samples, we stimulated LNCaP cells
with R1881 (10 nm), which were cultured in a hormone-
depleted medium for 72 h. We extracted total RNA from
cells stimulated for 6 and 24h, and synthesized first-
strand ¢cDNA by reverse transcription. After cutting
and amplifying the 20-nt CAGE tags derived from
the 5'-ends of mRNAs, we sequenced the tag-ligated
concatemers. We then mapped the sequenced CAGE
tags to the human genome (total tags at Oh were
1929416; at 6h, 682 111; and at 24 h, 586 083). Regions
containing multiple tags were referred to as tag clusters
(TCs); these clusters were diversely distributed through-
out the genome. By using Fisher’s exact test, we
identified TCs whose distributions were significantly
regulated by androgen. The total number of androgen-
dependent TCs obtained was 13110 (P<0.01); 1572 TCs
were obtained using a stringent threshold (le-6.11 with
Bonferroni correction). Among the androgen-regulated
TCs, 78.9% were upregulated and the remaining was
downregulated at 6 or 24h after stimulation. In the
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promoter region of a representative androgen target
gene FKBPS (Velasco et al., 2004), we detected a time-
dependent increase in tag numbers by androgen
stimulation (21.2, 80.6 and 474.3 tags accumulated per
million tags (t.p.m.) at 0, 6 and 24h after RI1881
treatment, respectively) (Figure la). Androgen-depen-
dent increase in CAGE TCs was also shown in the
promoter regions of PSA/KILK3 and TMPRSS2 (Sup-
plementary Figure 1). The 5-termini of RefSeq genes
are often different from the TSSs obtained by CAGE
analysis (Katayama et al., 2007). For example, our study
shows that TRIM36 includes an intronic CAGE TC
within the second AcH3 site, which is situated in the
downstream of the intronic ARBS (Supplementary
Figure 2). Only 35% of CAGE TCs were located at a
distance of <1kb from the TSSs of known RefSeq
genes (Figure 1b). In total, 13% of the TCs were
identified at intergenic regions that were located
>100kb upstream of TSSs and did not overlap with
any RefSeq gene. In all, 7% of the TCs were genome-
widely distributed at the antisense regions of RefSeq
genes, and 33% were transcribed from the RefSeq
regions, most of which were from novel TSSs. Global
transcriptome analysis using the CAGE technique and
large-scale cDNA sequencing in the FANTOM3 project
has recently shown that a large proportion of the
mammalian genome can transcribe genes from both
sense (S) and antisense strands, and that many of the
unknown transcripts are noncoding RNAs (Carninci
et al., 2005). Taken together, these findings suggest that
androgen-regulated transcripts are widely distributed
across annotated genes and noncoding RNAs.

We also compared the androgen responsiveness of our
CAGE TCs with RefSeq genes. Among protein-coding
genes with an increasing number of CAGE TCs (>20
t.p.m. by 24 h) at their promoter regions (<0.1 kb from
TSS), 51% of genes were also significantly upregulated
(>1.5-fold) by 24-h treatment with R1881 (1nm) in
LNCaP cells based on the microarray data set
GSE14028 (Yu et al., 2010, P=2.0e-24). In contrast,
40% of protein-coding genes with a decreasing number
of TCs were significantly downregulated (<0.8-fold) by
R1881 in LNCaP cells (Yu et al., 2010, P=2.7e-5). On
the basis of another microarray data GSE7868 (Wang
et al., 2007), 44% of the RefSeq genes with an increasing
number of CAGE TCs were upregulated in LNCaP cells
treated with dihydrotestosterone (100nm) for 16h
(P=4.2e-28) and 45% of the RefSeq genes with a
decreasing number of TCs were downregulated by
dihydrotestosterone (P = 1.7e-36).

Genome-wide identification of ARBSs in prostate cancer
cells

ChIP-chip analysis revealed 6366 (P<le-4), or 2872
(P < le-5) specific ARBSs in the genome of LNCaP cells.
To compare our ChIP-chip data with previous studies,
we found that 77 and 74% of our AR binding (P < 1e-5)
were involved in the ChIP-chip data (Wang et al., 2009)
and the ChIP-Seq data (Yu et al., 2010), respectively.
We also identified 25945 AcH3 sites (P<le-4) as

- 255 -



epigenetic markers that were associated with activated
promoters (Bernstein et al., 2005). Among 2872 ARBSs
(P<1e-5), 420 ARBSs (15%) were overlapped with
AcH3 sites. In addition, approximately 37.6% of AcH3
sites were mapped to the proximal regions of the TSSs of
RefSeq genes (<3kb from the TSSs), including many
sites located in the downstream proximal regions of
TSSs (Figure lc), as consistent with a previous report in
regard to genome-wide analysis of active promoters
(Kim et al., 2005). In terms of the overlap between the
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AcH3 sites and the CAGE TCs, 41% of the CAGE TCs
were overlapped with AcH3 sites and 49% were
overlapped with AcH3 sites within a distance <3kb.
On the other hand, most of the ARBSs were found to be
widely distributed across the human genome, and only
4.8% of the ARBSs were mapped to promoter regions at
<1kb from the TSSs (Figure 1c).

We randomly selected 25 ARBSs in the vicinity of
known androgen targets such as ACSL3, and intergenic
regions on chromosomes 15, 20 and X to perform
conventional ChIP analysis for AR binding in LNCaP
cells (Figure 2a). When compared with four genomic
regions as negative controls, most of the investigated
regions were confirmed to be androgen-dependent
ARBSs.

To further investigate the effects of the histone
acetylation status on the AR-dependent transcriptional
activity, we performed ChIP analysis for AR, SRCI,
AcH3 and RNA Pol II recruitment for the group of
ARBSs that overlapped with AcH3 sites (AcH3 overlap
(+)) and the group of ARBSs distinct from the AcH3
sites (AcH3 overlap (—)) (Figure 2b). Significant
androgen-dependent recruitment of both SRCI1 and
RNA Pol II was detected (>1.5-fold) in the AcH3
overlap (+) group, but not in the AcH3 overlap (-)
group.

ChlP-chip and CAGE analyses reveal AR-dependent
regulation of androgen target genes

Novel ARBSs and AcH3 sites adjacent to CAGE TCs
were identified in the androgen-regulated genes. For
instance, we found novel ARBSs in the intronic regions
of a-methyl-CoA racemase, which is a prognostic
marker for PCa (Luo et al., 2002) (Figure 3a). Interest-
ingly, AR binding was also observed in an intronic
region of insulin-like growth factor-1 receptor, whose
expression has been previously reported to be dependent
on the nongenomic action of androgen (Pandini et al.,

<

Figure 1 Genome-wide cap analysis of gene expression (CAGE)
and chromatin immunoprecipitation on DNA chips (ChIP-chip) of
the androgen-regulated gene network in hormone-naive prostate
cancer LNCaP cells. (a) Mapping of androgen-regulated promoters
and androgen receptor binding sites (ARBSs) or acetylated histone
H3 (AcH3) sites in the vicinity of FKBP5 on chromosome 6. Top
panel, cytogenetic location of the representative androgen-regu-
lated target gene FKBP5 on chromosome 6. Middle panel, UCSC
genome browser view of androgen-dependent CAGE tag clusters
(TCs) and AR/AcH3 sites determined by ChIP-chip at the 6p2l
region. Androgen-upregulated CAGE TCs were mapped for three
different time points after R1881 treatment (Tx) (0-6h Tx, 6-h Tx
versus 0-h; 0-24 h Tx, 24-h Tx versus 0-h; 6-24 h Tx, 24-h Tx versus
6-h). Bottom panel, browser view of CAGE TCs and AR/AcH3
sites in the vicinity of FKBP5 gene and its promoter region.
(b) Distribution of androgen-regulated CAGE TCs (n=13,110,
P<0.01) relative to the transcription start sites (TSSs) of the
RefSeq genes. TCs located >100kb upstream of the TSSs of
the RefSeq genes are classified as intergenic TCs. AS represents
the TCs in the antisense regions of the RefSeq genes. (¢) Distances
of the AR/AcHS3 sites from the TSSs of RefSeq genes. The y axis
represents the percentages of the total sites that were identified as
ARBSs or AcH3 sites.
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Figure 2 ChIP-qPCR validation of ARBSs determined by ChIP-chip. (a) Conventional ChIP analysis of 25 randomly selected
ARBSs. AR binding was determined in LNCaP cells treated with R1881 or vehicle for 24 h by ChIP. NC represents negative control
locus that did not show any specific AR binding (Horie-Inoue et al., 2006). ARBSs are denoted as the gene symbols of the RefSeq genes
to which they were adjacent to as the respective chromosome numbers if they were located in the intergenic regions. (b) Effect of AcH3
sites overlap with ARBS on the binding of androgen-regulated transcriptional factors. Representative ARBSs with or without AcH3
sites overlap were examined for their occupancy of AR, SRCI, AcH3 and RNA Pol II in the promoter regions of the indicated genes.

IgG was used as a control for nonspecific binding.

2009); thus, we presume that the genomic activity of AR
will also contribute to the transcriptional modification
of insulin-like growth factor-1 receptor (Figure 3b).
Identification of ARBSs in other androgen-regulated genes,
such as NK3 homeobox 1 (Prescott et al., 1998) (Figure 3c)
and jagged 1 (Santagata et al., 2004) (Figure 3d), also
provide further evidence that direct actions of AR is
required for their transcriptional regulation.

S/AS transcriptional regulation by androgen showed
diverse alteration patterns
Genome-wide promoter exchange such as bidirectional
or sense/antisense (S/AS) transcriptional regulation is
known to occur in the human genome. Antisense
transcripts associate with neighboring genes in complex
loci to form chains of linked transcriptional units
(Katayama et al., 2005). We investigated the number
of antisense-directed TCs that were associated with
ARBSs: of the 1572 TCs, 173 (11% with Bonferroni
correction) were situated on the antisense strand
of RefSeq genes and 34 of these 173 TCs (19%)
were associated with ARBSs within a 100-kb region
(P<le-5).

Antisense TCs were mostly abundant in the 3’-regions
of RefSeq genes (Figure 4a). However, sense TCs were
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abundant in the proximal regions of the TSSs of RefSeq
genes (Figure 4b). We identified 39 RefSeq genes with
bidirectional S/AS pairs of CAGE TCs in the human
genome. Among these S/AS pairs, 15 of 39 S/AS pairs
exhibited reciprocal alteration of tag numbers in
response to androgen, whereas other pairs exhibited
concordant alteration. With regard to the androgen-
dependent reciprocal patterns of S/AS pairs, one pattern
consisted of an upregulated sense TC present in the TSS
region of a RefSeq gene and a downregulated intronic
antisense TC; this pattern was observed for the
androgen-inducible gene DNM 1L (Figure 4c). The other
pattern consisted of a downregulated sense TC present
in the TSS region of a RefSeq gene and an upregulated
intronic sense TC, as exemplified by the androgen-
repressed gene SLC7A41 (Figure 4d). The contribution of
an antisense promoter to the expression of a gene needs
to be studied; nevertheless, CAGE analysis is a useful
technology to clarify the complexity of androgen-
regulated transcription in PCa cells.

ChIP-chip analysis reveals miRNA regulation by AR

Previous studies on expression profiling in PCa have
revealed that ~20-nt short RNAs or miRNAs are
closely associated with the progression of the disease.

-257 -



0

10 kb ]

Scale
chrs:
0-24h
0-6 h |
6-24h |

| acH3 i [

AR ]

AMACR  ®—— ]
AMACR | H e

5

34050000 |

CAGE

ChiP

b Scale 100 Kb
Chr1s: 97000000 |
0-24h oo

0-6h !

6-24 h o

acH3 l i
| AR |

FAM169B

IGF1R e e L]
Scale 50 kb} !
Chr8: 23550000 23600000 l
0-24 h | i
0-6h bl
6-24h

l acH3

|

|

AR ' ' l
i

NHX3-1

CAGE

ChIP

(1}

CAGE

ChlIP

o

Scale
chr20: | 10600000 |
0-24h: | I

0-6h

6-24h |
l acH3 | .

AR ]

| (-

Figure 3 Contribution of AR-dependent promoters and AR
occupancy to the transcriptional regulation of representative
androgen-regulated genes. UCSC genome browser views of
androgen-dependent CAGE TCs and AR/AcH3 sites determined
by ChIP-chip in the vicinity of AMACR (a), IGF1R (b), NKX3.1
() and JAGI (d).
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On the basis of ChIP-chip data, we searched miRNAs in
the vicinity of ARBSs; we identified four miRNAs in
three miRNA clusters located at a distance of <100kb
from the ARBSs. We also identified four additional
miRNAs that were relatively adjacent to the ARBSs or
AcH3 sites, which were recently shown to be relevant in
the progression of PCa (Shi et al., 2007; Leite et al.,
2009; Ribas et al., 2009; Sun et al., 2009) (Table 1).
Among them, miR-21 is a characterized AR-regulated
miRNA that promotes hormone-dependent and -inde-
pendent PCa growth (Ribas et al., 2009). In our analysis,
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miR-21 is surrounded by a 1-kb upstream AcH3 site and
a 28-kb downstream ARBS (Supplementary Figure 3a).
We validated that miR-21 expression was upregulated
by R1881 in LNCaP cells (Supplementary Figure 3b).
Furthermore, we focused on the miRNA-clustered
region of miR-125b-2 on chromosome 21; miRNAs
let-7¢, miR-99a and miR-125b-2 were clustered in the
intronic regions of C2lorf34 gene (Figures 5a and b).
These results will also provide evidence that androgen
genomic actions regulate miRNAs, as miR-125b has
been shown to be an androgen-inducible miRNA that
can be associated with PCa cell proliferation (Shi et al.,
2007), and let-7c is reported as an upregulated miRNA
in metastatic PCa (Leite et al., 2009). miR-99a is located
at 131 kb from the nearest ARBS, although the miRNA
has not been well-characterized in PCa. Quantitative
RT-PCR (gRT-PCR) revealed that miR-125b-2, let-7¢c
and miR-99a exhibited androgen-dependent upregula-
tion 48h after R1881 treatment (Figure 5¢), thereby
indicating that all of the three miRNAs on the
miR-125b-2 locus are putative AR-regulated targets
in PCa cells.

Identification of AR regulated genes by ChlIP-chip
analysis

We explored androgen-regulated genes based on the
data of ChIP-chip and CAGE analyses. Within a region
of 100kb from the ARBSs, 44, 66 and 134 androgen-
upregulated CAGE TCs were identified by the compar-
ison of time points at 6 versus Oh, 24 versus 6 h and 24
versus 0h, respectively (Figure 6a). mRNA microarray
analysis revealed that 254 and 1477 genes were
upregulated (>twofold) after 6 and 24h of androgen
treatment, respectively (Figure 6b). Among the genes
upregulated by androgen, the rate of ARBS positivity
(at <100kb) was 21.6% at 24h and 7.2% at 6h
(Figure 6b). AR binding bias was not significantly
shown in upregulated genes at 6h only versus the
genomic background (P =0.23). In contrast, ARBS
positivity was highly enriched in the upregulated genes
at 24h versus the genomic background (P=1.4e-19).
These results show that the AR binding will contribute
to the androgen-dependent transcription by 24 h. More-
over, representative qRT-PCR data showed that known
and putative androgen target genes exhibited time-
dependent upregulation and that the androgen-depen-
dent upregulation was continuously observed up to at
least for 48h after treatment (Figure 6¢). Taken
together, we identified 258 novel upregulated genes
(>twofold change at 24-h treatment), which may be
putative direct targets of AR.

Androgen target genes are associated with tumorigenesis
To elucidate the role of putative androgen target genes
in the tumorigenesis of PCa, we reviewed the expression
profiles of 508 genes that were differentially regulated
in our experiments (258 androgen-upregulated genes
and 250 androgen-downregulated genes) in normal and
cancer (PCa) regions of prostate tissues. cDNA micro-
array data for 62 primary tumors and 41 normal tissue
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Figure 4 Identification of androgen-regulated CAGE TCs present in the antisense regions. (a) Distribution of antisense TCs relative
to the proportional positions of RefSeq genes. Positions 0 and 1 on the x axis represent the TSSs and ends of RefSeq Genes,
respectively. (b) Distribution of sense (S) TCs relative to the proportional positions of RefSeq genes. (¢, d) Reciprocal regulation of S/
AS promoter pairs of RefSeq genes in response to androgen. The sense promoter at the TSS of DNMI1L was upregulated, whereas the
antisense promoter at an intron of DNMI1L was downregulated (c). The sense promoter at the TSS of SLC7A1 was downregulated,
whereas the antisense promoter at an intron of SLC7A1 was upregulated (d).
Table 1 miRNAs adjacent to ARBSs
miRNA chr Location Region ARBS (kb) AcH3 (kb)
miR-222 X 45362675-45362784 Intergenic 9.6 103.3
miR-221 X 45361839-45361948 Intergenic 10.5 104.2
miR-21 17 55273409-55273480 3'-downstream (TMEM49) 28.3 1.0
miR-125b-2 21 16884428-16884516 Intron (C2lorf34) 80.2 1.1
miR-218-1 4 20206167-20206276 Intron (SLIT2) 111.3 172.2
miR-218-2 5 168127729-168127838 Intron (SLIT3) 116.9 151.7
let-7c 21 16834019-16834102 Intron (C21orf34) 130.6 84.7
miR-100 11 121528147-121528226 Intron (LOC399959) 307.2 423
Abbreviations: AcH3, histone H3 acetylated; ARBSs, androgen receptor binding sites; chr, chromosome; miRNA, microRNA.
samples (Lapointe et al., 2004) were downloaded from  depicted as normal >PCa (blue square). The normal
the Stanford University website (http://microarray- <PCa cluster containing androgen-upregulated genes
pubs.stanford.edu/prostateCA); genes upregulated and  (group I) included genes such as ACACA and a-methyl-
downregulated by androgen were hierarchically clus- CoA racemase (related to amino acid metabolism) and
tered using the pairwise average-linkage method  the normal >PCa cluster containing androgen-upregu-
depending on the gene expression features of normal  lated genes (group II) included genes such as EGFR and
against tumor predominancy (Figure 6d). The cluster of =~ EFNAS5 (related to signal transduction). The normal
genes with higher expression in PCa tissues than in <PCa cluster containing androgen-downregulated
normal prostate tissues is depicted as normal <PCa (red  genes (group III) included genes such as NFI/X and
square), and the other cluster of genes with higher = SOX4 (related to transcriptional regulation), and the
expression in normal prostate than in PCa samples is  normal >PCa cluster containing androgen-downregu-
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Figure S5 Androgen-dependent transcriptional regulation of
miR-125b-2 microRNA locus on chromosome 21. (a) UCSC genome
browser view of the miR-125b-2 locus, including hsa-mir-99a, hsa-let-7c
and hsa-mir-125b-2. (b) Androgen-dependent expression of miRNAs
in the miR-125b-2 locus. qRT-PCR was performed using TagMan
probes; the data represent relative miRNA levels normalized to the
level of small nuclear RNA U6.

lated genes (group I'V) included genes such as TGFBR3
and FOXOIA (related to signal transduction and
transcriptional regulation). Among the androgen-upre-
gulated genes, the proportion of group I genes was
significantly higher than that of group II genes. The
proportion of group IV was also substantially higher
than that of group III genes among the androgen-
downregulated genes. The rates of the genes with the
expressions altered by androgen were significantly
higher in the clinical microarray data overlapped with
LNCaP data compared with the randomly selected
genes overlapped with the clinical data (P =3.5e-9 for
upregulated genes and P=0.001 for downregulated
genes). This clustering analysis of microarray data will
indicate that the androgen-dependent transcriptional
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regulation is closely associated with the development
of PCa.

Finally, we extracted novel androgen-inducible genes
that are regulated by direct AR actions. We selected 569
RefSeq genes that exhibited androgen-inducible CAGE
TCs 24h after treatment at <0.1kb from their TSSs.
Among them, 51% were induced by >1.5-fold at 24h
after R1881 treatment, indicating that the majority of
CAGE TCs function as bonafide androgen-regulated
promoters. We analyzed novel AR target genes with
CAGE TCs in the promoter regions or within the genes.
Of the AR target genes, 31% (82 genes) included
androgen-regulated CAGE TCs (at least 20 t.p.m.)
(Figure 6¢). In the Oncomine database (Wilson and
Giguere, 2007), we identified 112 genes that were
upregulated by androgen (P<le-4) in PCa tissues
(Figure 6f). Among these androgen-upregulated genes,
48 of 82 genes (58%) are associated with adjacent
CAGE TCs, whereas 64 of 176 (36%) did not exhibit
CAGE TCs (£<0.001).

This study revealed a global approach for mapping of
AR binding and AR-dependent promoters, which
provides the systemic database regarding the AR-
regulated gene network that essentially contributes to
the development and progression of PCa. Notably, this
study successfully confirmed that known androgen-
regulated or PCa-specific genes are androgen-inducible,
as exemplified by ACACA (Lapointe et al., 2004),
ABCC4 (Ho et al., 2008), TRIM36 (Balint et al., 2004)
and amyloid B-precursor protein (Takayama et al,
2009)(Table 2). On the basis of global mapping analysis,
we identified novel androgen-upregulated genes, such
as FGFRLI, CAMKK?2 and Cl6orf60, although their
functions remain to be studied in PCa (Table 2).
Notably, the application of pathway analysis using
Database for Annotation, Visualization and Integrated
Discovery Bioinformatics Resources 6.7 (Dennis et al.,
2003; Huang et al., 2009) further shows that metabolic
pathways, such as diabetes pathways, metabolism of
lipids and lipoproteins, or amino sugar and nucleotide
sugar metabolism, were enriched in our CAGE data
(Supplementary Table 2).

Discussion

To understand the mechanism underlying AR regulation
of the progression of PCa, we identified its transcriptional
network in the genome of human PCa LNCaP cells. In the
previous studies, we identified direct AR target genes by
using the ChIP-cloning technique (Takayama et al., 2008)
or tiling arrays for the Encyclopedia Of DNA Elements
regions of the human genome (Takayama et al., 2007)
or chromosomes 21 and 22 (Takayama et al., 2009).
A number of genes adjacent to ARBSs were found
to be upregulated or downregulated by androgen. In
this study, we used the high-throughput CAGE method
for mapping androgen-regulated promoters in the
human genome. To validate the present CAGE and
ChIP-chip results, we mapped the data on the genome
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browser adjacent to prototypic AR-regulated genes. We performed both CAGE and microarray analyses
Androgen treatment substantially increased the number for comparing the two transcriptome technologies.
of CAGE tags found in the promoter regions of AR- Microarray analysis is useful for understanding global
regulated genes such as PSA/KLK3, TMPRSS2 and expression profiles of protein-coding genes, whereas
FKBPS. CAGE is useful for detecting alterations in expressions
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of individual promoters for both noncoding and  gene network, as SOX4, one of the developmental
protein-coding genes. The similarity between the two  transcription factors overexpressed in PCa (Liu et al.,
data sets is the expression alterations of protein-coding  2006), was found to contain a functional ARBS within
genes with CAGE tags in their promoters or within the  the gene. The calcium-dependent protein kinase
genes. This tendency is well observed among the genes = CAMEKK?2 (Table 2) seems to be an interesting novel
with CAGE tags in their promoters with a high TC. In  target of AR identified in this study. CAMKK?2 can
contrast, the correlation between CAGE and microarray  affect cell growth by upregulating AMPK phosphoryla-
is lower for genes with multiple promoter regions as  tion (Yu ef al., 2009), and it is also known to be
shown by the CAGE study in myeloid leukemia THP-1 upregulated in PCa.
cells (FANTOM Consortium, 2009). In this study, we determined that transcriptional

Our combined analyses can clarify the direct role of  regulation was also mediated by antisense promoters in
AR in the transcriptional regulation of androgen target =~ LNCaP cells. The antisense-directed TSSs were rela-
genes, including genes that were not previously con-  tively abundant in the 3'-regions of RefSeq genes. This
sidered to be regulated by androgen. Notably, we  finding is consistent with those of previous studies that
identified an intronic ARBS in the insulin-like growth  reported that antisense transcripts are often transcribed
factor-1 receptor gene, which indicates direct AR-  from the 3’-untranslated regions of genes. The relevance
mediated transcriptional regulation of this known  of antisense promoter-mediated transcriptional regula-
androgen nongenomic target of androgen. The identifi-  tion in carcinogenesis has been reported in HCT116
cation of a novel ARBS in the JAGI gene, a canonical  colorectal cancer cells, as the binding of B-Catenin to its
ligand for Notchl, also suggests that AR through this target E2F4 at the E2F4 3'-untranslated region induces
binding site has a critical role in the progression and  an E2F4 antisense transcript, which downregulates
metastasis of PCa. In this study, we also confirmed the = E2F4 protein levels and suppresses the binding of
involvement of transcription factors in the AR-mediated  E2F4 to its specific target genes (Yochum ez al,
Table 2 Known and novel androgen-upregulated genes
Chr Start End Gene TC location CAGE tag CAGE tag Fold change  Fold change Function

symbol  (distance from count count 6 versus Oh 24 versus Oh
TSS) atOh (tp.m.) at24h (tp.m.)
Known androgen targets

21 26464837 26465023 APP 47 656.7 909.4 1.4 2.8 Cell proliferation

13 94751591 94751758  ABCC4 -4 39.9 158.7 2.9 11.1 Transport

17 32790079 32790210 ACACA 20 82.9 148.4 2.6 3.6 Metabolism

18 53967444 53967515 NEDD4L 104686 3.1 324 1.8 2.9 E3 ligase (HECT)

2 168812181 168812305  STK39 117337 20.2 63.1 1.5 34 Kinase

2 223551207 223551314 ACSL3 22 7.8 145 1.5 4.4 Metabolism

8 134378640 134378679 NDRGI 3 0.5 273 0.8 4.6 Differentiation
Novel androgen targets

5 114533435 114533504 TRIM36 10638 8.3 42.7 2.1 2.6 E3 ligase (RING)

15 53369273 53369337 RAB27A4 —10 8.8 68.2 2.3 6 Ras GTPase

1 36359091 36359198 THRAPS3 -12 124.4 175.7 1.8 2.5 Transcription

16 79597576 79597706 Cl60orf60 1 19.7 264.5 1 2.9 Unknown

12120197208 120197268 CAMKK2 1599 17.1 102.4 3.1 7.4 Ca-dependent kinase

4 995386 995471  FGFRLI -29 35.8 63.1 1 2.1 Cell adhesion
Abbreviations: Ca, calcium; CAGE, cap analysis of gene expression; Chr, chromosome; TC, tag count; TSS, transcription start site.
<

Figure 6 Identification of androgen-regulated genes exhibiting AR binding. (a) The number of CAGE TCs adjacent to ARBSs
(< 100kb) that were significantly upregulated by androgen in LNCaP cells (P < le-6.11). Top panel: Venn diagrams for the number of
androgen-upregulated TCs at 24 h of treatment versus 0 h or 24 h versus 6 h of treatment. Bottom panel: Venn diagrams for the number
of androgen-upregulated TCs at 24h of treatment versus Oh or 6h of treatment versus Oh. (b) Androgen-upregulated genes
(>twofold) determined by mRNA microarray analysis. Note that the rate of ARBS positivity (<100 kb of the TSS) was 21.6% in the
group of androgen-upregulated genes at 24 h of treatment, whereas this rate was only 7.2% in the group of androgen-upregulated genes
at 6h of treatment. (¢) gRT-PCR analysis of androgen-upregulated genes in LNCaP cells. Data show fold change of mRNA levels in
R1881 (10nm)-treated cells versus vehicle-treated controls. (d) Expression of AR-regulated genes in normal prostate or cancer
specimens. Microarray data for 508 genes selected by our experiments (258 androgen-upregulated and 250 androgen-downregulated
genes) were retrieved from the Stanford University website. Note that the rate of genes predominant in cancer was higher in androgen-
upregulated genes, whereas the rate of genes predominant in normal prostate was rather higher in androgen-downregulated genes.
(e) Venn diagrams for the number of AR-upregulated genes containing androgen-activated CAGE TCs or ARBSs. CAGE TCs (>20
t.p.m.) were located within RefSeq genes or their promoter regions in the sense direction. (f) The rate of androgen-upregulated genes
confirmed in prostate cancers by the Oncomine database (P < le-4) is higher in the presence of CAGE TCs compared with the absence
of CAGE TCs.
Oncogene
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2007). We also found novel pairs of S/AS promoters in
individual RefSeq genes. Both reciprocal and concor-
dant alterations in promoter transcription are known to
occur in PCa. Taken together, the abundant expression of
androgen-regulated antisense promoters in LNCaP cells
will indicate the physiological significance of antisense
mechanisms in the AR-mediated gene network in PCa.

This integrated study also identified short RNAs or
miRNAs that are regulated by AR. We observed that
CAGE TCs and ARBSs accumulate in the vicinity of the
miR-125b-2 cluster on chromosome 21. All miRNAs in
the miR-125b-2 locus were upregulated by androgen.
This result is consistent with a recent study in which let-
7c was found to be overexpressed in PCa tissues with
high Gleason score (Leite et al., 2009). The global
mapping of AR-mediated gene regulation will further
reveal novel short RNAs involved in the pathophysiol-
ogy of PCa. Whether the adjacent ARBSs directly
regulate the miRNA expression remains to be studied by
performing such as chromosome conformation capture
experiments.

Hierarchical cluster analysis of prostate tissue
samples from a published microarray database and a
comparative study of the Oncomine database revealed
that the androgen-dependent overexpression of AR
target genes and the increased activity of target gene
promoters that is mediated by androgen are well-related
to the signature of PCa. In contrast, a large cluster of
androgen-downregulated genes is associated with a
feature of normal prostate tissues.

It is also notable that partner genes involved in PCa-
related chimeric transcripts were validated as direct AR
targets in our study. We have previously shown that
FOXP1 is a transcription factor that is also regulated by
ARBSs (Takayama et al., 2008). Like the well-known
TMPRSS2-ETV1 transcript in PCa, the upregulation of
FOXPI-ETV1 transcript was reported in PCa cells
(Hermans et al., 2008). Other androgen-regulated genes
such as ACSL3 (Attard et al., 2008) and NDRG!
(Pflueger et al., 2009) were also identified as putative AR
targets genes in this study (Table 2). In PCa, ACSL3 is
fused to ETVI1, whereas NDRGI is fused to ERG.
Further characterization will discover new partner genes
for fusions from our database.

In summary, our integrated study is a powerful tool
for elucidating the diversity of the AR-regulated
transcriptional network, which alters the expression of
various types of target genes throughout the genome,
especially those present in the intergenic and antisense
regions of RefSeq genes. The strand-specific transcrip-
tome data combined with AR binding information will
provide a basic pipeline for the screening of novel AR
target genes and expand the global information avail-
able on the genome-wide data of direct AR-mediated
transcriptional regulation; it will also offer new insights
into unknown nongenomic regulations of genes and
identify cancer-regulated biomarkers of unknown
mechanisms. ‘Oncomining’ of the genome-wide land-
scape database will identify new classes of molecular
targets that can be exploited for improving the diagnosis
and treatment of PCa.

Oncogene

Materials and methods

Cell culture and reagents

Androgen-sensitive human PCa LNCaP cells (ATCC, Manassas,
VA, USA) were maintained in RPMI medium supplemented
with 10% fetal bovine serum, 50 U/ml penicillin and 50 pg/ml
streptomycin. Before androgen treatment, cells were cultured
in phenol red-free medium containing 5% charcoal-stripped
fetal bovine serum for 48-72 h. Antibodies for AR, AcH3 and
SRCI1 and RNA Pol II were used for ChIP assay as described
previously (Takayama et al., 2007).

CAGE

CAGE libraries derived from total RNAs of LNCaP cells before
(0h) or after 6- or 24-h treatment with R1881 (10 nm) were
generated as previously described (Maeda et al., 2008). Briefly,
first-strand ¢cDNAs, which were transcribed to the 5-end
of capped RNAs, were attached to CAGE ‘bar code’ tags
(AATAG for Oh, ATTAT for 6h and ATTGG for 24 h), and
digested into 20-nt tags by Mmel (New England Biolabs, Ipswich,
MA, USA). The CAGE tags were concatenated, ligated to
sequencer-specific DNA adaptors and analyzed by 454 FLX
Sequencing (Roche Diagnostics, Penzberg, Germany). The
positions of the CAGE tags on the human genome (NCBI
version 35) were determined by using Vmatch alignment tool
(by Professor Stefan Kurtz, University of Hamburg, Germany),
and 1929416, 682111 and 586083 CAGE tags were determined
from 0-, 6- and 24-h libraries, respectively. CAGE tags are grouped
into TCs in which the member tags map to the same strand of a
chromosome and overlap by at least 1bp. Fisher’s exact test was
performed to compare tag distributions between the 0-, 6-, and 24-h
samples; 2 x 2 contingency matrix constructed tag numbers in
a TC against tag number in the other TCs by a sample pair.
We determined whether there were significant differences
(P<0.01) among tag distributions for each TC at 6 and 24h
after androgen treatment (total number of TCs=13110). Also
using the Bonferroni correction (P<0.01/n; where n is total
TCs, 381 554), we identified 1572 androgen-regulated TCs. For
calculating genomic locations of TCs relative to the closest
Refseq genes or Refseq on the antisense strand, we defined the
location of TC that has maximal frequency at the TSS regions.
All data will be released from the website of the Genome
Network Platform at National Institute of Genetics, Japan
(http://genomenetwork.nig.ac.jp/download/dataset_e.html).

Microarray

Total RNAs were extracted from LNCaP cells treated with R1881
(10nm) for 6 and 24h, using ISOGEN reagent (Nippon Gene,
Tokyo, Japan). Affymetrix (Santa clara, CA, USA) U133Plus2.0
expression microarrays were used. Data analysis was performed
using the Affymetrix Microarray Suite software. For comparing
arrays, normalization was performed using data from all probe sets.

ChiP-chip

ChIP-chip analysis was performed in biological triplicates by
using antibodies for AR and AcH3 as previously described
(Takayama et al., 2007). Briefly, in vitro transcription was
performed twice for amplification of ChIP materials. Ampli-
fied DNA was fragmented, labeled with biotin and hybridized
to Human Tiling 1.0R microarrays (7 Chip Set) (Affymetrix).
Data were analyzed as described previously. Using a stringent
P-value cutoff le-5, 2800 AR ChlP-enriched regions were
identified as significant ARBSs. Using a stringent P-value
cutoff le-4, 25954 AcH3 ChIP-enriched regions were identified
as significant AcH3 sites. For comparison study of our data
with previous AR binding data, we retrieved the ChIP-chip

-263 -



(Wang et al., 2009) and ChIP-Seq (Yu et al., 2010) data and
mapped all the ARBS data to the human genome hgl7 using
liftOver tool in the UCSC Genome Bioinformatics (http://
genome.ucsc.edu/).

ChIP and quantitative PCR (qPCR)

ChIP was performed as previously described (Takayama et al.,
2007). Fold enrichments relative to immunoglobulin G or the
input control were quantified by real-time PCR using SYBR green
PCR master mix (Applied Biosystems, Foster City, CA, USA) and
the ABI Prism 7000 system (Applied Biosystems) based on SYBR
green E fluorescence. Relative differences in the amounts of PCR
products among the treatment groups were evaluated by the
comparative cycle threshold (C,) method, using glyceraldehyde-3-
phosphate dehydrogenase as an internal control. Primer sequences
for ARBSs are listed in the Supplementary Table 1.

Quantitative reverse transcription—-PCR (qRT-PCR)
First-strand cDNA was synthesized using the Primescript RT
reagent kit (TAKARA, Kyoto, Japan). Primer sequences are
listed in the Supplementary Table 1. qRT-PCR for miRNA
was performed in triplicates by TagMan miRNA RT-PCR
system (Ambion, Austin, TX, USA), using RUN6B (Applied
Biosystems) as an internal control.

Hierarchical cluster analysis for androgen-regulated genes

in prostate samples

Unsupervised hierarchical clustering was performed for 508
genes selected by our experiments (258 androgen-upregulated
and 250 androgen-downregulated genes). cDNA microarray
data for 62 primary tumors and 41 normal samples (Lapointe
et al., 2004) were retrieved from the Stanford University
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Abstract

We propose an innovative, integrated, cost-effective
health system to combat major non-communicable
diseases (NCDs), including cardiovascular, chronic
respiratory, metabolic, rheumatologic and neurologic
disorders and cancers, which together are the predominant
health problem of the 21st century. This proposed holistic
strategy involves comprehensive patient-centered
integrated care and multi-scale, multi-modal and multi-
level systems approaches to tackle NCDs as a common
group of diseases. Rather than studying each disease
individually, it will take into account their intertwined
gene-environment, socio-economic interactions

and co-morbidities that lead to individual-specific
complex phenotypes. It will implement a road map for
predictive, preventive, personalized and participatory (P4)
medicine based on a robust and extensive knowledge
management infrastructure that contains individual
patient information. It will be supported by strategic
partnerships involving all stakeholders, including general
practitioners associated with patient-centered care. This
systems medicine strategy, which will take a holistic
approach to disease, is designed to allow the results to
be used globally, taking into account the needs and

specificities of local economies and health systems.
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Non-communicable diseases, the major global
health problem of the century

Chronic diseases are disorders of long duration and
generally slow progression [1]. They include four major
non-communicable diseases (NCDs) listed by the World

Health Organization (WHO) [2] - cardiovascular
diseases, cancer, chronic respiratory diseases and
diabetes — as well as other NCDs, such as

neuropsychiatric disorders [3] and arthritis. As survival
rates have improved for infectious and genetic diseases,
chronic diseases have come to include communicable
diseases (such as HIV/AIDS) and genetic disorders (such
as cystic fibrosis). NCDs represent the major global
health problem of the 21st century [4,5]; they affect all
age groups [6] and their burden is greater than that of
infectious diseases. NCDs are the world leading cause of
disease burden and mortality [2] and are increasing in
prevalence and burden [7], even in low- and middle-
income countries [8]. Costs incurred by uncontrolled
NCDs are substantial, especially in underserved
populations [9] and low- and middle-income countries
[10,11]. NCDs are an under-appreciated cause of poverty
and hinder economic development [11]. Importantly,
management of NCDs has recently been prioritized
globally (Box 1).

Chronic diseases are caused by complex gene-
environment interactions acting across the lifespan from
the fetus to old age (Figure 1). In this context,
‘environment’ includes risk and protective factors
associated with environment and lifestyle, such as

© 2011 Bousquet et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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Box 1: Priorities for the prevention and control of NCDs

May 2008: 61st World Health Assembly. WHO recommended

a worldwide priority policy on NCD prevention and control
(2008 to 2013), including cardiovascular disease, cancer, chronic
respiratory diseases [101] and diabetes, not least because they
often have common environmental risk factors [2].

May 2010: United Nations (UN) General Assembly unanimously
adopted Resolution A/RES/64/265: "Tackling NCDs constitutes
one of the major challenges for sustainable development in the
21st century’' [102].

December 2010: the Council of the European Union adopted
conclusions based on innovative and global approaches for
NCDs in public health and healthcare systems to further develop
population-based and patient-centered policies [1].

2010: US Center for Disease Control and Prevention (CDC) [103]
says that 'an essential strategy for keeping older adults healthy is
preventing NCDs and reducing associated complications’

19 September 2011: UN General Assembly symposium on NCDs.
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tobacco, nutrition, indoor and outdoor air pollution and
sedentary life [2].

Socio-economic determinants are intertwined with the
onset, progression, severity and control of NCDs. There
are functional interdependencies between molecular
components, reflecting complex network perturbations
that link cells, tissues and organs [12]. Early life events
are crucial in the generation of NCDs, and aging
increases disease complexity, adding, for example, tissue
and cell senescence [13]. Comorbidity refers to the co-
existence of two or more diseases or conditions in the
same individual that have similar risk factors and/or
mechanisms. Most people with NCDs suffer from two or
more diseases [14]. Co-morbidity and multi-morbidity
are common signatures of NCDs and are associated with
worse health outcomes [15], complex pharmacological
interventions and clinical management, and increased
healthcare costs [16]. However, little is known about how
NCDs truly cluster at the genetic, molecular or
mechanistic levels, and there is scant understanding of
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economic : s
determinants Lifestyle - environment primary prevention
Risk and protective factors — 7
A Tobacco smoking, pollutants, —
allergens, nutrition, infections,
/ > physical exercise, others
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v
Gender > Genes <
A Systems biology on
precise phenotypes
A
v
Biological expression of chronic diseases —
Transcripts, proteins, metabolites
» Target organ local inflammation —
Systemic inflammation =
Cell and tissue remodeling e
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¢ Secondary prevention
v » Tertiary prevention
Clinical expression of chronic diseases * Treatment
Co-morbidities
\ k. Severity of co-morbidities J
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R

complex clinical outcomes of NCDs for prevention and control.

Figure 1. NCDs are associated with complex gene-environment interactions modulated by socio-economic determinants, psychological
factors, age and gender. The products of these interactions lead to the biological expression of NCDs and further to their clinical expression with
co-morbidities. A new definition of NCD phenotypes is needed to understand how a network of molecular and environmental factors can lead to
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how specific combinations of NCDs influence prognosis
and treatment [16].

NCDs are multi-factorial. In addition to environmental
factors and increased life expectancy, intrinsic host
responses, such as local and systemic inflammation,
immune responses and remodeling [17], have key roles in
the initiation and persistence of diseases and co-
morbidities. The recent increase in NCDs has been
associated in part with biodiversity loss [18], socio-
economic inequities linked with climate change, and loss
of natural environments [19]. A more comprehensive
understanding of these links will make it possible to
propose more effective primary prevention strategies.
The in utero environment is an important determinant of
adult NCDs, including diabetes [20], coronary heart
diseases [21], and asthma [22] or chronic obstructive
pulmonary disease (COPD) [23]. Mechanistic links have
been proposed that involve fetal expression of genes that
are conserved across species, epigenetic mechanisms
[22,24], early and maternal life infections, and/or
environmental exposures. These need to be understood
better [25], as early interventions may have the potential
to reduce NCD burden [26].

Nutrition is a key determinant of health and NCDs.
Understanding the underlying complexities of metabolic
responses and pathophysiology is needed. Loss of
biodiversity in food organisms causes micronutrient and
vitamin deficiencies, and obesity and related chronic and
degenerative diseases are a formidable challenge [27].
Nutritional intervention in early childhood may help
prevent autoimmune diseases [28], and adoption and
adherence to healthy diet recommendations are needed
globally to prevent the onset and facilitate control of
NCDs [29]. However, trying to change lifestyles using
public health efforts remains a major challenge, and an
interdisciplinary social and behavioral approach,
including the cultural aspects of nutrition, is needed [30].
Tobacco use [31], biomass fuel combustion and air
pollution [32] are among the major risk factors for NCDs;
these act as early as in utero and in early life. Those
working on the global prevention and control of NCDs
should consider these risk factors because translational
epidemiology is the key to exploring their role in the
development of NCDs and to devising approaches that
will enable successful guided interventions [33].

The development of a society, rich or poor, can be
judged by the health of its population, how equitably
health is distributed across the social spectrum, and the
degree of protection provided to people who are
disadvantaged by illness. Effective action against NCDs
needs to include understanding of the social and
economic determinants and their modification (Figure 1)
[34]. Indeed, best-practice interventions targeted at
coronary risk factors eliminate most socioeconomic
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differences that affect coronary heart disease mortality,
and this should serve as an example to follow for other
NCDs [35]. In May 2009, the 62nd WHO Assembly
recommended re-orienting health systems globally to
promote primary healthcare as the most cost-effective
strategy [36]. Healthcare often focuses on single diseases,
advanced technology, biomedical interventions and
specialist care. Most healthcare takes place in primary
care settings [37], with emphasis on providing a complete
range of care, from home to hospital, and on investing
resources rationally. Fragmenting care can reduce the
ability of primary care clinicians to ensure that patient
care is comprehensive, integrated, holistic, and
coordinated [38], and to decide whether a person has a
significant disease or temporary symptoms [39].

A proposal for multidisciplinary patient-centered
management of chronic NCDs

We recommend that, to determine measures of disease
severity and control, effective interventions and studies
should be built around carefully phenotyped patients
(Figure 2) and strictly follow carefully crafted
methodological standards. Patients should be placed at
the center of the system; if they are aware of and
understand the resulting phenotype data, their health
will benefit. We stress that patients must understand that
it is their societal responsibility to make their anonymized
data available to appropriate scientists and physicians so
that the latter can create the predictive medicine of
the future that will transform the health of their children
and grandchildren. For patients to adopt this approach,
it is essential that laws be passed protecting them
against abuse of their personal data by insurance
companies, health authorities or employers. This
approach to patient-centeredness, if aided by community
health teams, will advance research. It may also benefit
from the experience gained in patient-centered medical
homes [40,41].

The concepts of severity, activity, control and response
to treatment are linked. Severity is the loss of function in
the target organs induced by disease and may vary over
time; as it may also vary with age, this needs to be
regularly re-evaluated. Activity is the current level of
activation of biological pathways causing the disease and
the clinical consequences of this activation. Control is the
degree to which therapeutic goals are being met [42].
Responsiveness is the ease with which control is achieved
by therapy [43]. Control can be achieved using clinical
and/or biological end points, such as glycemic control in
diabetes [44]. Careful monitoring of co-factors, such as
compliance, and of unavoidable risk factors is needed.
The uniform definition of severe asthma presented to
WHO is based on this approach [45] and therefore
provides a model to assess NCD severity (Figure 3).
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Figure 2. Classical phenotypes are based on a priori ontologies (cardiovascular disease, chronic obstructive pulmonary disease (COPD)
and type 2 diabetes), and new phenotypes are based on statistical modeling of all the complex components of NCD onset, persistence

Information and communication technologies (ICT)
are needed for the implementation of integrated care in a
systems medicine approach to enable prospective follow-
up of the patients. Home telemonitoring is promising
[46] and should be explored further because continuous
and precise monitoring makes each individual clinical
history a valuable source of comprehensive information.
More user-friendly and efficient ICT platforms are
needed that include shared decision making, the process
by which a healthcare choice is made jointly by the
practitioner and the patient [47]. Ideally, an innovative
patient management program would combine ICT,
shared decision making and personalized education of

the patient (and caregiver) about multidisciplinary
approaches. The content, acceptance and effectiveness of
such approaches should be tested to ensure that the
autonomy, quality of life and capacity of patients are
respected and enhanced, and that their values and
preferences dominate decision making [48]. Practice-
based inter-professional collaborations is also key to
improving healthcare processes and outcomes [49].
Qualitative assessment will provide insight into how
interventions affect collaboration and how improved
collaboration contributes to changes in outcomes.

Thus, we propose that NCD management should move
towards holistic multi-modal integrated care, and
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Figure 3. The concept of a uniform definition for NCD severity is based on control, responsiveness to treatment and risks (short, medium
and long term). A single flow chart is proposed to define severity to improve phenotype characterization for all purposes (research, clinical and
public health). It is based on diagnosis, therapeutic interventions and their availability/affordability, risk factors and co-morbidities.

multi-scale, multi-level systems approaches. To reduce
their socio-economic and public health impacts, we
propose that NCDs should be considered as the
expression of a continuum or common group of diseases
with intertwined gene-environment, socio-economic
interactions and co-morbidities that lead to complex
phenotypes specific for each individual. The ‘systems
medicine’ concept, which takes a holistic view of health
and disease, encapsulates this perspective. Systems
medicine aims to tackle all components of the complexity
of NCDs so as to understand these various phenotypes
and hence enable prevention (Box 2), control through
health promotion [50] and personalized medicine [51],
and an efficient use of health service resources [52]. It
does this through integrated care using multidisciplinary
and teamwork approaches centered in primary and
community care [53], including the essential ethical
dimension.

Systems biology and medical informatics for P4
medicine of chronic NCDs

The main challenge regarding NCDs in the 21st century
is to understand their complexity. Biology and medicine
may be viewed as informational sciences requiring global
systems methods using both hypothesis-driven and
discovery-driven approaches. Systems medicine is the
application of systems biology to medical research and
practice [54,55]. Its objective is to integrate a variety of
data at all relevant levels of cellular organization with
clinical and patient-reported disease markers. It uses the
power of computational and mathematical modeling to
enable understanding of the mechanisms, prognosis,
diagnosis and treatment of disease [56]. It involves a
transition to predictive, preventive, personalized and
participatory (P4) medicine, which is a shift from reactive
to prospective medicine that extends far beyond what is
usually covered by the term personalized medicine
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Box 2: Glossary of terms

Box 3: Key expected benefits of P4 medicine

The classical definition of prevention [101] includes:
- Primary prevention: to avoid the development of disease.

- Secondary prevention: recognize a disease before it results
in morbidity (or co-morbidity).

- Tertiary prevention: to reduce the negative impact of
established disease by restoring function and reducing
disease-related complications.

Expanding on the traditional model of prevention, Gordon [104]
proposed a three-tiered preventative intervention classification

system on the basis of the population for whom the measure is

advisable based on a cost-benefit analysis:

- Universal prevention addresses the entire population (for
example, national, local community, school, and district) and
aims to prevent or delay risk factor exposure. All individuals,
without screening, are provided with information and skills
necessary to prevent the problem.

- Selective prevention focuses on groups whose risk of
developing problems is above average. The subgroups may
be distinguished by characteristics such as age, gender, family
history, or economic status.

- Indicated prevention involves a screening process.

According to these definitions, health promotion [50] should
be used for primary universal and selective prevention strategies,
whereas P4 medicine (predictive, preventive, personalized and
participatory) [51] should be used for primary, secondary and
tertiary indicated prevention strategies.

To prevent the occurrence of NCDs by implementing effective

action at societal and individual levels:

- Todetect and diagnose disease at an early stage, when it can
be controlled effectively.

- To stratify patients into groups, enabling the selection of
optimal therapy.

- Toreduce adverse drug reactions through the predictive or

early assessment of individual drug responses and assessing
genes leading to ineffective drug metabolism.

- To improve the selection of new biochemical targets for drug
discovery.

- To reduce the time, cost, and failure rate of clinical trials for
new therapies.

- To shift the emphasis in medicine from reaction to prevention
and from disease to wellness.

[57,58]. It incorporates patient and population
preferences for interventions and health states by
implementing effective societal actions [57] with an
important public health dimension [59]. It is likely to be
the foundation of global health in the future (Box 3).

Thus, there is an urgent need for development of
information management systems that can enable secure
storage of heterogeneous data, including clinical data,
and provide tools for the management, search and
sharing of the data. Such information needs to accessible,
shared between investigators, queried, and integrated in
a controlled and secure manner with molecular profiles
and images obtained from high-throughput facilities. For
example, one prediction arising from considerations of
the evolution of P4 medicine suggests that, in 10 years or
so, each patient will be surrounded by a virtual cloud of
billions of data points; we will need information
technology to reduce this staggering data dimensionality
to simple hypotheses about health and disease for each
individual patient [57].

A systems biology approach that is unbiased by old
classification systems can be used to find new biomarkers
of co-morbidities, disease severity and progression. In
this approach, phenotypes of NCDs are analyzed in an
integrative manner using mathematical and statistical

modeling, taking all diseases into account, and
embedding co-morbidities, severity and follow-up of the
patients through analyses in dynamic models (Figure 4).
Unknown phenotypes are defined and further analyzed
using iterative cycles of modeling and experimental
testing. Novel biomarkers are identified combining
datasets from genomics, epigenetics, proteomics,
transcriptomics, metabolomics and metagenomics.
These new complex biomarkers will need to be validated
and replicated in independent controls or prospective
patient cohorts [60]. Using methods used in non-medical
complex model systems, it should be possible to monitor
‘early warning signals, which predict the state of disease
progression, and the occurrence of abrupt phase
transitions (slowing down, increase in autocorrelation
and variance) [61]. For example, in a mouse model of
neurodegenerative disease, blood biomarkers have been
shown to allow pre-symptomatic diagnosis and analysis
of the stage of disease progression [62].

Modeling is a powerful tool for reducing the enormous
complexity of comprehensive biological datasets to
simple hypotheses. Modeling of the temporal behavior of
disease read-outs at short [63] or long [64] intervals can
identify sub-phenotypes of NCDs. Attempts to find novel
biomarkers of disease development using a systems
biology approach have been used to assess the
mechanisms of severe asthma, allergy development [65]
and cancer. One important role that biomarkers will have
is to stratify a given disease into its different subtypes so
that appropriate and distinct therapies can be selected for
each subtype. Phenotypes can be modeled using
statistical approaches, such as scale-free networks and
Bayesian clustering. models, that are based on the
evaluation of NCDs as a whole, taking into account co-
morbidities, severity and follow-up. This approach will
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Figure 4. Iterative mathematical modeling to increase
knowledge on NCDs. Various targeted or comprehensive data
types are collected from samples of individuals with carefully
defined phenotypes, processed using probabilistic and network
analysis tools, and integrated into predictive models using a
knowledge management and simulation platform, leading to the
refinement of the classification of NCDs. Mechanistic hypotheses
and complex biomarkers of NCDs generated through this process
are then tested and validated iteratively using small then large
cohorts of independent samples, providing potential diagnostic and
L therapeutic solutions for the general population.

make it possible to find intermediate phenotypes and
patient-specific phenotypes. The challenge will be to
develop efficient, automated and integrated workflows
that predict the most suitable therapeutic strategy not
only at the population level but, most importantly, at the
individual patient level.

Bioinformatics, medical informatics and their interplay
(sometimes termed biomedical informatics) will be key
enablers in structuring, integrating and providing
appropriate access to the enormous amount of relevant
data and knowledge [66,67]. Medical informatics needs
to provide ubiquitous and powerful electronic healthcare
record technologies to securely aggregate and handle
diverse, complex, and comprehensive data types [68].
Biomedical informatics must develop ways to use these
content-rich electronic healthcare records to provide
advanced decision support that considers all aspects of
normal and disease biology, guided by clinically relevant
insights and biomarker discovery research strategies
[69,70]. Bioinformatics will need to constantly restructure
and refine global data to distill the clinically useful
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elements and the derived models, so they can feed this
information system in a real-time, automated fashion,
constantly incorporating clinical expertise. P4 medicine
is evolving so rapidly in its understanding of disease
states that the individual patient’s data must continually
be re-examined so that new insights into the health and
disease state of the individual can be gained. This general
informatics framework, based on an advanced ICT
infrastructure, will provide the basis for empowering P4
medicine.

Given the complexity of NCDs, bio-clinical scientific
progress will depend critically on large-scale pooled
analyses of high quality data from many biobanks [71]
and bio-clinical studies (such as BioSHaRE-EU [72]).
Biomedical informatics and knowledge management
platforms have made significant advances towards
enabling the development of technologies to organize
molecular data at the level required for the complexity of
NCD data [73,74]. Data analysis, integration and
modeling require strict statistical procedures in order to
avoid false discoveries [75]. They can be performed, for
example, using the joint knowledge management
platform of European Framework Program 7 (EU FP7)
projects, including U-BIOPRED [76], MeDALL [65],
AirPROM and SYNERGY-COPD, and using similar
initiatives worldwide. Large-scale profiling to discover
early markers of disease progression before the
appearance of any symptoms has already been performed
in a large prospective human cohort [77,78].

Complementary approaches using computational
models that extend existing models derived from the
Physiome project, including biomedical imaging, can be
used together with statistical modeling of various types
of clinical data to further define phenotypes and develop
predictive models. These can be used within the
framework of a fully integrated (preferably open source)
knowledge management platform [79]. Such a platform
for knowledge management, including annotation and
ontologies, would then operate on top of the medical
informatics infrastructure, setting the stage for a systems
medicine approach to NCDs. In our collective experience
these necessary aspects of medical informatics have a
tendency to be overlooked in funding efforts targeting
complex diseases.

Integrated care of chronic NCDs using P4 systems
medicine

Integrated care, a core component of health and social
care reforms, seeks to close the traditional gap between
health and social care [80]. Population health sciences
should integrate personalized medicine in public health
interventions to prevent and manage NCDs in a cost-
effective manner by involving all stakeholders, including
patients [81]. The objectives of this proposed integration

-272 -



Bousquet et al. Genome Medicine 2011, 3:43
http://genomemedicine.com/content/3/7/43

are: (i) to investigate questions related to NCDs; (ii) to
improve the quality of primary care; and (iii) to widely
disseminate new information that will improve overall
health at both a local and national level [82]. Chronic
diseases can disconnect individuals from their usual
milieu, with negative implications for physical, social and
mental well-being. Moving beyond the disease-by-
disease approach to tackle NCDs demands an improved
understanding of NCD by patients, and a better
understanding of their common causes. At the local
level, strategies such as community oriented primary care
can link and reinforce personal and public health
efforts [83].

To understand, preserve and improve the health of
human populations and individuals, an integrated
research strategy should include all components of
research on NCDs and be integrated for optimal patient
management [84,85]. Careful evaluation is needed of: (i)
the acceptance of multi-morbidity of NCDs by the
patient, with particular attention to cultural and social
barriers, gender and age; (ii) the engagement of patients
in decisions regarding management [86], research and
clinical trials [55,57]; and (iii) the improvement of quality
of life that would result from the proposed management.
Targeting NCDs and their comorbidities will directly
affect healthy aging, which has been described as a
‘keystone for a sustainable Europe’ [87]. Screening, early
diagnosis, prevention and treatment of hidden
comorbidities in patients with diagnosed NCDs will
reduce their morbidity and increase healthy life years.

The direct and indirect costs of uncontrolled NCDs are
substantial for the patient, the family and society,
especially in underserved populations [9]. P4 medicine
should be put into the context of health economics to
show that expensive strategies are cost-effective [55,57].
Chronic diseases place a considerable economic burden
on the society and increase inequities. The social
dimension of NCDs needs to be pursued in the economic
and employment fields. The net social benefit of
improving medical and social care related to NCDs
should take co-benefits into account. Health costs for
NCDs should be balanced with health benefits, wealth
creation and economic development. The management
of NCDs requires the coordination of stakeholders in the
public and private sectors within a governance
framework that includes networks of care. Therefore,
research should be done to identify social determinants
and to create public health systems that translate efficacy
into effectiveness in the community [88]. Moreover,
strengthening health equity across nations and
socioeconomic groups is needed to meet the ambitions
of the Commission on Social Determinants of Health,
who have proposed closing the health gap between
nations and groups in a generation [89].
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Values are the basis of most actions in health and the
economy, and these values are often not made explicit.
Changing paradigms and approaches to NCDs may
challenge fundamental societal values and professional
habits [59,90]. The apparent contradiction between the
development of a more tailored medical approach to
NCDs and the public health dimensions of their
prevention and care needs to be addressed using a value-
based analysis. Thus, a thorough analysis of values
underlying P4 medicine should be conducted in diverse
contexts and should become part of the basis of decision-
making. The respective weight of the multiple
stakeholders involved in the priority setting must be
made clear, with transparency and proportionality as key
features. P4 medicine development should be a global
aim and not a privilege of ‘rich’ countries. Using data
obtained from all components of research, guidelines on
NCDs applicable to primary care could be developed
using up-to-date methodology [91,92]. Policies for
implementation could then be proposed, to translate the
concept of NCD into practice. They should distribute the
burdens equitably, also considering gender and age.

Multidisciplinary training of all stakeholders, with
particular emphasis on the participation of patient
associations, is a further essential component. Many
health and non-health professionals need to be educated
in the general approach to the research and management
of patients with NCDs. Innovative training programs
using ICT will be essential in this implementation. Such
education will also need to address questions of how to
teach the subject and how people learn it, rather than
merely regarding education as a process of transmission
and transaction for everyone involved. This includes
taking into account points of view, habits of mind, and all
the information requested for the needs of the strategy.
The educational program needs to forge educational
systems to help participants think in a coherent way
about NCDs. A module of the program should be
developed around patient feedback to help them be
engaged in all aspects of NCDs, including research.

Many patients with NCDs live in developing countries
where medications and services are often unavailable or
inaccessible. Effective medications, such as inhaled
corticosteroids for asthma [93] or insulin for diabetes,
should be made available for all patients [94]. In addition,
there should be a global cost-effective application of P4
medicine across the world [95]. It is likely that genomic
applications and ICT will become available to many
developing countries at a relatively low cost in the next
few years. In addition, new private-public strategic
partnerships, such as the pre-competitive Innovative
Medicines Initiative, a joint undertaking of the European
Union and the European Federation of Pharmaceutical
Industry Associations [96], and the Program on
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Public-Private Partnerships of the United States National
Institutes of Health Roadmap [97], are required to
overcome the bottlenecks in the development of new
treatment strategies [98]. WHO actively supports
capacity building, especially in developing countries,
fosters partnerships around the world, and works to
narrow the gap in healthcare inequities through access to
innovative approaches that take into account different
health systems, economic and cultural factors. Despite
the growing consensus for the need for health system
strengthening, there is little agreement on strategies for
its implementation [99]. Widely accepted guiding principles
should be developed with a common language for
strategy development and communication for the global
community in general [100] and for NCDs in particular.

Conclusions

NCD management needs to move towards integrated
care, global strategies and multi-modal systems
approaches, which will reduce the burden and societal
impact of NCDs. To this end, we propose that NCDs
must be considered as the expression of a common group
of diseases with different risk factors, socio-economic
determinants and co-morbidities. This will enable the
application of P4 medicine principles to NCDs, exploiting
their commonalities, bringing improved global healthcare
and the reduction of inequities around the world. The
expected results targeted to better support for patients
include: (i) better structuring of translational research
and development for NCDs; (ii) greatly enhanced
prevention and treatment capabilities; (iii) innovative
healthcare systems with implementation of follow-up
procedures directly in the homes of patients; (iv) slowing
down of health expenditure increase; and (v) new
interdisciplinary training curricula.
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