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Despite efforts to profile prostate cancer, the genetic alterations and biological processes that correlate with the observed
histological progression are unclear. Using laser-capture microdissection to isolate 101 cell populations, we have profiled prostate
cancer progression from benign epithelium to metastatic disease. By analyzing expression signatures in the context of over 14,000
‘molecular concepts’, or sets of biologically connected genes, we generated an integrative model of progression. Molecular
concepts that demarcate critical transitions in progression include protein biosynthesis, E26 transformation-specific (ETS)

family transcriptional targets, androgen signaling and cell proliferation. Of note, relative to low-grade prostate cancer

(Gleason pattern 3), high-grade cancer (Gleason pattern 4) shows an attenuated androgen signaling signature, similar to
metastatic prostate cancer, which may reflect dedifferentiation and explain the clinical association of grade with prognosis.
Taken together, these data show that analyzing gene expression signatures in the context of a compendium of molecular

concepts is useful in understanding cancer biology.

Prostate cancer is the most common noncutaneous malignancy in
American men!. Although numerous groups have profiled prostate
cancer using DNA microarrays (reviewed in ref. 2), genetic changes
and biological processes mediating important transitions in progres-
sion remain undefined. For example, because of the difficulty in
profiling small lesions, little is known about gene expression in the

aYe) putative precursor lesions prostatic intraepithelial neoplasia (PIN) and

roliferative inflammatory atrophy (PIA)>-. Prostate cancer is most
commonly graded using the Gleason grading system’, which relies
entirely on the architectural pattern of cancerous glands (with 1 as the
most differentiated and 5 as the least differentiated). As prostate
cancer is often multifocal, the overall Gleason score is the sum of
the two most prevalent patterns, and affected individuals with a higher
Gleason score tend to have more aggressive cancer®. Despite attempts
to identify genetic signatures distinguishing low— and high—Gleason
grade cancer, different signatures show little overlap between indivi-
dual genes, and the processes driving the different architectural
patterns are unknown’'4, Furthermore, the relationship between
different Gleason grades of clinically localized and metastatic prostate
cancer is unclear.

Traditionally, expression profiling analysis has focused on identify-
ing individual genes dysregulated during the disease process. More
recently, several techniques, including gene set enrichment analysis
and other ‘modular’ approaches, have been developed to identify sets

of dysregulated genes that share a biological function!>™!°. Here, we
analyzed prostate cancer progression using an alternative resource, the
Molecular Concept Map (MCM) (D.R.R. et al., unpublished data), an
analytical framework for exploring the network of relationships
among a growing collection of ‘molecular concepts, or biologically
related gene sets. The MCM is the largest collection of gene sets for
association analysis, and it is unique in that it computes pairwise
associations among all gene sets in the database, allowing for the
identification and visualization of ‘enrichment networks’ of linked
concepts. This is especially useful for complex gene expression
signatures. Integration of these signatures with the MCM allowed us
to systematically link them to over 14,000 molecular concepts.

RESULTS

Profiling prostate cancer progression at the cellular level

We used laser-capture microdissection (LCM) to isolate 101 specific
cell populations from 44 individuals, representing prostate
cancer progression as described in Methods. Isolated total RNA was
amplified by TransPlex whole-transcriptome amplification, before
expression profiling on 20,000-element cDNA microarrays. We have
recently validated TransPlex whole-transcriptome amplification for
expression profiling?®, and several lines of evidence support the
validity of our signatures, as described below and in the Supplemen-
tary Discussion online.
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Figure 1 Integrative analysis of molecular concepts in prostate cancer progression. (a) Samples representing different aspects of progression, such as

prostatic intraepithelial neoplasia (shown here), are obtained by LCM and hybridized to cDNA microarrays. Normalized data are loaded into the Oncomine
database for analysis. (b) Using the tools available in Oncomine, gene signatures are identified for pairwise comparisons, such as low-Gleason grade prostate
cancer versus high-Gleason grade prostate cancer, or correlation analyses, such as genes correlating with progression from benign epithelium to prostate
cancer (PCA) to metastatic prostate cancer (Met). (c) Expression signatures are automatically compared with all concepts in the Molecular Concept Map
(MCM), a resource containing approximately 15,000 molecular concepts (that is, biologically related genes), for enrichment by disproportionate overlap.

(d) Enrichment networks are then visualized using the MCM for significant links between concepts.

To identify expression signatures, we loaded our data set into
Oncomine, a bioinformatics resource developed by our group to
catalog and analyze microarray studies’!. To identify molecular
correlates of prostate cancer progression, we analyzed our expression
signatures using the MCM. In total, data from 12 databases and 340
high-throughput data sets were collected and analyzed, yielding over
14,000 molecular concepts (D.R.R. et al., unpublished data). The types
of molecular concepts are described in the Supplementary Discus-
sion. Our experimental approach is shown in Figure 1.

Prostate cancer progression signatures

We used LCM to interrogate epithelial cells and minimize the bias of
stroma. By profiling 12 stromal and 89 epithelial cell populations, we
defined a stromal signature, determined the extent of stromal bias in

studies using grossly dissected tissues and assessed the epithelial purity
of our specific LCM-isolated cell populations (Supplementary Fig. 1
and Supplementary Discussion online). To define a comprehensive
progression signature, we also sought to incorporate putative pre-
cursor lesions. As described below, through several analyses, our
results demonstrated that high-grade PIN and prostate cancer shared
markedly similar expression signatures. However, these same analyses
indicated that atrophic lesions, including PIA, shared few genetic
changes with prostate cancer, suggesting that PIA may be only a very
early precursor of, or unrelated to, cancer progression. Although
enrichment analysis indicated that our PIA samples were biased by
contaminating stroma, the epithelial PIA signature was still more
similar to benign epithelium than to prostate cancer. Further profiling
studies will be needed to define the role of PIA in progression.
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Figure 2 Expression signatures and molecular
concept analysis of cancer progression in
microdissected prostatic epithelia. (a) Robust
prostate cancer progression signatures identified
from microdissected material. Genes correlating
with progression from benign epithelium to PIN
to prostate cancer (PCA) to hormone-refractory
metastatic prostate cancer (Met) were identified.
The top 20 overexpressed (left) and
underexpressed (right) features are shown.
Columns represent individual arrays, and rows
represent the indicated feature. Red and

blue indicate relative overexpression and
underexpression, respectively, and gray indicates
features excluded during normalization.
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(c) signatures (purple nodes) defined in a. Each
node represents a molecular concept or set of
biologically related genes. The node size is
proportional to the number of genes in the
concept (as examples, the ‘NF-Y’ and ‘mitosis’
concepts contain 1,347 and 85 genes,
respectively). Each edge represents a statistically
significant enrichment (P < 5 x 107%). The most
enriched concept of each type in the progression
signature is indicated by a thick edge.
Enrichments with ‘androgen concepts’, indicating
decreased androgen signaling during prostate
cancer progression, are indicated by green edges.
Enrichments with ‘proliferation’ concepts are
indicated by orange edges. HPRD, Human Protein
Reference Database.
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whose expression increased or decreased during the progression
from benign epithelium to PIN to prostate cancer to metastatic
prostate cancer (see Methods). The ‘overexpressed in progression’
and ‘underexpressed in progression’ signatures had 661 and 862
features at Q < 0.05, respectively (Fig. 2a). Several lines of evidence
support the accuracy of our progression signatures. For example, the
most enriched Oncomine signatures in our ‘overexpressed in progres-
sion’ and ‘underexpressed in progression’ signatures were the over-
expressed (P = 1.7 x 107%%) and underexpressed (P = 2.7 x 10782)
prostate cancer progression signatures, respectively, from our group’s
previous study on an independent set of grossly dissected samples?
The most enriched chromosome arm in our ‘overexpressed in
progression’ signature is 8q (P = 4.5 x 107*), which shows one of
the most frequent gains during progression?®. Located at 8q24, the
MYC oncogene, which ranks 24™ in our ‘overexpressed in progression’
signature, is thought to be one of the targets of this amplification and
has been shown to be amplified during progression®>24,

Notably, stroma confounds the identification of truly underexpressed
genes (such as tumor suppressors) in studies using grossly dissected
tumors, owing to masking by large numbers of stromal transcripts
whose decreased expression during progression reflect the decrease in
the percentage of stroma?>27, For example, MME, which ranks gth in

tumor suppressor®. Although MME is signif-
icantly underexpressed in progression signa-
tures from previous studies using grossly
dissected tissue (ref. 11, P = 2.5 x 10710
ref. 29, P = 1.5 x 1075 ref. 14, P = 0.005), it ranks no higher than
639" in these studies because of stromal masking. Together, these
results indicate that although signatures derived from grossly dissected
and LCM-isolated samples share substantial overlap, our LCM-based
progression signature can serve as a more specific resource for
identifying genes underexpressed in epithelial cells during progression.

We also validated the differential expression of genes not previously
implicated in progression using quantitative real-time-PCR on
an independent sample set (Supplementary Fig. 2 online). We
validated the overexpression of two transcripts, ZIC2 (which
is involved in the hedgehog signaling pathway®®) and a noncoding
transcript at 11q13.1 (a region in which amplification predicts
progression to metastatic disease’!), as described in the Supplemen-
tary Discussion. We also validated the underexpression of NPAL3,
which ranks tenth in our signature and maps to 1p36, a region lost in
metastatic prostate cancer2.

To move beyond the single-gene or single-concept approach, we
analyzed our progression signatures and enriched concepts using the
MCM, which allows for the identification of enrichment networks.
Analyzing our ‘overexpressed in progression’ signature uncovered an
enrichment network containing proliferation-related concepts
(including the most enriched Gene Ontology (GO) biological process,
‘cell cycle’ (P = 1.6 x 1079), and the most enriched literature concept,
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‘differentially expressed genes in HeLa cells during the cell cycle’
(P = 1.7 x 10719)) (Fig. 2b). Other concepts in this set have strong
biological relationships to proliferation (Supplementary Discussion).

MCM analysis of our ‘underexpressed in progression’ signature
demonstrated an interconnected androgen signaling concept set
(Fig. 2c). These concepts represent both in vitro measures (including
the most enriched literature concept, ‘upregulated genes in prostate
cancer cells in response to synthetic androgen R1881” (P = 2 x 10714))
and in vivo measures of androgen signaling (‘downregulated genes in
prostate cancer after androgen ablation therapy’ (P = 1.7 x 107%)).
The enrichment of genes normally upregulated by androgen in the
‘underexpressed in progression’ signature is consistent with decreased
androgen signaling activity in the androgen-ablated state, as our
metastatic prostate cancers have recurred after androgen ablation
therapy. Other enriched concepts in our ‘underexpressed in progres-
sion’ signature are described in the Supplementary Discussion.

The transition from benign epithelium to PIN
We also attempted to identify molecular correlates of individual
histological transitions in prostate cancer progression. For individual
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Figure 3 Molecular concept analysis comparing
benign epithelium with prostatic intraepithelial
neoplasia (PIN). The most differentially expressed
genes between benign prostate epithelium and
PIN were identified by Oncomine. (a) The top 20
overexpressed (left) and underexpressed (right)
features in PIN compared with benign epithelium
are indicated. Heat map color scale is as in
Figure 2. (b) Network view of the molecular
concepts enriched in our ‘overexpressed in PIN
versus benign epithelium’ signature, including our
‘overexpressed in prostate cancer (PCA) versus
benign epithelium’ signature. The node size is
proportional to the number of genes in the
concept (as examples, the ‘upregulated genes in
CD4 cells compared with other blood cells’ and
the KEGG pathway ‘ribosome’ concepts contain
2,588 and 85 genes, respectively). Each edge
represents a statistically significant enrichment
(P < 5 x 107%). The most enriched concept of
each type in our signatures is indicated by a thick
edge. Enrichments between expression signatures
are indicated by black edges. Enrichments with
interconnected ‘androgen concepts’, indicating
increased androgen signaling in PIN versus
benign epithelium, are indicated by red edges.
Enrichments with interconnected ‘protein
biosynthesis concepts’, indicating increased
protein biosynthesis in PIN versus benign
epithelium, are indicated by blue edges.

= LRRFIP2

FLJ21963
LOC133957

ROBO1
SLC7A5

Downregulated genes (time
dependent) in prostate cancer
cells in response to Resveratrol

transitions, we observed far fewer genes dif-
ferentially expressed (Q < 0.05) between PIN
and prostate cancer (1.2% of measured fea-
tures) than between benign epithelium and
PIN (13.4%) or between localized and meta-
static prostate cancer (15.7%), suggesting that
PIN and prostate cancer share similar expres-
sion signatures. Additional analyses, includ-
ing clustering and prediction analysis of
microarrays (Supplementary Fig. 3 online)
and MCM analysis (described below), sup-
port this observation, suggesting that key
processes distinguishing prostate cancer from
benign epithelium also occur in PIN.

We identified robust expression signatures (with 1,213 and 1,335
features, respectively, at Q < 0.05) for genes over- and underexpressed
in PIN versus benign epithelium (Fig. 3a). MCM analysis of our
‘overexpressed in PIN relative to benign epithelium’ signature
identified an enrichment network of protein biosynthesis concepts
(Fig. 3b), including the most enriched GO biological process (‘protein
biosynthesis, P = 1.3 x 107) and KEGG pathway (‘ribosome),
P = 4.9 x 107). This network also contained the most enriched
Transfac promoter binding site concept, the ETS transcription factor
ELKI (P = 2.1 x 107), representing genes with defined ELK1 binding
sites in their proximal promoters. Transcriptional targets of other ETS
family members, including ETSI (P = 1.3 x 10®) and GABPA
(also known as NRF-2) (P = 7.6 x 107%), also show strong enrichment
due to overlapping transcription factor matrices. These results suggest
that a major process distinguishing PIN from benign epithelium is
increased protein biosynthesis, probably through ETS target genes.
MCM analysis also supports the genetic similarity of PIN and prostate
cancer, because in addition to marked overlap (P < 1 X 107190) the
signatures shared enrichment of the ‘protein biosynthesis’ and ‘ETS

pfegulated genes (time
d€pendent) in prostate cancer
cells in response to androgen
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target gene’ concepts. Furthermore, genes overexpressed in PIN
relative to benign epithelium also showed enrichment of concepts
indicating increased androgen signaling (Fig. 3b), suggesting a link
between androgen signaling, ETS transcription factors and protein
biosynthesis, as described below.

The transition from PIN to prostate cancer

We identified a limited number of transcripts differentially expressed
in localized prostate cancer relative to high-grade PIN (199 over-
expressed and 23 underexpressed features at Q < 0.05). This was
intriguing in the context of our work demonstrating that the ETS

e family members ERG, ETV1 and ETV4 are markedly overexpressed in

@)
@prostate cancer through fusions with the androgen-regulated gene

=" TMPRSS2 (refs. 33,34) and our observation that ETS target genes

involved in protein biosynthesis are overexpressed in PIN (and
prostate cancer) relative to benign prostatic epithelium. We observed
mutually exclusive overexpression of ERG, ETVI or ETV4 (>3.5
normalized z score units) in 20 of 30 localized prostate cancer samples
(from 12 of 19 cases) but did not observe overexpression of these
genes in any of the 22 benign or 13 PIN samples (Supplementary
Fig. 4 online). Notably, our data set contains three individuals
in which we captured both PIN and prostate cancer lesions, and an
ETS family member (ERG) was markedly overexpressed in the
prostate cancer samples. There was a marked upregulation of ERG
in prostate cancer relative to PIN in each of these three individuals:
ERG was the most upregulated feature in individuals 5 and 7 and the
second most upregulated in individual 17 (Supplementary Fig. 4). In
addition, in individuals in which multiple prostate cancer foci were
profiled, either all or no foci overexpressed ERG, ETVI1 or ETV4,
suggesting that this is a clonally selected event occurring early in
prostate cancer development.

It is unclear if expression signatures differ between tumors with
TMPRSS2-ETS fusions and those without. Thus, in this study and in
two others!!3>, we divided localized prostate cancers into those that
overexpressed ETS (ERG, ETV1 or ETV4) and those that did not,

and we attempted to identify expression signatures. In each study,
we identified molecular signatures differentiating ETS and
non-ETS tumors (157 features in this study, 524 features in ref. 11,
3,328 features in ref. 35 Q < 0.05). Notably, the three signatures
were highly overlapping (Fig. 4a). For example, the ‘overexpressed in
ETS versus non-ETS signatures from ref. 35 and this study were
the two most enriched Oncomine signatures in the ‘overexpressed
in ETS versus non-ETS signature in ref. 11 (P = 3 x 107* and
P = 1.6 x 1074, respectively). Although few concepts were signi-
ficantly enriched across all three studies, 6q21 was the most enriched
chromosome sub-arm in all three ‘overexpressed in ETS versus non-
ETS signatures (this study, P = 1.20 x 1074 ref. 11, P = 1.80 x 10°7%;
ref. 35, P = 8.30 x 107) (Fig. 4b—d). This suggests a cooperating
amplification at 6q21 in ETS tumors or loss of 6g21 in non-ETS
tumors; notably, multiple studies have identified loss of 6q21
in approximately half of localized prostate cancers®®. Thus, down-
regulation of genes at 6q21 may be important to tumor development
in non-ETS prostate cancers, providing an important direction
for future studies. For example, FOXO3A, which showed reduced
expression in non-ETS tumors in all three studies, has been pro-
posed as a prostate cancer tumor suppressor through promoting the
expression of CDKNIB (also known as p27kiP1) and BCL2LI11 (also
known as BIM)37-38,

Clinically localized to metastatic prostate cancer

Metastatic prostate cancer is generally considered incurable, and
treatment becomes palliative in nature. Treatment with anti-androgens
usually results in regression, but unfortunately, the cancer almost
invariably progresses with a hormone-refractory phenotype. Thus,
identifying signatures and concepts differentiating clinically localized
from untreated, or hormone-naive, and hormone-refractory metastatic
prostate cancer is essential to understanding progression. As our study
set did not contain enough hormone-naive metastatic samples (n = 3)
for comprehensive analysis, we used two Oncomine data sets (from
refs. 11 and 14, respectively) containing benign epithelium, localized

NATURE GENETICS VOLUME 39 | NUMBER 1 | JANUARY 2007

45



ARTICLES

M GO biological process

Il GO cellular component

[0 KEGG pathway

W GO molecular function

M Literature-defined concepts
[ Promoter binding site

[ Gene expression signature
Il Chromosome arm

(=

Mitosis [ Y

@ ©ifferentia

T HR metastatic vs. |dcalized/ PCA
(ref.22)

T HN Metastatic vs—tocalized PCa Knhockdown \
(ref. 11) b1 \\ {
,r Progrefsion, bnig&io H}\
gtastatic (fef. £2)
X

t

0

Progressiop, benign tp

0

Progression, Be!
HN metastatic (re

t

Upregulated,
in CD8 cells ¢

Prote
biosynth

Ribosome

O
Ribosome

@ © 2007 Nature Publishing Group  http://www.nature.com/naturegenetics

HR metastatic vs. localized PCA
(this study)

prostate cancer and hormone-naive metastatic prostate cancer samples.
MCM analysis of these studies uncovered two distinct interaction
networks (centered on protein biosynthesis and proliferation concepts)
enriched in the ‘overexpressed in progression from benign epithelium
to localized cancer to hormone-naive metastatic prostate cancer’
signature and the ‘overexpressed in hormone-naive metastatic cancer
versus localized prostate cancer’ signatures (Fig. 5). For example,
‘protein biosynthesis’ was the most enriched GO biological process
in the ‘overexpressed in progression’ signatures from both ref. 14 and
ref. 11 (P = 2.29 x 102 and 7.0 x 10713, respectively). Similarly,
‘differentially expressed genes in HeLa cells during the cell cycle” was the
most enriched literature concept in the ‘overexpressed in hormone-
naive metastatic cancer versus localized prostate cancer’ signatures from
both studies (ref. 14, P = 1.3 x 107% ref. 11, P = 3.0 x 107'%) (Fig. 5).
Notably, in both studies, progression signatures are more strongly
linked to protein biosynthesis, whereas ‘hormone-naive metastatic
versus localized prostate cancer’ signatures are more strongly linked
to proliferation concepts. Increased protein biosynthesis defined our
‘PIN versus benign epithelium’ and ‘localized prostate cancer versus

cells during thelcell cycle-G2 phase
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Figure 5 Differential expression of proliferation,
protein biosynthesis and androgen signaling
concepts in clinically localized, hormone-naive
metastatic and hormone-refractory metastatic
prostate cancer. To identify concepts differentially
expressed in localized, hormone-naive (HN) and
hormone-refractory (HR) metastatic prostate
cancer, we identified enrichment networks for
progression signatures (as defined in the text)
and ‘metastatic cancer versus localized prostate
cancer’ signatures from our study and three
others!1:14.22 HN and HR signatures are
indicated by light and dark green nodes,
respectively. The node size is proportional to the
number of genes in the concept (as an example,
the ‘upregulated genes in prostate cancer cells in
response to synthetic androgen R1881’ concept
contains 301 genes). Each edge represents a sta-
tistically significant enrichment (P < 5 x 1074).
The most enriched concept of each type in the
expression signatures is indicated by a thick
edge. Enrichments between expression signatures
are indicated by black edges. Enrichments with
protein biosynthesis, proliferation and androgen
signaling concepts are indicated by blue, orange
and green edges, respectively. Enrichments with
chromosome arm 8q are shown in magenta.
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benign epithelium’ signatures, suggesting that
protein biosynthesis concepts are similarly
overexpressed in hormone-naive metastatic
prostate cancer, whereas increased prolifera-
tion distinguishes hormone-naive metastatic
cancer from localized prostate cancer.

To understand the transition from hor-
mone-naive to hormone-refractory meta-
static prostate cancer, we compared the
hormone-naive metastatic enrichment net-
works just described with corresponding hor-
mone-refractory metastatic signatures from
our study and ref. 22. The ‘progression to
hormone-refractory metastatic prostate can-
cer’ and ‘hormone-refractory metastatic ver-
sus localized prostate cancer’ signatures from
both studies were highly enriched with the
proliferation network (Fig. 5). For example, ‘differentially expressed
genes in Hela cells during the cell cycle’ was the most enriched
literature concept in both ‘overexpressed in progression’ signatures
(this study, P = 1.7 x 10719 ref. 22, P = 2.4 x 1073%) and in
the ‘hormone-refractory metastatic versus localized prostate cancer’
signature in ref. 22 (P = 3.2 x 1072%). However, these signatures did
not show significant enrichment of protein biosynthesis concepts.
Rather, our ‘underexpressed in hormone-refractory metastatic cancer
versus localized prostate cancer’ signature showed strong enrichment
with protein biosynthesis concepts (Fig. 5). Additionally, the strongest
enrichment in this signature was for decreased androgen signaling
concepts, consistent with the castrated hormone-refractory state.
For example, ‘upregulated genes in prostate cancer cells in response
to synthetic androgen R1881” was the most enriched literature concept
(P =2.1 x 1071). Other decreased androgen signaling concepts in our
‘hormone-refractory metastatic cancer versus localized prostate
cancer’ signatures are described in the Supplementary Discussion
and Supplementary Figure 5 online. These results suggest that
although hormone-refractory and hormone-naive metastatic prostate

(ref. 14)
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This study:
l high vs low
Gleason grade

Upregulated genes in good kidney
transplants compared to donor

Downregulated genes in prostate
cancer after androgen ablation therapy

cancer share increased proliferation, only hormone-refractory meta-
static cancers show a marked decrease of androgen signaling and
protein biosynthesis concepts. As protein biosynthesis decreases with
decreased androgen signaling, whereas protein biosynthesis and
androgen signaling activity are increased in PIN compared with
benign epithelium, this supports a link between androgen signaling,
ETS transcriptional targets and protein biosynthesis. This is in agree-
ment with studies showing that androgen ablation causes a reduction
in nucleolar size and regression of PIN3?,

Decreased androgen signaling in high-Gleason grade cancer

Using LCM also allowed us to profile distinct Gleason patterns of
cancerous epithelium. We divided our cancer samples into two classes,
low-grade (only Gleason pattern 3) and high-grade (samples with
Gleason patterns >3). We did not identify robust signatures distin-
guishing low- and high-grade samples (two features at Q < 0.05)
(Fig. 6a). However, the ‘overexpressed in high—Gleason grade’
(P = 64 x 10™) and ‘underexpressed in high-Gleason grade’
(P = 15 x 107%) signatures of ref. 11 are the most enriched
Oncomine signatures in our ‘overexpressed in high—Gleason grade’
and ‘underexpressed in high—Gleason grade’ signatures, respectively,
supporting the existence of more subtle multigene signatures. We also

B GO molecular function
M Literature-defined concepts
B Gene expression signature

Upregulated genes in prostate cancer cells
in response to synthetic androgen R1881

Ref. 11:
l high vs low
Gleason grade

Downregulated genes (time
dependent) in prostate cancer
cells in response to Resveratrol

cells stained per core. Error bars indicate 95%
confidence intervals of the mean. Expression of
SLC22A3 in prostate cancer progression was
determined by analysis of benign, PIN, localized
prostate cancer (PCA) and metastatic prostate
cancer (Met) tissue cores (left). The number of
cores per class is indicated. SLC22A3 expression
was compared between the localized prostate
cancer cores containing only Gleason pattern 3
(Gleason 3) and cores containing only Gleason
patterns 4 or 5 (Gleason 4+) (right). (d) Network
view of the molecular concepts enriched in
‘underexpressed from low- to high-Gleason grade
prostate cancer’ signatures from this study and
from ref. 11. Enrichments with interconnected
‘androgen concepts’, indicating decreased
androgen signaling in high-Gleason grade
prostate cancer, are indicated by green edges.

validated several of the most differentially expressed features using
quantitative real-time PCR on an independent set of grossly dissected
tumors (Fig. 6b). We further validated the underexpression of
SLC22A3 in high—Gleason grade tumors by immunohistochemistry
on tissue microarrays. SLC22A3 ranked 15 in our ‘underexpressed
in high-Gleason grade’ signature and 47 in our ‘underexpressed in
progression’ signature. Immunohistochemistry confirmed the decrease
in SLC22A3 expression during progression (benign epithelium
to prostate cancer, P = 0.003; localized prostate cancer to metastatic
prostate cancer, P = 0.009) as well as lower expression in high—
Gleason grade cancer compared with low—Gleason grade cancer
(P = 1.1 x 107) (Fig. 6¢c). A recent report defining LCM-isolated
signatures from low— and high—Gleason grade prostate cancer also
found marked underexpression of SLC22A3 (the third lowest expres-
sion as a multiple of the control) in high-Gleason grade cancer’,
further validating SLC22A3 as a marker for Gleason grade.

Although few transcripts were differentially expressed between
low—Gleason grade cancer and high—Gleason grade cancer, MCM
analysis identified strong enrichment of decreased androgen signaling
in high-Gleason grade cancers (Fig. 6d). For example, ‘upregulated
genes in prostate cancer cells in response to synthetic androgen R1881°
(which includes SLC22A3) was the most enriched literature concept in
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Figure 7 Molecular concept heat map of prostate cancer progression. LCM was used to generate specific expression profiles for epithelial cells

from the histological transitions in prostate cancer (PCA) progression. Columns below the histological images represent individual samples from

each class, and rows represent individual features. Heat map color scale is as in Figure 2. Genes previously implicated in prostate cancer progression
and those validated in this study (‘prostate cancer genes’) as well as representative genes from enriched molecular concepts as described in the text are
shown at right.
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relative expression of enriched concepts identified by expression profiling of
specific cell populations was used to develop a molecular concept model of
prostate cancer (PCA) progression to hormone-naive (HN) and hormone-
refractory (HR) metastatic PCA.

our ‘underexpressed in high—Gleason grade versus low—Gleason grade
cancer’ signature and that of ref. 11 (P = 1.8 x 107 and 1 x 107!},
respectively). Other enriched concepts related to androgen signaling
are described in the Supplementary Discussion.

http://www.nature.com/naturegenetics

A molecular concept model of prostate cancer progression
By combining LCM-based profiling with an integrative molecular
concept analysis, we identified genes, concepts and enrichment net-
works correlating with the histologic progression of prostate cancer,
leading to a unified molecular model (Figs. 7 and 8). We confirmed
the differential expression of several genes (including TMPRSS2-ETS
gene fusions, AMACR, MYC, EZH2, PTEN, GSTP1, NKX3-1, MME
and AZGP1) and concepts (including increased expression of genes on
8q and proliferation genes) previously linked to prostate cancer
progression*®*l, We also identified molecular concepts correlating
with known histological features of prostate cancer progression. For
la.l example, the defining histological characteristic of PIN is an enlarged

© 2007 Nature Publishing Group

ucleolus*? (which is the organelle responsible for controlling
=" protein biosynthesis), consistent with our concept analyses.

DISCUSSION

Our concept-based analysis allows us to make several insights into
prostate cancer progression. MCM analysis identifies strong enrichment
of ETS transcription factor targets in genes involved in protein biosyn-
thesis. Although we are unaware of direct evidence linking ETS target
genes to protein biosynthesis regulation in prostate cancer, our results
suggest that this pathway is upregulated during the transition from
benign epithelium to PIN and is downregulated during the transition
from localized to hormone-refractory metastatic prostate cancer.

This result is important in light of our recent discovery of
TMRPSS2-ETS gene fusions in the majority of prostate cancers®>.
Our analysis suggests that this is one of the few expression changes
distinguishing PIN and prostate cancer, consistent with the similar
histological appearance of PIN and prostate cancer cells. As ETS
targets are overexpressed in PIN, possibly through subtle, direct
dysregulation of ETS family members or through a distinct genetic
lesion with overlapping targets (such as MYC or PTEN, which can
regulate protein biosynthesis*®), these gene fusions may serve to lock
in the deregulation of this pathway and allow for the development of
overt carcinoma. Additionally, as ETS targets are already overexpressed

ARTICLES

in PIN, TMPRSS2-ETS fusions may bypass feedback mechanisms,
resulting in the differential expression of a limited number of targets,
or may result in modest expression changes.

Our study confirms the central role of androgen signaling in
prostate cancer. We identified increased androgen signaling in PIN
compared with benign epithelium and decreased androgen signaling
in localized cancer compared with PIN, in high—-Gleason grade cancer
compared with low—Gleason grade cancer and in hormone refractory
metastatic cancer compared with localized cancer. Furthermore,
enrichment analysis suggests that androgen signaling is also decreased
in hormone-naive metastatic prostate cancer compared with localized
cancer, as ‘upregulated genes (time-dependent) in prostate cancer cells
in response to androgen’ is the most enriched literature concept in the
‘underexpressed in hormone-naive metastatic cancer versus localized
prostate cancer’ signature in ref. 11 (P = 2.9 x 107'). A recent
report** uses an experimentally derived set of androgen-regulated
genes to analyze ref. 11, and the authors also observe lower androgen
signaling in high—Gleason grade prostate cancer compared with low—
Gleason grade prostate cancer and in hormone-naive metastatic
prostate cancer compared with localized prostate cancer. The authors
propose a model in which localized prostate cancer cells become more
aggressive by selectively downregulating androgen-responsive genes,
resulting in increased proliferation, dedifferentiation or reduced
apoptosis. An alternative explanation is that the relative amount of
androgen signaling during progression reflects the differentiation
status of prostatic epithelium, or the contribution of distinct cells of
origin, whereas separate lesions drive the increased proliferation seen
late in progression. For example, 8q is the most enriched chromosome
arm in the ‘overexpressed in high—Gleason grade’ signatures in both
our study and ref. 11, and 8q is significantly enriched across progres-
sion signatures along with proliferation-related concepts (Fig. 5). As
described above, MYC (8q24), a master regulator of cell-cycle control,
has been shown to be amplified in progression, with amplification
correlating with increased Gleason grade and progression to metastatic
prostate cancer??4,

The marked decrease in androgen signaling concepts observed in
hormone-refractory metastatic prostate cancer compared with loca-
lized cancer is consistent with a recent profiling study®®, in which the
authors attribute it to the castrated state. They note that although
androgen-regulated genes are markedly downregulated in hormone-
refractory metastatic cancer, they are still major transcripts in the
cancerous cell. Hormone-refractory metastatic cancers select for
mechanisms to maintain androgen signaling (such as androgen
receptor amplifications or mutations*®%”), consistent with survival
of cancerous prostate cells requiring minimal androgen signaling. This
is consistent with TMPRSS2-ETS gene fusions driving prostate cancer
development, as even minimal androgen signaling activity would
result in inappropriate expression of ETS family members, owing to
the strong androgen promoter-enhancer elements regulating
TMPRSS?2 expression*8, Our results support a model in which genetic
changes resulting in increased proliferation drive the transition to
hormone-naive metastatic prostate cancer, whereas androgen ablation
forces the selection of lesions that restore a minimal level of androgen
signaling to allow continued survival in the castrated state.

By combining specific profiling with an integrated analysis, we have
identified concepts correlating with observed histological transitions
in prostate cancer progression. By using the MCM, we identify
enrichment networks of linked concepts differentially expressed dur-
ing progression, such as ETS target genes and protein biosynthesis. As
all concepts in the MCM are automatically tested for association, we
have also been able to identify distinct enrichment networks by their
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lack of association, such as the proliferation and protein biosynthesis
networks, which are both enriched in the progression to hormone-
naive metastatic disease without sharing significant overlap. Our work
also demonstrates that enriched signatures and concepts can be
identified across studies, microarray platforms and signatures from
grossly dissected and LCM-isolated tissues. More broadly, our work
demonstrates that integrative analysis of expression profiles with a
compendium of molecular concepts provides insight into biological
and disease processes.

METHODS
Samples. Tissues were from the radical prostatectomy series at the University of
Michigan and from the Rapid Autopsy Program, which are both part of
University of Michigan Prostate Cancer Specialized Program of Research
Excellence Tissue Core. Tissues were also obtained from a radical prostatectomy
series at the University Hospital Ulm. All samples were collected with informed
consent of the patients and prior institutional review board approval at each
institution. For the reference sample in all hybridizations, a commercially
available pool of benign prostate tissue total RNA (CPP, Clontech) was used.
Sample classes, as shown in the MIAME checklist (Supplementary Methods
online), include stroma from individuals with no history of prostate disease
(STROMA_NOR), stromal nodules of benign prostatic hyperplasia (BPH)
(STROMA_BPH), stroma adjacent to prostate cancer foci (STROMA_PCA),
epithelium from individuals with no history of prostate disease (EPI_NOR),
epithelium from nodules of BPH (EPI_BPH), epithelium from individuals with
prostate cancer (EPI_ADJ_PCA), atrophic epithelium (EPI_ATR) including
PIA (EPI_ATR_PIA), PIN, localized prostate cancer and hormone-naive
prostate cancer (MET_HN) or hormone-refractory metastatic prostate cancer
(MET_HR). For this study, we defined benign epithelium to include EPI_NOR,
EPI_BPH and EPI_ADJ_PCA. As described in the text, owing to the low
number of PIA and hormone-naive metastatic samples, we excluded them from
all signatures except for the stromal versus epithelial signature.

Laser-capture microdissection. LCM was performed from frozen tissue sec-
tions with the SL Microtest device using pCUT software (MMI). Approximately
10,000 cells were captured for each sample. Serial sections were used if cells
could not be obtained from a single section. Total RNA was isolated from
captured cells with the RNAqueous Micro kit (Ambion) and treated with
DNase I according to the manufacturer’s instructions. RNA quantification was
performed using Ribogreen (Molecular Probes). Hybridizations to assess
biological and technical reproducibility are described in the MIAME checklist
Supplementary Methods).

RNA amplification, cDNA microarrays and data analysis. Exponential RNA
amplification was performed using a TransPlex Whole-Transcriptome Ampli-
fication kit (Rubicon Genomics) as described?’, and complete details are
provided in the MIAME checklist. Complete details of printing the 20,000
element—spotted cDNA microarrays, post-processing, labeling hybridization
and normalization of the arrays are available in the MIAME checklist. A single
commercially available pool of benign prostate tissue (Clontech) was used as
the reference (Cy3) in all hybridizations and was amplified in parallel to LCM-
isolated samples (Cy5). Arrays were autogridded by GenePix 4.0. Features
flagged by GenePix as not found during grid alignment and areas of obvious
defects were manually flagged, and both were excluded from further analysis.
To create the data set for uploading into the Oncomine database, features were
ranked based on the sum of the medians (Cy3 + Cy5 intensity for each feature),
and the bottom 10% were excluded. The median of ratios (log2 of Cy5/Cy3) for
each included feature was normalized using locally weighted regression (lowess)
with a window of 0.6 using custom software written in Perl and R. To exclude
unreliable features, features showing an average normalized median of ratios of
> 1.5 or <0.75 across a series of self-self hybridizations (including unamplified
and whole transcriptome-amplified samples performed for both print runs
used in this study) were removed from all arrays in the individual print run.
Finally, to remove biases associated with the use of two print runs, all features
were median centered per print run before compilation into the final data set.
The pairs of individual hybridizations representing the replicate hybridizations
(as described in the MIAME checklist) were averaged before we used the data.

Gene signature generation and MCM analysis. A complete description of the
methods used to identify gene signatures in the Oncomine database and gene
set enrichment in the context of the MCM is available (refs. 19,21,49 and
D.R.R. et al, unpublished data). All gene expression studies catalogued in
Oncomine, including this study, are normalized in the same manner. All data
were log transformed and median centered per array, and standard deviation
was normalized to one per array. For differential expression, Student’s ¢-test was
used for two-class differential expression analyses (for example, high-grade
versus low-grade), and Pearson’s correlation was used for multiclass ordinal
analyses (for example, benign epithelium, PIN, localized prostate cancer and
metastatic prostate cancer) and genes were rank ordered by P values. P values
for expression signatures are also corrected for multiple hypothesis testing
(Q value) using the false discovery rate method™. The top 1%, 5%, 10% and
20% of each expression signature was used for enrichment analysis against all
concepts in the MCM. Each pair of molecular concepts was also tested for
association using Fisher’s exact test. Each Oncomine-generated gene signature,
including those described here, generated four molecular concepts based on
the 1%, 5%, 10% and 20% cutoffs. Each concept was analyzed independently
and the most significant of the four was reported. Results were stored if a
given test had an odds ratio >1.25and P < 0.01. P values < 1 x 1071% were
set to 1 x 10719, Q values were computed for all enrichment analyses. Con-
cepts enriched in our signatures were identified in Oncomine, and enrichment
networks were visualized using the MCM.

Quantitative real-time PCR. Quantitative real-time PCR was performed on an
independent set of grossly dissected benign, localized prostate cancer and
metastatic prostate cancer tissue samples essentially as described using SYBR
Green dye on an Applied Biosystems 7300 Real-Time PCR system?3. Standard
curves of pooled cDNA were run for each primer pair, and the amount of target
gene in each sample was normalized to the amount of HMBS or to the average
of the amounts of HMBS and GAPDH, as indicated, in the corresponding
sample. Tissues were homogenized in Trizol (Invitrogen), and total RNA was
isolated using the standard Trizol protocol. All primer sequences are available in
Supplementary Table 1 online.

Immunohistochemistry. Immunohistochemistry was performed using a goat
polyclonal antibody against SLC22A3 (sc-18516, Santa Cruz Biotechnologies)
on a prostate cancer progression tissue microarray (TMA). The staining
intensity of epithelial cells in each core was scored as strong (3), moderate
(2), weak (1) or negative (0) and multiplied by the percentage of epithelial cells
stained in the core. A complete description of the TMA is provided in the
Supplementary Methods.

Accession codes. The complete microarray data set is available from the Gene
Expression Omnibus (GSE6099) and Oncomine.

URLs. Oncomine can be found at http://www.oncomine.org.
Note: Supplementary information is available on the Nature Genetics website.
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