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Prostate cancer (PC) is a heterogeneous disease whose aggressive phenotype is the second
leading cause of cancer-related death in men. The identification of key molecules and pathways
that play a pivotal role in PC progression towards an aggressive form is crucial. A major effort
towards this end has been taken by global analyses of gene expression profiles. However, the
large body of data did not provide a definitive idea about the genes which are associated with
the aggressive growth of PC. In order to identify such genes, we performed an interspecies
comparison between several human data sets and high quality microarray data that we
generated from the transgenic adenocarcinoma of mouse prostate (TRAMP) strain. The TRAMP
PC mimics the histological and pathological appearance as well as the aggressive phenotype of
human PC (huPC). Analysis of the microarray data, derived from microdissected TRAMP
specimens removed at different stages of the disease yielded genetic signatures delineating the
TRAMP PC development and progression. Comparison of the TRAMP data with a set of genes
representing the core expression signature of huPC yielded a limited set genes. Some of these
genes are known predictors of poor prognosis in huPC. Interestingly, the modulation of genes
responsible for the invasive phenotype of huPC occurs in TRAMP already during the transition
to prostate intraepithelial neoplasia (PIN) and onwards to localized tumors. We therefore
suggest that critical oncogenic events leading to an aggressive phenotype of huPC can be
studied in the PIN stage of TRAMP. Prostate 69: 1034–1044, 2009. # 2009 Wiley-Liss, Inc.
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INTRODUCTION

Prostate cancer (PC) is a leading cause of illness and
death among men in the United States and Western
Europe [1]. The human disease is diverse in its type
(prostatic adenocarcinoma and neuroendocrine (NE)
carcinoma) and development (ranging from small
slow-growing lesions to aggressive tumors that meta-
stasize rapidly). The difficulty in obtaining repeated
prostate biopsies in human patients together with the
large genetic heterogeneity between individuals has
hindered our understanding the biology of human PC
(huPC), and our ability to predict its prognosis and
response to treatment, as well as the development of
effective therapies. The transgenic adenocarcinoma
of mouse prostate (TRAMP) [2,3] that closely mimics
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the natural history and the pathology of huPC [3] has
been suggested as a model to explore and better
understand the molecular progression of PC [4].
TRAMP was generated by specific expression of the
simian virus (SV40) small and large T antigens (Tag)
under the regulatory sequence of rat probasin (PB) [5].
The PB-Tag transgene is androgen regulated, and
its expression is initiated upon sexual maturation of
male mice. Progression of the pathology from low
grade PIN to high grade PIN, to localized hormone-
dependent tumors, and then to androgen-independent
tumors is a common feature in both huPC [6] and
TRAMP [3].

Another feature that is common to human and
TRAMP PC is the NE subtype. The pure NE is
extremely rare in the human disease and comprises
<0.1% of all PC, while focal NE differentiation
represents a common feature occurring in 30–100% of
cases [7]. Usually the prevalence of focal NE increases
after hormone ablative therapy; NE apparently corre-
lates with tumor progression and poor prognosis at
the hormone refractory stage [8]. In TRAMP, the NE
phenotype appears spontaneously and is commonly
observed in poorly differentiated tumors.

Although several studies have been carried out to
characterize the molecular nature of the processes
underlying the TRAMP disease [9–12], no rigorous
comparison between human and TRAMP PC has been
published to date. Using gene expression analysis of
well defined tissues obtained from different patho-
logical stages of the TRAMP PC, we identified genetic
signatures characteristic of each of the stages that
delineate PC development and progression. Interspe-
cies comparison of gene-expression profiles between
TRAMP and published huPC data identified a refined
subset of genes that are associated with the aggressive
phenotype of human PC.

MATERIALSANDMETHODS

TRAMPandControlMice

The transgenic founder C57BL/6 females (a kind gift
of Dr. Norman Greenberg, Fred Hutchinson Cancer
Center, Seattle, WA) were routinely mated with wild
type FVB male mice to obtain (C57BL/6xFVB)F1
offspring. The transgene positive males developed
tumors, and the negative male F1 mice served as
controls. All animal experiments were performed in
compliance with Institutional Guidelines for Care and
Use of Laboratory Animals.

Tissue Collection

TRAMP mice were routinely monitored by palpa-
tion. At the age of 20–25 weeks, each mouse underwent

surgery to remove a biopsy from the dorsal/lateral lobe
of its prostate. After 12 weeks, these mice were
sacrificed and samples of the tumor and metastases
(lymph nodes, lungs, liver, and kidney) were removed.
In addition, specimens were collected from organs in
which macro-metastases were not apparent. In parallel,
biopsies were taken of normal prostates from litter-
mates that did not express the TRAMP transgene. The
specimens were stored in liquid nitrogen.

Laser-CaptureMicrodissection (LCM)

Frozen tissues were cut into 8 mm thick sections
using a cryostat and then stained with hematoxylin and
eosin for histological examination. Prostate epithelial
cells (cancerous or normal) were isolated selectively
using a Laser Capture Microdissection Microscope
(P.A.L.M, Microlaser System, Bernried Germany) in
accordance with the manufacturer’s protocols. Serial
sections were used if sufficient cells could not be obtained
from a single section. Approximately 20,000 cells were
captured for each sample.

RNAAmplif|cation andAffymetrixMicroarrays

Total RNA was purified from the captured cells with
the RNeasy micro kit [13] (QIAGEN, Hilden, Germany)
according to the manufacturer’s instructions. RNA was
tested for quality and quantified by the Agilent 2100
Bioanalyzer (Agilent Technologies) [14]. The yield of
RNA was between 25 and 100 ng for each sample.

T7-based linear RNA amplification was performed
using the Two-Cycle cDNA Synthesis Kit (Affymetrix,
CA) with the biotin-labeling step being substituted by
the GeneChip IVT Labeling Kit (Affymetrix). Over
100 mg of amplified RNA was generated starting from
an initial sample of 25 ng RNA for each sample. The
labeled RNA was hybridized on an Affymetrix 430 2.0
mouse array, containing 45,035 probe sets. The micro-
array data were generated from 28 samples (Table I)
including RNA derived from five normal prostates
taken from Tag negative mice, and 23 samples taken
from Tag positive mice. The tumor samples included
eight low grade PIN (LGPIN), seven high grade PIN
(HGPIN), five tumors, and three metastases (Met, two
from lymph nodes and one from liver).

Data Preprocessing andClusteringAnalysis

The expression value for each gene was calculated
by the Affymetrix Microarray Software 5.0 (MAS5). The
average intensity difference values were normalized
across the sample set. Probe sets that were absent in
more than five samples according to Affymetrix flags
were removed. All values lower than 30 were replaced
by a value of 30, and then log2 transformed. Six
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thousand eight ninety-six genes with the highest
variance across the samples were selected for the
clustering analysis (for more details see Supplementary
data processing file).

The filtered set of genes was clustered by the SPC
algorithm [15], and the samples were sorted by the
SPIN algorithm [16].

Comparison BetweenTRAMPandHumanDatasets

A systematic comprehensive comparison (see
Supplementary data processing file) was performed
between TRAMP and seven human prostate micro-
array datasets [17–23] that were available in the
Oncomine database (www.oncomine.org).

Identifying a Setof Aggressive PhenotypeGenes

A set of genes previously indicated association with
PC, were selected (see Supplementary Information)
from six human PC microarray studies [17,19,20,
23–25]. This set consisted of two groups: (1) Genes
predicting PC aggressiveness, (2) Genes associated
with PC progression. For more details see Supplemen-
tary data processing file.

RESULTS

Prof|lingof Stage-Related TRAMPProstate Cancer

To identify the molecular characteristics underlying
the oncopatholgical processes that occur along the
progression of the PC in TRAMP, we performed a large
scale gene expression analysis of tissue specimens
removed at different time points along the course of
tumor development. To obtain homogeneous tissue
samples and minimize bias in outcome that could
be introduced by stromal cells, we used laser-capture
microdissection (LCM) and isolated histologically
defined malignant and normal prostate epithelial cells.
To obtain a global view of the similarities and differ-
ences in gene expression at various stages in the
TRAMP model, we performed principal component

analysis (Fig. 1) based on the filtered set of genes. As
seen in Figure 1, the samples were grouped mainly
according to their stage of pathology. Nevertheless,
the tumor and the metastasis samples formed a single
cluster (TþM), which suggests a minor expression
differences between theses stages in TRAMP PC
(detailed below).

To further evaluate and explore the differences in
gene transcription along the cancer progression path-
way, we clustered the filtered set of genes by the SPC
algorithm [15] and sorted the samples using SPIN [16].
The clustering operation yielded ten clusters with
expression profiles that were correlated with the
histological phenotypes of the samples. The expression
matrices of the 20 most significantly modulated genes
from each cluster are presented in Figure 2. The
full gene-list of each cluster is given in Supplementary
Table I.

The 10 clusters presented in Figure 2 summarize
the main expression changes during prostate cancer

The Prostate

TABLE I. Tissue Samples Processed forMicroarray

Normal
Pre-malignant

lesion
Pre-malignant

lesion Tumor Met

n 5 8 7 5 3
Pathology Healthy tissue LGPIN HGPIN Two MD, three PD One MD, two PD
Tissue site Prostate Prostate Prostate Prostate Two lymph nodes, 1 liver

Twenty-eight samples were used for the Microarray experiments. Normal samples taken from TRAMP negative mice. The other
23 samples were taken from TRAMP positive mice. LGPIN: low grade prostate intraepithelial neoplsia (PIN) lesion. HGPIN: high grade
PIN lesion. Tumor: moderately differentiated (MD) and poorly differentiated (PD) invasive tumor. Met: metastatic tumors.

Fig. 1. PCA analysis of the TRAMP samples. PCA analysis of
the 28 TRAMP samples based on a set of the filtered probe sets.
The samples (each dot represents a sample) are projected on a
three-dimensional space; the threeaxesrepresent the threelargest
principal components.The colors refer to the histological pheno-
types of the samples. Light green (normal samples), dark green
(low grade PIN (LGPIN)), purple (high grade PIN (HGPIN)), dark
blue (tumor samples), andred(metastatic samples).

1036 Kela et al.



progression in the TRAMP model. In addition, these
profiles highlight the functional expression changes
that characterize each stage. For example, the low grade
PIN stage is mainly characterized by up-regulation of
cell cycle (clusters 1 and 2) and immune related genes
(cluster 5); the high grade PIN stage is characterized by
up-regulation of pro-apoptotic genes (Cluster 6); and
advanced stages (tumors and metastases) are signifi-
cantly characterized by up-regulation of cell adhesion,
cell cycle and NE genes (cluster 4), and by down-

regulation of immune system (cluster 5) and pro-
apoptosis genes (clusters 6 and 10).

Among the top ranked genes that are up-regulated
in late stages (TþM), are four genes previously linked
with nervous system development including SOX11,
BASP1, DDC, and INSM1 (Supplementary Table II).
Interestingly, the expression of these four genes was
shown to be correlated with an NE phenotype in
several cancers including prostate [26,27] and lung
cancer [28,29]. Among the down-regulated genes

The Prostate

Fig. 2. Expressionmatricesof the10clustersinTRAMPPC.Clusteringoperationof the6,896probesetsidentified10clusters showingdiffer-
entexpressionprofiles correlatedwith thehistologyphenotype of the samples.FrameA shows thehistologyof the five stages (normal, low
grade PIN, high grade PIN, invasive tumor andmetastasis). In frame B, the10 clusters are ordered (from top to bottom) according to their
function.Each cluster isrepresentedby the20 genes thatmost significantlychanged.Theupperbar inBrepresents the fivehistological stages:
Normal(markedNandshowninlightgreen),lowgradePIN(markedLGPINandshownindarkgreen),highgradePIN(markedHGPINandshown
inpurple), tumor (markedTand shownindarkblue), andmetastasis (markedMand showninred). In frameC, the averagegene expressionof
eachcluster ineachof the cancer stages ispresented; theY-axisrepresents thelog2 foldchangeincrease ordecrease of theLGPIN,HGPINand
TþMsample stages (relative to thenormal samples).
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(Supplementary Table II) is the Microseminoprotein
beta (MSMB) that strongly decrease in late stages.
MSMB was recently identified as a candidate PC
susceptibility gene whose expression is associated with
PC risk [30] and functions as a suppressor of tumor
growth [31]. Another interesting down-regulated gene
is b-Defensin-1 (DEFB1), which is considered to be a
candidate tumor suppressor gene for urological can-
cers [32]. It was shown that DEFB1 is lost in 82% of PC
and its over-expression results in caspase-3-mediated
apoptosis.

Functional Groups of GenesAssociated
WithTRAMPPCProgression

Functional analysis performed using the DAVID
(http://david.abcc.ncifcrf.gov) and Oncomine (www.
oncomine.org) databases, revealed several functional
groups of genes that were significantly enriched
(P< 0.001) in the gene-clusters, including: cytoskeleton
organization (cluster 3), neuroendocrine phenotype
(clusters 4 and 10), apoptosis (clusters 6 and 10),
androgen signaling (clusters 8–10), metabolism (clus-
ters 9–10), cell cycle (clusters 1–3), immune system
(clusters 5 and 6) and cell adhesion (cluster 4). Enrich-
ment (the P-value for enrichment (over-representation)
was calculated based on hypergeometric test [33]) was
most significant for the last three functional groups
(P< 10�7).

Cell cycle genes are differently modulated along PC
progression in TRAMP. The group of cell cycle genes
appears the most prominently altered ones during
tumor progression in TRAMP. Three clusters (clusters
1–3) were highly enriched with cell cycle related genes.
Cluster 2 (Supplementary Table II) is the highest in
cell cycle enrichment (P< 10�49), and its expression
profile gradually increases during tumor progression
((TþM)/Nffi 20-fold). This cluster contains a large
group of cell cycle regulating genes including CCNE1,
CCNA2, CCNB1, E2F8, AURKA, and MAD2L1, which
are also up-regulated in other cancers. Cluster 1 is
mainly enriched with DNA replication genes (P<
10�25) displaying increased expression in the low grade
PIN stage (LEPIN/Nffi 5-fold). Several key proliferation
markers appear in this cluster, including MKI67
(8-fold), PCNA (3-fold), and MCM2 (16-fold change).
The increased expression of G1/S and DNA replication
genes as early as in the low grade PIN stage may be a
result of defects in the normal regulation of these cell
cycle phases in the very beginning of the TRAMP PC
development. The dramatic increase of G1/S genes
present in cluster 2 at the advanced stages suggests a
progressive loss of the normal regulation of this cell
cycle phase. Cluster 3 is mainly enriched with M-phase

related genes (P< 10�7), including the mitotic genes
BUB1, TPX2, and CDC25C. This cluster displayed late
up-regulation in the tumor and the metastasis samples
(16-fold), which may indicate late deregulation of
the M-phase genes in TRAMP PC. Interestingly, the
significant change in the expression levels of cell cycle
genes already in the low grade PIN stage was not
described in the huPC [17,34]. In addition, the
subdivision of the cell cycle genes to three clusters is a
unique feature observed in the TRAMP PC that has not
been reported before. In contrast to our data, human
cancer gene-expression analyses combined the cell
cycle signature into a single expression profile
[22,29,35–38]. It is likely that the laser capture micro-
dissection and use of inbred mice yielded more
homogenous, lower-noise data that enabled measure-
ment of the behavior of cell cycle genes at a finer
resolution. The possibility that the three patterns of cell
cycle genes is a result of the Tag oncogenic activity is
valid and merits further study.

‘‘Bell-shape’’ behavior of immune-associated genes
in the prostate tissue during TRAMP PC progression.
Another molecular feature that highlights the differ-
ences between the pathological stages in TRAMP is
the expression pattern of the immune cluster (Fig. 2,
cluster 5).

A group of 54 immune modulation genes appears
in cluster 5 (P< 10�12) display up-regulation in the
low and high grade PIN samples (4-fold) and strong
down-regulation in the tumor and metastasis samples
(11-fold). This group of genes can be subdivided into
interferon regulated genes (i.e., USP18, IFIH1, IFIT3,
IFI35, IRF7, STAT1, IFI27, IFI44, IFI27, IFI47, and IFIT3)
and antigen presenting genes (i.e., TAP2, TAP1, B2M,
TAPBP, H2-D1, H2-BL, H2-K1, H2-T23, H2-Q1, H2-M3,
and H2-T22). The up-regulation of these genes takes
place in the absence of massive leukocyte infiltration or
inflammation. Although we did not address this issue
in our study, it is possible that Tag expression in the
TRAMP mice, directly or indirectly induces an inter-
feron (or interferon-like) response in the epithelial cells
and this response inhibits cancer progression. As part
of PC progression, this response is silenced, which
may be an indication of immune escape mechanisms
allowing a significant increase in cell cycle activity in
the advanced stages, as seen in clusters 2 and 3 (Fig. 2).
Comparing these immune response genes to huPC
data, we found that in huPC, this cluster behaves
differently, and displays gradual decrease along cancer
progression, mainly in advanced stages.

Intensive change in cell adhesion gene expression
occurs at the advanced PC stages in TRAMP. An
additional functional group of genes that changes in a
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reciprocal direction (e.g., clusters 3, 4, 6, and 10 of Fig. 2)
along the progression pattern of the TRAMP PC are
those associated with cell adhesion. A large group of
cell adhesion related genes are present in clusters 3 and
4 (i.e., N-Cadherin, TRO, CDH2, NCAM1, L1CAM,
PCDHGC3, and TROAP) show a slight increase of
expression in the PIN samples and strong increase of
expression (10-fold) in tumors and metastases. In
contrast, some adhesion related genes that appear in
clusters 6 and 10, exhibit an opposite expression profile.
For example, E-cadherin (cluster 10) and AZGP1 (cluster
6) are remarkably down-regulated (by 38- and 343-fold,
respectively) during the late stages. These two cell
adhesion molecules are both well explored PC genes
with expression profiles that are inversely correlated
with disease progression [39,40]. Recently, it was
shown that reciprocal expression of E-cadherin
(decrease) and N-cadherin (increase) is associated with
the epithelial to mesenchymal transition, and has been
recognized as a feature of aggressive PC tumors [41].

In addition to these aforementioned classes, genes
that are involved in apoptosis and androgen signaling
were also significantly identified in our data. Pro-
apoptotic genes appear mainly in clusters 6 and 10; the
expression profiles of these two clusters behave differ-
ently in early stages, but both decrease in advanced
stages. For example, the genes TRAF1, CASP12, CLU,
CASP4, and CASP7 (cluster 6) are up-regulated in
the PIN samples, but down-regulated in tumors
and metastases. The expression levels of another
group of pro-apoptotic genes, including BNIPL, DAP,
TNFRSF21, BCL2L14, SCOTIN, and TMS1 (cluster 10),
are not changed during the transition from normal
and PIN samples, but are strongly down-regulated
in tumors and metastases. The anti-apoptotic gene,
Survivin (cluster 2), shows significant up-regulation in
the tumor and metastasis samples (33-fold), which is
another indication of the loss of the normal apoptotic
mechanism at advanced stages in TRAMP. A group of
androgen signaling related genes were also observed in
our data, in clusters 8 (e.g., ACPP, PYCR1), cluster 9
(ABCC4, APOD and KDELR3, TMPRSS2) and cluster 10
(AR, DDT, and NKX3-1), showing different expression
profiles along PC progression.

Dominance of theNEPhenotype inTRAMP

Using the Oncomine resources, we could identify
significantly up-regulated (cluster 4, (P< 10�30) and
down-regulated (cluster 10, P< 10�10) genes that are
associated with neuroendocrine tumors (e.g., SYP,
CHGA and INSM1, cluster 4).

Previous reports highlighted the expression of
neuroendocrine (NE) markers in advanced, poorly
differentiated, stages of TRAMP [3,42,43]. Similarly,

our data show up-regulation of four NE genes
(P< 0.001, Supplementary Table III) at advanced stage
(Fig. 3) of TRAMP PC. For example, mRNAs of the two
classical NE markers, Synaptophysin and Chromogra-
nin are up-regulated by 10- and 56 fold, respectively,
in the localized and in the metastatic tumors. Other
known NE genes, such as INSM1 and DDC [26,29], also
show a remarkable up-regulation at the advanced
TRAMP PC stages (160- and 290-fold, respectively). In
parallel, the expression profiles of a group of epithelial
marker genes show a dramatic decrease over the
course of tumor development (P< 0.01, Fig. 3C, Sup-
plementary Table III); for example, the epithelial
markers, KRT8 and KRT18, are down-regulated by
136- and 138-fold, respectively, in advanced tumors.

In order to further explore the NE characteristics of
TRAMP, we compared its gene expression profiles with
the expression profiles of a pure NE carcinoma that
develops in Cr2-Tag transgenic mice [27]. Hu et al. [27]
identified a list of 30 genes that significantly differ-
entiate between normal prostate samples and the pure
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Fig. 3. Expression ofNE andepithelialmarker genes.A: Expres-
sionprofilesof fourknownNEmarkersinTRAMPPC.B:Expression
profiles of the top15NE signature genes thatwere identifiedbyHu
et al. [27].C: Decreased expression of epithelialmarkers.The two
samples that are marked by arrows are moderately differentiated
tumors, incontrast to theothers thatarepoorlydifferentiated.
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NE tumors that develop in this strain. Our data show
that 22 out of these genes are significantly up-regulated
in the poorly differentiated TRAMP tumors (P< 0.05,
Supplementary Table III); the 15 most significant ones
are presented in Figure 3B. This observation indicates
a spontaneous development (in the absence of any
hormonal ablative treatment) of a highly aggressive,
homogenous NE phenotype in advanced TRAMP
tumors.

TRAMPas aModel forAggressive
Human PCPhenotype(s)

Lack of a difference in gene-expression between
localized, poorly differentiated versus metastatic
tumors in TRAMP. Comparison between localized
and metastatic tumors in TRAMP PC did not yield any
significant (Q< 0.3) expression differences. To further
explore the relation between these two stages we used
t-test to identify the genes that differentiate (Q< 0.1)
between normal and tumor (2,539 genes) and between
normal and metastases (1,958 genes). The Venn
diagram (Fig. 4) demonstrates that 83% (1,626 genes,
P< 10�100) of the genes that differentiate between
normal and metastatic samples also differentiate
between normal and tumor samples. These results
indicate a strong expression similarity between tumor
and metastatic samples in TRAMP. In contrast to
TRAMP, In human PC, there is a clear shift in gene
expression in the transition from poorly differentiated
PC (Gleason score 8–9) to its aggressive metastatic
stage [17].

To compare between TRAMP and human PC
we used seven human prostate microarray datasets
[17–23] that were available at the Oncomine database
(www.Oncomine.org). For each dataset, we down-
loaded gene-lists differentiating either normal from

tumor samples (N–T, six datasets) or tumor from
metastasis samples (T–M, four datasets). Our meta
analysis of human data sets identified 2,909 up and
2,481 down-regulated genes that were significantly
(Q< 0.1) modulated in the human PC datasets (as
described in Materials and Methods Section). In the
TRAMP data, we identified 1,236 up and 1,166 down-
regulated genes (Q< 0.1). The overlap between the
human and the TRAMP modulated genes yielded a
common set of 469 up and 479 down-regulated genes (a
total of 933 unique genes, 15 of which are upregulated
from normal to high grade PIN and are then down
regulated upon progression to tumor). These sub-
groups represent the genes that are common to TRAMP
and huPC regardless of their classification or impor-
tance. Most of the genes, either up or down-regulated,
are strongly modulated during the transition from high
grade PIN to the tumor stage, with no further change
upon transition to the metastatic stage. Some of these
genes also show earlier expression changes at the PIN
stage (data not shown).

Identification of tumor aggressiveness—associated
genes shared by human and TRAMP PC. The
changes in the expression of many of the 933 genes
identified above may not be directly related to tumor
development and aggressiveness. To reveal which
genes out of this set serve as causal ‘‘driver’’ or
‘‘contributor’’ to the development of huPC [44] we
intersected the 933 genes with a set of 194 human genes
(Supplementary Table IV) that represent the core
expression of huPC [17,19,20,23–25]. This analysis
filtered out many biologically ‘‘neutral’’ genes and
yielded a refined subset of 64 genes (Fig. 5 and
Supplementary Table V). We suggest these genes to
be important in the development of aggressive tumors
in both human and TRAMP PC.

These 64 genes (27 up-regulated and 38 down-
regulated genes (Fig. 5) were grouped into five clusters
that correspond to clusters 2, 3, 4, 5, 10 of TRAMP PC
(Fig. 2). A large sub-group of genes of this set (marked
in red in Fig. 5) have been previously associated with
poor prognosis in PC patients. For example, the genes
STTM1, AURKA, NUP62, MSH2 of cluster A, ILF3,
RALA, RAN of cluster B, and the genes ACPP, CRYAB,
MYLK of cluster D were previously identified by
Varambally et al. [24] as predictors of PC aggressive-
ness. In addition, the down-regulated genes CACNB2,
HFE, OSMR, TRPS1, WWTR1 of cluster C were recently
shown by Yu et al. [25] to be targets of the polycomb
gene, EZH2 (which appears in cluster A), and their
decreased expression was shown to be correlated with
poor outcome in several cancers including breast and
PC [25]. Some of these genes were previously impli-
cated in androgen signaling activity, including ILF3,
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Fig. 4. Similarly expressed genes betweenTRAMP tumors and
metastases.TheVenn diagram shows that 83% of the genes share a
similar expression profile, either in the transition fromnormal (N)
samples to tumors (T)or tometastases (M).
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MAPT and RAN of cluster B, ACPP of cluster D, and
KRT18, MAPKAPK3, PXN, TPD52 of cluster E [24].

Altogether, we have generated in this study, a
high quality gene expression data characterized the
PC development and progression in the TRAMP that
represents a model for aggressive huPC. Interspecies
comparison with the human disease revealed huPC
signature genes that are also modulated in TRAMP and
are associated with the aggressive phenotype of huPC.

DISCUSSION

Although human and TRAMP PC are induced by
different oncogenic processes, they share gross patho-
histological features at various stages of their develop-

ment [3,10,45,46]. The TRAMP PC is a fast growing
tumor, resulting in high incidence of metastasis, while
human PC is a slow growing tumor, which in many
cases never develops into disseminated disease [1].
We show here that as a model, TRAMP mimics the
progression of huPC from low grade PIN to high grade
PIN to localized hormone-dependent tumors and
further on to androgen independent tumors with focal
NE phenotypes [6,47]. To validate the use of the
TRAMP model to gain a better understanding of
the human disease, we generated here high quality
gene expression data from microdissected tissue speci-
mens derived from different stages of PC development
TRAMP, and compared the transcription profiles to
those of published huPC data. Systematic gene-array
analysis of TRAMP PC revealed 10 gene clusters (Fig. 2)
that correlate well with histological appearance along
the entire development process of this murine model.
The functional groups of genes displaying differential
expression profiles along this process includes genes
involved in cell cycle, cytoskeleton organization, cell
adhesion, NE development, immune system, metabo-
lism, apoptosis and others, and allowed the identifica-
tion of expression signatures that could differentiate
between each of the cancer stages. These genes and
their functional implications along the various stages of
TRAMP PC development and progression are detailed
and discussed in the results section above.

The comprehensive comparison between our
TRAMP data and seven human prostate cancer micro-
array datasets [17–23] shows that only 17% of the
modulated genes in the human datasets are also
significantly modulated in the TRAMP data. The
remaining changes in gene expression represent both
species-related differences, the consequences of the
critical activation of T antigen at the onset of TRAMP
PC [5,48,49], as well as technical ‘‘noise.’’ Amongst the
shared 933 genes, about 50% are modulated in both
TRAMP and huPC during the transition from the
normal to tumor stage. The other 50% of the genes are
also modulated between the normal and tumor stage in
TRAMP, but in the human, are modulated during the
transition from tumor to metastases. These findings
suggest that the major modulation of the genes
responsible for the aggressive phenotype in huPC
occurs during the transition from high grade PIN to
advanced tumor in TRAMP. Apparently, none of the
shared genes are modulated in the transition from
poorly differentiated TRAMP PC to metastases. These
results suggest that the correct mouse model for the
transition of human PC to metastases is the transition
from high-grade PIN to advanced tumor in TRAMP PC.

Which genes in the 933 group play a crucial role in
the aggressive phenotype of PC and thus serve as
causal ‘‘driver’’ or ‘‘contributor’’ genes [44] for the
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Fig. 5. Expression matrix of the human-PC signature genes in
TRAMPdata.The64genes aregroupedinto five clusters, displaying
either increased(clustersA,B)ordecreased(clustersC^E)expres-
sion levels along cancer progression stages (upper horizontal bar).
Among these are genes that were previously implicated as aggres-
sivenesspredicting genes in PCpatients (gene symbols inredat the
right).Theverticalbarontherightrepresents thefunctionalannota-
tion of each gene according to the color spectrumin thebottomof
the figure.
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development of huPC pathophysiology? To this end,
the 194 human gene set (Supplementary Table IV)
[17,19,20,23–25] representing the core expression of
human PC appeared very instrumental and revealing.
It identified a refined sub-set of 64 genes (Fig. 5
and Supplementary Table V) that are significantly
modulated in TRAMP and are shared by huPC. We
suggest these to play an important role in the develop-
ment of aggressive tumors in both human and in
TRAMP PC. Of these, 27 were previously identified
[23–25] as predictors of poor prognosis (indicated in
red in Fig. 5) in patient PC (amongst the best known
ones are AURKA, MCM2, EZH2, BUB1, and RAN). The
behavior patterns of these genes in the TRAMP model
do not necessarily reflect similar behavior in huPC.
Nevertheless, the fact that these genes have been
classified as predictors in huPC and are modulated in
TRAMP supports the use of TRAMP as an experimen-
tal model to study and validate their role and relevance
in huPC development. Although the approach of
interspecies comparison may neglect important human
PC genes that are not modulated in the TRAMP model,
we strongly believe that the 64 genes which were
identified by this meta-analysis to be ‘‘signature genes’’
which are highly relevant to the aggressive progression
of huPC.

Our data also favors the usage of TRAMP as an
adequate model to explore NE development. NE
phenotype in huPC (defined as prostatic small cell
carcinoma) has been regarded as the most aggressive
subtype of the human disease [8]. Earlier studies by
Greenberg et al. and Chiaverotti et al. in the TRAMP
model, demonstrate by both histology [3,42,43] and
gene expression [12] patterns that the NE phenotype
dominates the advanced stages of TRAMP, and is rare
at the PIN stages. Our gene expression data (cluster 4,
Figs. 2 and 3) identified additional NE genes that are
modulated in the advanced stages of TRAMP PC. As
such, it lands more support that TRAMP strain can
serve as a model not only to better understand the
origin and development of the aggressive NE subtype
but also for the design of specific treatments against the
NE form of the aggressive human disease.

Overall, the data presented here revealed that
many gene-expression profiles, associated with specific
cellular/biochemical pathways (such as androgen
signaling, cell growth and proliferation) observed in
advanced huPC, could already be observed at earlier
stages in the TRAMP model. Likewise, the gene
expression differences between the later stages of the
human disease (i.e., localized, poorly differentiated
tumors) versus the disseminated tumors are more
pronounced than the differences between the corre-
sponding stages of the TRAMP model. Interspecies
comparison identified a refined short list of genes

associated with aggressive human PC; many of which
were not described in the context of human PC and
may play a pivotal role in PC progression towards an
aggressive phenotype.
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