
Molecular classification of prostate cancer using
curated expression signatures
Elke K. Markerta, Hideaki Mizunob,c, Alexei Vazqueza,d,e, and Arnold J. Levinea,d,f,1

aSimons Center for Systems Biology, Institute for Advanced Study, Princeton, NJ 08540; bDiscovery Science and Technology Department, Chugai
Pharmaceutical, Kamakura, Kanagawa 247-8530, Japan; cDepartment of Bioscience and Bioinformatics, Kyushu Institute of Technology, Iizuka, Fukuoka
820-8502, Japan; dThe Cancer Institute of New Jersey, New Brunswick, NJ 08901; eDepartment of Radiation Oncology, University of Medicine and Dentistry
of New Jersey–Robert Wood Johnson Medical School, New Brunswick, NJ 08903; and fDepartment of Pediatrics and Biochemistry, University of Medicine
and Dentistry of New Jersey–Robert Wood Johnson Medical School, New Brunswick, NJ 08903

Contributed by Arnold J. Levine, October 21, 2011 (sent for review September 6, 2011)

High Gleason score is currently the best prognostic indicator for
poor prognosis in prostate cancer. However, a significant number
of patients with low Gleason scores develop aggressive disease as
well. In an effort to understand molecular signatures associated
with poor outcome in prostate cancer, we analyzed a microarray
dataset characterizing 281 prostate cancers from a Swedish watch-
ful-waiting cohort. Patients were classified on the basis of their
mRNAmicroarray signature profiles indicating embryonic stem cell
expression patterns (stemness), inactivation of the tumor suppres-
sors p53 and PTEN, activation of several oncogenic pathways, and
the TMPRSS2–ERG fusion. Unsupervised clustering identified a sub-
set of tumors manifesting stem-like signatures together with p53
and PTEN inactivation,which had very poor survival outcome, a sec-
ond group with intermediate survival outcome, characterized by
the TMPRSS2–ERG fusion, and three groups with benign outcome.
The stratification was validated on a second independent dataset
of 150 tumor and metastatic samples from a clinical cohort at Me-
morial Sloan–Kettering Cancer Center. This classification is inde-
pendent of Gleason score and therefore provides useful unique
molecular profiles for prostate cancer prognosis, helping to predict
poor outcome in patients with low or average Gleason scores.
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Microarrays, measuring the levels of many mRNA species in
a cancerous tissue, have been useful in defining subclasses

of breast cancers (1, 2). These subsets are further defined by
their mutational profiles and the different prognostic outcomes
of each subclass. A molecular definition is commonly accom-
plished by a supervised or unsupervised cluster analysis of the
levels of mRNAs from the different genes under study. Ben-
Porath et al. (3) introduced a different approach for the analysis
of gene expression microarrays by studying the concordant ex-
pression of sets of genes that were found to be commonly over-
or underexpressed in embryonic stem cells (ESCs) and thereby
defined a gene signature characteristic for that cell or tissue type.
They demonstrated that this ESC signature predominantly cor-
responded to the subclass of breast tumors termed the basal or
triple-negative tumors and to the Her-2 positive tumors. Mizuno
et al. (4) confirmed this observation and further demonstrated
that tumors with the ESC signature almost always had p53
mutations or an inactive p53 function. These are typically tumors
with poor clinical outcome, commonly associated with relapse
and high mortality. In addition, Mizuno et al. (4) defined ex-
pression signatures for induced pluripotent stem cells (iPSCs)
and the polycomb repressive complex-2 (PRC2). They showed
that there is an overlap between the ESC and iPSC signatures
and p53 mutant tumors, whereas expression of the PRC2 sig-
nature is enhanced in breast tumors with a wild-type p53 gene.
Thus, these expression signatures defined subsets of breast or
lung cancers that reflected both the mutation profiles and clinical
outcomes (4). A similar result was independently obtained in
liver cancers with p53 mutations and a poor outcome (5). The
association of p53 mutations and an ESC profile also appears to

be related to the efficient production of iPS cells from fibroblasts
after the introduction of four transcription factors, Myc, Klf4,
Oct4, and Sox2 (6). In the absence of p53 activity, Oct4 and Sox2
can increase the efficiency of producing iPS cells from 0.1% up
to 80% and accomplish this in 5–6 d instead of 2 wk (7–11).
Thus, p53 appears to block or reduce the production of an ESC
or iPSC phenotype in either normal or cancerous cells that start
with a differentiated phenotype.
If the ESC signature observed in several types of cancers com-

monly indicates a poor prognostic outcome, it should be possible
to apply this same approach to other cancer types, particularly to
the analysis of prostate cancers. Although a large number of men
develop prostate cancers at young and older ages, ∼15% of these
men appear to have a poor prognosis, whereas many can be left
untreated or minimally treated with a good outcome (12). At
present, the best prognostic indicator for outcome of a prostate
cancer is the Gleason score determined by the pathology of the
tumor section. A high Gleason score of 8, 9, or 10 commonly
indicates poor survival; however, a significant number of patients
with a lower Gleason score of 6 or 7 do develop aggressive disease
and also have poor survival. Molecular lesions associated with
poor survival have been identified. The loss of one or both copies
of the tumor suppressor PTEN is found in a large percentage of
prostate cancers, leading to an increased activity in the PI3kinase
pathway (13, 14). The TMPRSS2–ERG chromosome fusion has
been observed in 50–60% of prostate tumors (13, 15–17). This
fusion of an androgen–responsive promoter with the ERG tran-
scription factor (an ETS family member) may lead to increased
cell migration (18), promotion of an epithelial–mesenchyme
transition (EMT), and proliferation (18–21), but the details re-
main unclear. P53 mutations have been reported in 3–20% of
prostate cancers at diagnosis (22–24) and are often correlated with
tumor recurrence, castration resistance, and grade of the tumor
(22, 23). Overexpression of MYC due to amplifications has also
been observed in a fraction of prostate tumors, leading to in-
creased proliferative signals (24–26). Despite all this information,
there is no reliable method for determining the rate of relapse of a
tumor and the outcome of survival at the time of diagnosis.
For this reason we used a newly published microarray dataset

characterizing 281 prostate cancers from a watchful-waiting co-
hort recruited in Sweden between 1977 and 1999 (27), together
with the associated clinical information including age, Gleason
scores, cancer-specific mortality, and survival times. The tumors
were tested for a set of different transcriptional signature profiles
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curated from the literature to represent stemness features and
other known lesions in prostate cancer, followed by an unsu-
pervised clustering analysis. We repeated this profiling procedure
with 150 prostate tumor samples from an independent dataset
(24) collected from patients at Memorial Sloan–Kettering Cancer
Center between 2000 and 2006. This cohort contained signifi-
cantly more early stage, low grade tumors than the Swedish co-
hort and patients of much younger age, reflecting modern clinical
patient statistics. On the basis of the analysis of these datasets,
one of which provides untreated long-term survival outcome and
one of which represents a patient cohort as seen in the clinic
today, we establish a subdivision of prostate cancers into mo-
lecular subtypes and demonstrate their prognostic impact.

Results
On the basis of our previous work (4) where an ESC signature
was closely correlated with both p53 mutations and a very poor
prognostic outcome, we examined whether any of the 281 pros-
tate tumors from Sboner et al. (27) expressed an ESC, iPSC, or
PRC2 signature. We stratified the tumors by Gleason score (Fig.
1A, Upper) and analyzed the gene signature patterns across the
Gleason score-defined groups (Fig. 1A, ESC, iPSC, and PRC2
bars). Signature scores for each signature on each tumor sample
were calculated by gene set enrichment analysis (28, 29). Con-
cordant overexpression of all genes in a signature (compared with
the mean expression of all genes) leads to a high positive score
and indicates the presence of the signature in the tumor, whereas
concordant underexpression of all signature genes leads to a
negative score and is indicative of the absence of the signature in
the tumor. Throughout this article, a red color indicates that the
signature was found in the tumor, and a blue color indicates its
absence. The ESC signature was identified in 38 (13%) of the
tumors and a significant part of them had high Gleason scores of

8, 9, or 10 (Fig. 1B). The iPSC signature was present in ∼30% of
the tumors and was distributed throughout the range of Gleason
scores. This pattern is somewhat different from that observed in
breast tumors, where the ESC and iPSC signatures are more
strongly correlated (4). The PRC2 signature was observed in 44%
of the tumors and tended to be located in the tumors with a low
Gleason score. Unsupervised clustering into three groups on the
basis of the ESC, iPSC, and PRC2 signatures subdivided the
prostate tumors into an ESC cluster, a PRC2 cluster, and an inter-
mediate cluster with no significant enrichment for either of these
signatures (Fig. 1B). Whereas all three groups contain Gleason
6–10 tumors, the average Gleason score was significantly lower in
the PRC2 tumors (6.94) than in the ESC tumors (7.87, P = 0.002,
Fig. 1D). Furthermore, ESC tumors had poor survival compared
with the PRC2 tumors, with survival in the intermediate class
falling between them (Fig. 1C).
To explore the relevance of these observations in the context

of common molecular alterations in prostate tumors, and to
obtain additional understanding of pathway mechanisms within
the given groups, we further stratified the set of 281 prostate
tumors using a library of diverse gene expression signatures (Fig.
2A, Right). These signatures were derived from a number of
microarray datasets where defined mutations or alterations were
known to occur (Tables S1A and S1B). In particular, we for-
mulated signatures indicating functionality of p53 and PTEN,
presence of the TMPRSS2–ERG gene fusion, proliferation and
MYC target activation, RAS pathway activity, and inflammatory
signals. An unsupervised cluster analysis was then carried out to
determine how many different clusters were produced from the
281 prostate tumors and which signatures were present in a
cluster. Five clusters of prostate cancer were obtained and their
profiles are shown in Fig. 2A. The enrichment (red) or depletion
(blue) of a signature within a cluster is further emphasized by the
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Fig. 1. Signature analysis for stemness signatures (ESC, iPSC, PRC2) reveals stem-like tumors that show a distribution of Gleason scores with significantly
increased mean. A total of 281 samples from the Sboner et al. (27) dataset (GSE16560) were analyzed. (A) Heatmap displaying signature scores of the
stemness signatures characterizing embryonic stem cells (ESC), induced pluripotent stem cells (iPSC), and PRC2 activity as differentiation signature, after
clustering the samples by Gleason score. Colors represent significance of score assignment, with red representing positive enrichment scores and blue
negative ones. (B) An unsupervised clustering into three groups on the basis of the signature scores reveals clusters representing stem-like tumors, differ-
entiated tumors, and a third, intermediate group with moderate, weakly significant expression of stem-like features. (C) Kaplan–Meier estimate of overall
survival times for the three clusters. (D) Average values of clinical variables for the three clusters. Follow-up (FU) time is listed together with censoring
(patients alive at closing of the study). Lethality refers to disease-specific mortality and DSS time denotes disease-specific survival time. Fusion refers to the
actual TMPRSS2–ERG fusion status (FISH), and the last column shows P values for the split of curves in the Kaplan–Meier plots associated with the test group
versus all other groups having higher mean survival times. Significance was calculated using Fisher’s exact test and Student’s t test and is indicated by asterisks.
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heat map in Fig. 2B, where the color intensity is indicative of
a high statistical association (P ≤ 1.0e-05). The five clusters are
named for the signatures that are significantly enriched within
them: (i) ESC | P53− | PTEN− (also referred to as stem-like), (ii)
TMPRSS2–ERG fusion, (iii) Cytokine | RAS | Mesenchyme
(also referred to as inflammatory-like), (iv) transitional, and (v)
PRC2 (also referred to as differentiated-like) (Fig. 2B).
To understand the clinical relevance of this molecular classi-

fication, we next studied their association with Gleason score,
overall survival, and lethality (Fig. 3), where lethality is defined
as a confirmed death from prostate cancer (27). The stem-like

group ESC | P53− | PTEN−was associated with the poorest overall
survival (Fig. 3A, P= 4.41e-08), with a mean overall survival time
of 57mo, 81% lethal cases andmean disease-specific survival time
of 43 mo. This group was followed by the TMPRSS2–ERG fusion
group, with a significantly lower survival outcome compared with
the remaining three groups (Fig. 3A, P = 0.005), a mean overall
survival of 93mo, and significantly increased lethality rate of 76%.
The remaining groups have statistically similar survival outcomes,
with a mean overall survival >103 mo and <55% lethal cases. The
difference in mortality risk within the ESC | P53− | PTEN− group
and the TMPRSS2–ERG fusion group versus the three remaining

A

B

Fig. 2. Clustering by signature profiles reveals distinct molecular subtypes. Samples from Sboner et al. (27) (GSE16560) were clustered using a customized
prostate-specific library of expression signatures. Five clusters or subtypes were found by unsupervised clustering. (A) Heatmap of signature scores for single
signatures, displaying the distinct molecular features of the subtypes. Shown is the average score for each signature group. Colors indicate significance of the
score assignment (red, positive; blue, negative). (B) Schematic representation of the signature profiles of the clusters. Columns represent clusters, colors
represent significance of the overall association of a signature with the cluster, red represents positive association with the signature, and blue represents
negative association. Width of columns is relative to size of the cluster.
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D

Fig. 3. Clinical analysis of clusters shows graded outcomes with the stem-like group having the poorest outcome. Clinical outcome data available for the
Swedish watchful-waiting cohort (Sboner et al.) (27) (GSE16560) were analyzed on the distinct subgroups found by signature profiling. (A–C) Kaplan–Meier
estimates for survival functions for the different subgroups, including side-by-side comparison of survival analysis based on signature profiling (A and B) and
Gleason score (C). Note that the stem-like group in A and B contains 11% of samples, whereas the group with high Gleason scores in C contains 29% of
samples. (D) Clinical variables for the subgroups show a highly significant prognostic value for the stem-like subtype. Follow-up (FU) time is listed together
with censoring for overall survival, lethality indicates cases with disease-specific death as determined in the original study, and DSS time refers to disease-
specific survival time. Fusion refers to actual TMPRR2–ERG fusion status (FISH). Age distribution was insignificant for all groups. The last column shows the P
values for differences in the Kaplan–Meier plots associated with the tested group versus all other groups having higher mean survival times. Significance of
assignments is indicated by asterisks.
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benign groups was further illustrated in the hazard ratios
according to the Cox proportional hazard model. Patients within
the stem-like group carried a 3.2-fold higher risk [95% confidence
interval (CI) [2.07, 5.05], P < 1.0e-06], whereas patients within the
fusion group still carried a 1.8-fold higher risk (95% CI [1.26,
2.66], P < 0.01). Remarkably, among the 200 patients with
Gleason scores of 6 and 7 only, the patients with a stem-like
profile carried a 2.7-fold higher risk of dying of the disease (95%
CI [1.22, 5.89], P = 0.01), whereas the increase was 1.9-fold in
patients with the fusion profile (95% CI [1.18, 3.11], P < 0.01).
Notably, age at diagnosis was not a distinguishing factor among
the groups. In summary the ESC | P53− | PTEN− group makes up
∼11% of the cohort with highly aggressive prostate cancer and the
TMPRSS2–ERG group consists of another 18% with clearly
malignant disease, whereas the remaining 61% of patients have
comparatively benign forms of prostate cancer with a clearly
improved survival prognosis. Together, the ESC | P53− | PTEN−

group and the TMPRSS2–ERG group account for 40% of all
prostate cancer deaths in this study (16% and 24%, respectively),
comparable to 43% accounted for by the group with high Gleason
scores. All three risk groups combined contain 62% of all lethal
cases. Indeed the ESC | P53− | PTEN− group and the subgroup
with a high Gleason score both had very similar predictive power
for survival (compare Fig. 3C with 3D).
Due to the time frame of the study, the Swedish dataset con-

tained samples of rather untypical nature from a modern clinical
perspective. Samples had been taken by transurethral resection
of the prostate (TURP) and had been paraffin embedded;
RNA had been extracted using cDNA-mediated annealing, se-
lection, extension, and ligation (DASL) and was measured on an

Illumina custom chip containing only 6,144 genes. To test the
validity of the above results for clinical use, we repeated the
signature profile analysis with a second independent dataset
published by Taylor et al. (24) (GSE21032), which was collected
between 2000 and 2006 at Memorial Sloan–Kettering Cancer
Center. Here the samples were taken at radical prostatectomy,
fresh frozen, and analyzed on an Affymetrix Human Exon mi-
croarray. Statistical parameters for this dataset were quite dif-
ferent from those of the Swedish study, with average Gleason
score at biopsy of 6.6 (compared with 7.2), 12% high-grade
tumors (compared with 30%), and average age at diagnosis of
58 y (compared with 72 y). Patients were treated with various
regimens and outcome was followed for 5 y. Recorded were in-
vasion parameters such as lymph node invasion and metastatic
events, prostate-specific antigen (PSA) levels and PSA re-
currence-free time, Gleason score and stage, as well as patient
population parameters such as age and race. Survival time was
recorded but heavily censored with only one death from prostate
cancer within the 5-y period and was thus not considered for this
study. The set contained in total 131 primary tumors, 19 me-
tastases, 29 adjacent normal samples, and six cell lines. Signature
scores were calculated by gene set enrichment analysis and
samples were clustered in an unsupervised manner as before.
Samples stratified into four stable groups with very similar as-
sociation patterns as in the Swedish set. Fig. 4A shows signature
association patterns of the 150 primary and metastatic tumor
samples and Fig. 4B shows overall association with signatures on
the four clusters (analogous to Fig. 2 A and B). We detected
a group ESC | (P53−) | PTEN− of stem-like tumors analogous to
the stem-like group in the first set; although a weak signal for loss

Fig. 4. Clustering by signature profiles validates distinct subtypes on an independent clinical cohort. mRNA expression data from 185 samples from Taylor et al.
(24) (GSE21034) were used as the validation set. Shown are 150 prostate tumor samples contained in this set, 131 primary tumor samples and 19 metastatic
tissue samples (29 adjacent tissue samples and 6 cell line samples not shown). Samples were clustered along signature scores as before. Four clusters were found
by unsupervised clustering. Clusters emerged with highly similar association patterns as in the Sboner et al. (27) dataset; compare Fig. 2. (A) Heatmap of
signature scores for single signatures, displaying the distinct molecular features of the subtypes. Colors indicate significance of the score assignment (red,
positive; blue, negative). (B) Schematic representation of the signature profiles of the clusters. Columns represent clusters, colors represent significance of the
overall association of a signature with the cluster, red represents positive association with the signature, and blue represents negative association. Width of
columns is relative to size of the cluster. (C) Clinical data were available for these samples. Gleason score and PSA were determined at biopsy (diagnosis).
Nomogram prediction values are shown for progression-free probability (PFP) and organ-confined disease (OCD). Average values on clusters were calculated
and significance was determined using Fisher’s exact test for discrete and Student’s t test for continuous variables and is indicated by asterisks.
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of p53 function was present here, it was not significant. This
result may have technical reasons (small signature size) or may
be related to the earlier age of diagnosis in this cohort (as P53
mutations are known to be late events in prostate cancer) (22,
23). A TMPRSS2–ERG fusion group, a differentiated PRC2
group, and one Cytokine | Transitional group—which can be
compared with an admixture of the Cytokine | RAS | Mesen-
chyme and the transitional subtypes within the first dataset (the
algorithm may collapse clusters in smaller datasets due to
Bayesian optimization)—reemerged with highly comparable
molecular characteristics. Notably, the fusion group contained
some samples with MYC activation but no proliferation or
stemness. The Cytokine | Transitional group contained 30%
samples of African-American ethnicity (P = 0.03), which may
also have influenced results. Remarkably, all six cell lines clus-
tered with the ESC | (P53−) | PTEN− group, whereas about half
of all adjacent normal samples clustered with the Cytokine |
Transitional and the PRC2 group, respectively (Fig. S2). The
table in Fig. 4C shows the clinical parameters associated with the
four groups. Again the stem-like group was the most aggressive
with 70% metastatic samples (P < 1.0E-05), significantly reduced
time to PSA recurrence (19.75 mo, P < 0.05), and high Gleason
scores (7.6, P < 0.01). The fusion group was intermediate and the
Cytokine | Transitional group was benign, whereas the differ-
entiated group (PRC2) included 5 metastatic samples (9%) and
had a total of 20% metastatic events, comparable to the fusion
group. Group sizes were similar, with the stem-like group being
slightly smaller (7% compared with 11%) and the fusion group
larger (33% compared with 18%). Size variation might be due to
different biases in sample collection (age in cohort, PSA de-
tection). Overall, 17% of all cases with recurrent or metastatic
disease were found in the ESC | (P53−) | PTEN− group and 33%
in the fusion group, adding up to 50% of all such cases recorded
in the 5-y follow-up period (in comparison, the high Gleason
score group contains 33% and all combined contain 65% of
recurrent or metastatic cases). Considering the extensive differ-
ences between the two cohorts, we observed a remarkable cor-
respondence between the molecular profiles and their associated
outcomes in both groups.

Discussion
Examination of the survival curves of patients with prostate
cancers in a watchful-waiting group reveals prostate cancers that
are aggressive and result in death rapidly and others that are
indolent and have a more modest impact upon survival. Dis-
criminating which type of prostate cancer a patient has at the
time of diagnosis would be very helpful in formulating a plan for
aggressive or modest therapy. To date the Gleason score has
been the best indicator of overall survival. However, there are
a number of patients with Gleason scores of 6 or 7 who will
develop aggressive tumors shortly after diagnosis and have poor
survival. A method to detect these patients at diagnosis would
be helpful.
We have used microarray data from prostate tumors to ex-

plore methods to add to the Gleason score and help predict
patients with low Gleason scores who will have poor survival. We
have combined gene expression signature profiling with un-
supervised cluster analysis to identify combinations of signatures
in subsets of prostate cancers. We have taken a path from studies
in breast cancers where ESC signatures and p53 mutations were
highly correlated and predicted the poorest outcomes for overall
survival (4, 3). Prostate tumors with the ESC signature were
associated with poor survival and were significantly enriched for
high Gleason scores. In contrast, differentiated prostate tumors
were associated with lower Gleason scores and better survival
outcomes. These results corroborate previous associations be-
tween ESC-like cancers and survival in breast (3) and liver
tumors (5).

Upon addition of several signatures representing common
alterations in prostate tumors, the 281 tumors from the watchful-
waiting cohort were robustly stratified into five groups or pros-
tate cancer molecular subtypes (Fig. 2). The class with the worst
survival outcome and the highest Gleason score contained 11%
of the tumors and is characterized by an ESC signature together
with p53 and PTEN inactivation signatures and strong pro-
liferation and MYC activation signals (ESC | P53− | PTEN−).
This signature combination is similar to the Gleason score in
predicting a very poor survival (Fig. 3). The second subclass is
composed of tumors manifesting the TMPRSS2–ERG tran-
scriptional signature, representing gene expression patterns as-
sociated with this fusion. The enrichment for this signature is
corroborated by actual fusion status as measured by FISH (58%
fusions, P < 1.0e-07). Recent studies have shown that amplifi-
cations of the fusion regions occur in prostate cancer and are
associated with higher Gleason scores, whereas presence of the
fusion alone does not correlate with increased Gleason score or
poorer outcome (30, 31). This result implies that only a subset of
the fusion-positive tumors will have a strong transcriptional sig-
nal, whereas some fusion-negative tumors will have the signal
due to gene amplifications. This outcome fits with our observa-
tion in this subclass. The subclass is composed of 18% of the
tumors in the dataset and also has a poorer survival outcome
than the remaining group. The three remaining groups, con-
taining 61% of tumors, have statistically similar Gleason scores
and overall survival outcomes. Among these there is a group of
prostate tumors enriched for PRC2 signature, indicative of dif-
ferentiation, which manifests a trend of better outcome com-
pared with the other two groups. Finally, we note that these
results are independent of patient age in the cohort and, al-
though the ESC | P53− | PTEN− group is enriched for high
Gleason scores (55%), this molecular signature and Gleason
score-based classifications are clearly not identical and not de-
pendent as variables.
These results were validated on a second cohort that closely

resembles modern clinical patient populations. Even though
sampling method and data extraction were different, stratifi-
cation into a stem-like group with ESC | (P53−) | PTEN− sig-
nature profile and high MYC activation, a fusion group with
TMPRSS2–ERG fusion downstream signals, an inflammatory/
transitional group, and a differentiated group reemerged in an
unsupervised manner. Clinical analysis confirmed the stem-like
group as having the worst prognosis. Among the other groups,
the fusion group tended toward a poorer prognosis, whereas the
inflammatory/transitional group had benign characteristics. In-
terestingly, the latter was correlated with ethnicity (30% African-
American background), corroborating reports of higher rates of
inflammatory disease in prostate cancer in African-Americans
(32, 33). It overall resembled an admixture of the two corre-
sponding groups in the Swedish set. The differentiated group
contained some metastatic tissue samples among mostly benign
primary tumor samples and clinical parameters thus tended to-
ward poorer prognosis. Unfortunately, the total number of me-
tastatic samples (5) is too small to allow significant conclusions.
It should be emphasized that this second cohort was funda-
mentally different from the watchful-waiting cohort in almost all
parameters. Patients were younger and of mixed ethnicity, had
been selected through PSA detection at earlier stages of tumor
development, and were treated under different regimens. How-
ever, patients with stem-like tumors had a significantly higher
risk of recurrent, metastatic, or invasive disease. In contrast to
the Swedish study, loss of p53 function was not significantly
observed in the stem-like group in this cohort. This finding might
well relate to the younger age and overall earlier stage. Recent
reports on mouse studies have proposed a progressive collabo-
ration between early MYC amplifications, loss of PTEN, and
finally loss of p53, leading to invasive prostate cancer (34, 35).
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The presence of MYC activation and PTEN loss in the younger
group in the Memorial Sloan–Kettering Cancer Center cohort,
combined with additional loss of p53 in the older group in the
Swedish cohort, supports this model in human prostate cancer.
In both cases, the molecular profiles are stem-like. Interestingly,
the younger cohort contains ERG fusion-like tumors that have
strong MYC activation signals but no proliferation and little or
no stemness features. This result suggests that the stem-like sub-
type might depend on additional activation of the PI3K pathway
and/or loss of p53 function, further supporting the hypothesis
that p53 counteracts stemness initiation or progression, as well as
MYC hyperactivity.
This work is a unique classification of prostate tumors into

subgroups with distinct survival outcomes based upon microarray
data. The analysis was able to detect two structurally different
groups of patients carrying increased risk, with the stem-like
tumors being the most aggressive subtype, in two fundamentally
different datasets and across different sampling techniques. Under
watchful-waiting conditions, patients with stem-like tumors (ESC |
P53− | PTEN−) carried a 3.2-fold increased mortality risk (95% CI
[2.07, 5.05], P < 1.0E-06) compared with patients in either of the
benign subgroups. In particular, patients with Gleason scores of 6
or 7 within this group were 2.7 times more likely to die of the
disease than patients with Gleason scores of 6 or 7 in the benign
groups (95%CI [1.22, 5.89],P=0.01). This result suggests that the
classification has independent prognostic value and can help to
predict adverse outcome in patients with low Gleason scores.

Materials and Methods
Gene Expression Data. Sample data were downloaded from Gene Expression
Omnibus (GEO), series GSE16560 for the Sboner et al. dataset (27), andwhole-
transcript data were downloaded from GEO series GSE21034 for the Taylor
et al. dataset (24).

Gene Expression Signatures. Expression signatures were collected from the
literature. Sources and gene sets are listed in the Tables S1A and S1B. Gene
set enrichment analysis (GSEA) (28, 29) was performed for each signature
and each tumor sample. Overlap of expression signatures was analyzed and
was found insignificant (Table S4 A and B).

Unsupervised Clustering. Unsupervised clustering was performed applying
a Bayesian clustering methodology to the gene expression signature profiles,
using as input the gene signature profiles and a library of clustering methods
(Fig. S1 and Table S2). The Bayesian clustering method finds the optimal
number of groups, the assignment of each sample to a group, and a score
quantifying the quality of the clustering (Table S3); for more details see SI
Materials and Methods.

Signature Enrichment on Prostate Tumor Groups. The enrichment or depletion
of a signature on a prostate tumor group was determined by applying GSEA
(28, 29) with all signatures to the average gene expression of the group.

Significance Tests for Clinical Variables. Significance of clinical variable values
on the clusters was calculated using Fisher’s exact test for discrete variables
and Student’s t test for continuous variables, with the hypothesis that mean
values on a cluster differed from the overall mean. Prediction of the
TMPRSS2–ERG fusion through signatures had an accuracy of 85% (false
positive rate, 35%; false negative rate, 11%). Kaplan–Meier analysis was
applied using the Matlab routine kmplot. Risk calculation for mortality in
the groups was performed according to the Cox proportional hazard model
using the Matlab routine coxphfit.

Correlation Between Gleason Score-Based and Molecular Classifications. The
Sboner et al. (27) sample set was divided into low (<8) versus high Gleason
scores and into ESC | P53− | PTEN− versus all others, respectively. Total cor-
relation was computed and compared with the distribution of all possible
classifications into two subsets of the same size. The result was insignificant
with P = 0.5937.

Datasets used for this study are publicly available under the GEO accession
numbers GSE16560 (Sboner et al.) (27) and GSE21034 (Taylor et al.) (24).
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