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Prostate cancer is the most commonly diagnosed non-cutaneous neoplasm among American males and is
the second leading cause of cancer-related death. Prostate specific antigen screening has resulted in earlier
disease detection, yet �30% of men will die of metastatic disease. Slow disease progression, an aging popu-
lation and associated morbidity and mortality underscore the need for improved disease classification and
therapies. To address these issues, we analyzed a cohort of patients using array comparative genomic
hybridization (aCGH). The cohort comprises 64 patients, half of whom recurred postoperatively. Analysis
of the aCGH profiles revealed numerous recurrent genomic copy number aberrations. Specific loss at
8p23.2 was associated with advanced stage disease, and gain at 11q13.1 was found to be predictive of post-
operative recurrence independent of stage and grade. Moreover, comparison with an independent set of
metastases revealed approximately 40 candidate markers associated with metastatic potential. Copy
number aberrations at these loci may define metastatic genotypes.

INTRODUCTION

Prostate cancer is the most commonly diagnosed non-
cutaneous neoplasm among males in Western countries and
is estimated to result in 28 900 deaths this year in the US
alone (1). The advent of widespread prostate specific antigen
(PSA) screening has resulted in increased detection of
prostate cancer at earlier stages. A persistent and recalcitrant
problem is that men with similar stage tumors often exhibit

markedly different clinical outcomes following therapy
(i.e. surgery or radiation). Early detection combined with
slowly progressing tumors means a significant subset of
men may be candidates for watchful waiting or active surveil-
lance rather than treatment, and this will become increasingly
important as the population ages (2). Thus, it is imperative
that new methods be developed for patient stratification
based on risk of recurrence to enable appropriate patient
management.
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The development of array comparative genomic hybridization
(aCGH) has important implications for analysis of tumor
genomes as well as for development of predictive
biomarkers and identification of genes involved in tumor
progression. aCGH allows very high-resolution quantitative
detection of copy number aberrations in tumor genomes
(3–8); moreover, associations with clinical outcome can be
made (9). Recurrent copy number changes reveal loci
encoding tumor suppressors and oncogenes, the identification
of which is now facilitated by completion of the human
genome sequence and an impressive repertoire of genome
annotation tools (10,11). The arrays used in this study
contain approximately 2400 bacterial artificial chromosome
(BAC) clones and have an average genome-wide resolution
of 1.4 Mb (6,12). To maximize the clinical utility of data col-
lected from aCGH experiments, it is necessary to use clinical
specimens obtained from patients with substantial follow-up.
Thus, we developed a methodology for performing aCGH
with DNA extracted from archived prostate tumors that were
formalin-fixed and paraffin-embedded (13). To limit the
impact of tumor heterogeneity on the sensitivity of aberration
detection, we used a novel tumor microdissection method (13)
and tumor specific signal thresholding (see Materials and
Methods).

In the current study, aCGH was used to analyze 64 tumors
from men at intermediate to high risk of recurrence following
radical prostatectomy. This cohort comprises 32 patients who
biochemically progressed following prostatectomy and 32
who did not. Rising PSA following prostatectomy was used
as a biochemical marker of disease recurrence. This unique
cohort has a median clinical follow-up of 11 years for non-
progressors (ranging from 8 to 15 years), which is longer
than the time to recurrence for all progressors (ranging from
,1 to 8 years), thereby increasing our confidence in outcome
classification.

Our previous work demonstrated that analysis of archived
prostate tissue by aCGH is capable of detecting single copy
changes (13). In the present study, aCGH was performed to
identify genomic profiles capable of distinguishing indolent
from aggressive tumors and loci linked to tumor progression.
Because aCGH is performed on arrayed BAC clones with
known genome ‘addresses’, it is theoretically possible to
identify multiple BAC-based markers of disease progression
(9,14–17). Moreover, because the array data can be integrated
with underlying genome annotations (10,11), it is straight-
forward to identify candidate tumor suppressors and onco-
genes encoded at loci associated with tumor progression
and/or clinical outcome such as metastasis and response to
therapy.

To extend this study, we included an independent set of
metastases in an exploratory exercise to determine whether
markers present in primary tumors might be predictive of
occult metastasis or proclivity for metastasis. In addition,
their inclusion allows identification of known cancer related
genes and/or novel genes that may play a direct role in meta-
stasis, and may aid in defining new therapeutic approaches.
Finally, an ability to compare patterns of recurrent copy
number changes in non-recurring primary tumors, primary
tumors that metastasize and metastatic tumors may provide
important insights into the evolution of prostate cancer.

RESULTS

Recurrent copy number aberrations

Tumor based thresholds were calculated for all samples.
Theoretically a log2ratio of 0.5 represents a single copy gain
and a log2ratio of 21 corresponds to loss of one copy.
However, a number of factors impact on this theoretical
value, which include the amount of contaminating normal
tissue and stroma. The log2ratio thresholds ranged from an
absolute value cut-off of 0.19–0.52, with an average of
0.34. A subset of 10 samples was also analyzed with CGH
to metaphase chromosomes, and the two techniques were con-
cordant (13).

The overall frequency of copy number changes in the cohort
of 64 primary tumors is shown in Figure 1A. The most fre-
quent gains (.40%) in both groups include 11p15.4 (66%),
2p25.1 (60%), 13q34 (60%), 11q13.1 (52%) and 2p22.1
(45%). Frequently (.40%) lost loci were 8p21.2 (46%) and
8p23.2 (45%). Based on the July 2003 freeze of the UCSC
human genome browser (http://genome.ucsc.edu/cgi-bin/
hgGateway), the genomic position of these copy number
aberrations correspond to: 2p22 (37891432–39128299), 2p25
(9619095–11073793), 11p15 (9238525–11610583), 11q13
(63810754–66394362), 13q34 (109071421–111904343),
8p21.2 (19764266–25211627) and 8p23 (2080710–4357590).

As expected, tumors that progressed had significantly more
aberrations (Wilcoxon rank sum P-value, P ¼ 0.006) than
those that did not. The median value for the aberrations for
the non-progressors was 10.5 (range 1–56) and 20.5 for
progressors (range 1–90). Figure 1B and C show BAC clones
that differed by �10% in their frequency of copy number
gain or loss between the progressors and non-progressors,
respectively. The list of BAC clones is supplied in the
supplementary material.

Deletion of 8p23 is associated with advanced stage

Deletion of 8p23 was more common in progressors than in
non-progressors (50 versus 31%). An association was found
between pathological advanced stage disease (pT � 3) and
loss of 8p (P ¼ 0.0015). A possible homozygous loss was
seen for BAC RP11-112F7 on 8p23.2 (UCSC July 2003
freeze: 3284324–3324954). The deletion with the greatest
magnitude corresponded to a log2ratio of 20.670. The
minimal region of loss is �1 Mb and overlaps exons 3–11
of the CUB and Sushi multiple domains 1 (CSMD1 ) gene.
A TaqMan primer-probe set was designed for CSMD1. On a
panel of eight RNAs (six pT2, two pT3) from a separate
cohort of prostatectomy patients, CSMD1 showed a marked
decrease in expression for the patients of higher stage
(pT � 3) disease (Fig. 2).

Gain at 11q13.1 predicts recurrence independent of
stage and grade

Univariate analysis indicated a statistically significant associ-
ation with BAC CTD-2220I9 on 11q13.1 (UCSC July 2003
freeze: 64313688–64470546) and biochemical failure status,
P , 0.002. This association was even stronger in the subgroup
of 39 samples with negative surgical resection margins.
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Importantly, the 11q13.1 biomarker retained its significance
when adjusted for the clinical parameters (grade, stage, age
at operation, margin and preoperative PSA). Distribution of
the log2ratios for that clone in the negative margin cases is
shown for progressors and non-progressors in Figure 3.

The minimal region of the 11q13 amplicon is �600 kb. This
region of the genome is gene rich (17 genes and 4790 ESTs
represented in 53 Unigene clusters). The candidate genes
that overlap with BAC CTD-2220I9 are MAP4K2 (mitogen-
activated protein kinase kinase kinase kinase 2), MEN1
(multiple endocrine neoplasia I), SF1 (splicing factor 1),
PPP2R5B [protein phosphatase 2, regulatory subunit B (B56),

beta isoform], NAALADASEL (N-acetylated alpha-linked
acidic dipeptidase-like) and EHD1 (EH-domain containing 1).
The newly available Oncomine cancer expression database
was queried for each of these six genes to prioritize candidate
genes (18). There was no difference in SF1 and EHD1
expression levels for radical prostatectomy patients based on
PSA recurrence (19). In primary and metastatic tumors,
there was no difference in expression for NAALADASEL,
and a decrease in PPP2R5B expression for metastatic
tumors was observed (20,21). Only MEN1 and MAP4K2
showed a trend towards an increase in expression for pro-
gressors versus non-progressors (22). Real-time expression

Figure 1. aCGH copy number frequency plots for 32 non-progressing primary tumors and 32 primary tumors that progressed. (A) Combined copy number
changes for all 64 primary tumors. Gains are shown in red and losses in green. The vertical dashed lines represent the centromeres. The frequency of amplifica-
tions and deletions unique to tumors that progress are shown in (B) and those unique to non-progressors are shown in (C). The blue dashed horizontal lines
represent the 10% frequency cut-off. The list of BAC clones is supplied in the Supplementary Material.
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analysis was performed for both MEN1 and MAP4K2. On a
panel of 10 RNAs from a separate set of radical prostatectomy
patients, only MEN1 showed increased expression (Fig. 4).
Four of the five cases where MEN1 was upregulated also
showed an increase in copy number at 11q13 by aCGH. In
one tumor MEN1 was overexpressed despite normal copy
number.

Identification of candidate markers of metastasis

The clinical information for the progressors consisted of
recurrence type, which led us to look for BAC based pre-
dictors of distant metastases. A set of organ metastases was
used to identify copy number changes that confer a more
aggressive phenotype on primary tumors. Figure 5 shows the
result of the analysis of copy number changes in primary
tumors that ultimately metastasized and organ metastases
versus non-progressors. Only those BAC clones with a
P � 0.05 between primary tumors that metastasized, organ
metastases and non-progressing primary tumors are shown.
Approximately 40 loci were identified that were infrequently
(0–20%) altered in primary tumors that did not progress.
In contrast, aberrations at these loci were frequent in
primary tumors that metastasized (20–45%) and organ metas-
tases (20–90%). It is noteworthy that six BAC clones were
never aberrant in the non-progressor cohort (Nmax ¼ 32) but
were (20–30%) in both metastatic cohorts.

DISCUSSION

To maximize both biological information and clinical corre-
lates, tumor based thresholds were used for the determination
of aCGH gains and losses. Using spot checks, we confirmed
that samples with the smallest threshold corresponded to
aCGH data with extremely good signal-to-noise and vice versa
for the sample with the largest threshold value. The tumor
based threshold method allowed data with varying signal-
to-noise ratios to be compared with one another. It should

be noted that when a BAC was gained in one cohort it was
rarely seen to also be deleted in the same cohort. This demon-
strates the good signal to noise obtained with our whole
genome aCGH technique.

Previously reported and frequently changed loci in prostate
cancer þ2p22.1 (23), þ11q13.1 (24), 28p21.2 (25), 28p21.3
(26) and 28p23.2 (27) were also identified in this study, and
often at higher resolution. Generally, the progressors exhibited
a higher frequency of change for these loci. Newly defined
amplicons in prostate tumors include 2p25.1, 11p15.4 and
13q34. We observed the expected wide range of inter-tumor
heterogeneity in copy number aberration size at these loci.
This phenomenon is well known and may reflect utilization
of different fragile sites, independent mechanisms of aberra-
tion formation and/or biological selection. In this study BAC
clones at the 8p23 deletion and 11q13 gain were identified
computationally as having associations with the clinical
phenotypes of tumor stage and recurrence, respectively.
Individual chromosome specific profiles were then used to
define minimum recurrent aberrations identifying MEN1 and
CSMD1. Future work with the new sub-megabase resolution
contig arrays is expected to further narrow these regions
(28). Many retroviruses induce tumors by insertion of their
viral DNA adjacent to oncogenes, resulting in altered
expression. Known retroviral integration sites in murine
tumors can be used as a genetic screen for the identification
of candidate cancer genes (29). A search was performed for
common retroviral insertion sites using the retroviral tagged
cancer gene database (http://genome2.ncifcrf.gov/RTCGD).
The MRVI1 gene (murine retrovirus integration site 1
homolog) mapping to the 11p15 amplicon contains three
common retroviral insertion sites. The 11q13 locus contains
several known viral insertion sites that occur within
MAP4K2, MEN1 and RASGRP2 (RAS guanyl releasing
protein 2). Quantitative RT–PCR studies and expression

Figure 3. Box plot for BAC CTD-2220I9 in negative margin cases. The
boxplot compares the distribution of the log2ratios of CTD-2220I9 between
progressors and non-progressors for those with negative surgical margins.
The solid horizontal lines are first, second (median) and third quartiles,
respectively. The whiskers extend to 1.5 SD away from the median where
SD is a distribution of the value in a subgroup for this clone. The outlying
points indicate outliers (.1.5 SD away from the median).

Figure 2. Real-time RT–PCR expression results for the CSMD1 gene at 8p23.
Matched benign and tumor pairs were used in this study and are indicated by
black and white bars, respectively. Each tissue sample was run in triplicate.
The SD for the cycle threshold values of all three replicates was less than
0.3. Results are displayed relative to a GUS reference gene. An asterisk
denotes samples that are stage pT � 3.
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database mining are underway to evaluate the expression
levels of genes mapping to these frequently altered loci in
order to obtain information regarding the etiology of prostate
cancer.

Deletions along 8p are common in prostate cancer (25–27).
Whole arm deletion of 8p strongly associated with higher
pathologic stage disease in our study. In a recent prostate
study, 8p was found to be the most valuable predictor of
stage (30). Our findings confirm and extend these previous
studies. The identified 8p biomarkers may aid in therapy deter-
mination at the time of a biopsy. The deleted 8p23 BAC
clones on the genomic array overlap with a single gene
called CSMD1 (31,32). This is the first report of CSMD1
undergoing deletion in prostate cancer. This finding is sup-
ported by prostate cancer expression microarray experiments
that found CSMD1 decreased expression to be associated
with relapse and survival (33). The function of this protein
is currently unknown. Sushi domains exist in adhesion
proteins, and therefore make CSMD1 a likely target for
deletion by an aggressive tumor. In a recent aCGH study of
14 fallopian tumors, 12 tumors showed deletion involving
the CSMD1 region (8). The minimal region of recurrent
loss in their study directly overlapped ours (RP11-82K8 to
RP11-140K14). TaqMan results, in a separate cohort of
patients, provided further evidence for a decrease in CSMD1
expression in higher stage (pT � 3) prostate tumors. In addi-
tion to being a marker of advanced stage disease, deletion of
8p23.2 may be a marker of disease recurrence and therefore
warrants future studies. There is considerable evidence impli-
cating the NKX3.1 gene at 8p21 as a tumor suppressor gene in
prostate cancer (34–36). CSMD1 and NKX3.1 map �18 Mb
apart in non-contiguous deletions, and thus may represent
independent tumor suppressor genes.

Previous studies have identified loci that associate with
aggressive behavior for prostate cancer (37–43); however,
very few genes have been identified to date. Amplifications
on 11q13 have been reported in other cancers (44–47), but
rarely in prostate cancer (24,48). We have significantly
narrowed the region on 11q13 identified by El Gedaily et al.
(24) and Kasahara et al. (48) in advanced prostate cancer

cases. In our intermediate and high risk of recurrence
cohort, we identified a BAC clone mapping to 11q13.1 that
showed a statistically significant increase in copy number
in tumors from patients who failed following radical pro-
statectomy as compared with those who did not recur and
that was an independent predictor of recurrence. MEN1
maps to this locus and recent prostate cancer gene expression
profiling experiments identified elevated expression of MEN1
to be associated with recurrence (49). Our real-time
expression analysis on RNAs from prostatectomy patients
showed an increase in expression for MEN1 for several
cases, all but one exhibited corresponding genomic gain for
the 11q13 locus. The exception is interesting because it
implies mechanisms independent of amplification can result
in increased MEN1 expression in prostate cancer. There
was no correlation between increased expression and stage
or grade, possibly indicating that this marker acts independent
of those clinical parameters. Future work will evaluate MEN1
as a biomarker of disease recurrence after radical prostatect-
omy. MEN1 may be a surrogate biomarker or act as an
oncogene.

Genes that have been implicated in pathways involving
prostate cancer were also found to lie in regions of genomic
gain and loss in this study. The oncogene MYC showed
genomic gain in the progressors, and at an even higher
frequency in the metastatic cohort, as compared with the
non-progressors. The tumor suppressor RB1 was shown to
be more frequently deleted in the progressors, and at an
even a higher frequency in the metastatic tumors than the
non-progressors. Apoptosis of prostate cancer cells wild-type
for Rb has been shown to occur by means of an intracellular
pathway that involves the activation of Rb and repression of
MYC transcription (50). We observed that the combination
of þ8q24.21/213q14.2 occurred in 40% of the metastases
suggesting future work is warranted regarding this pathway
in prostate cancer.

Recent work in the gene expression field reported that
a subset of primary solid tumors share the gene expression
signature of their corresponding organ metastases (51). We
propose that genomic changes in metastatic tumors can

Figure 4. Real-time RT–PCR expression results for theMEN1 gene at 11q13. Matched benign and tumor pairs were used in this study and are indicated by black
and white bars, respectively. Each tissue sample was run in triplicate. The SD for the cycle threshold values of all three replicates was less than 0.3. Results are
displayed relative to a GUS reference gene. An asterisk denotes samples that showed genomic gain at 11q13 by aCGH.
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guide identification of the most important genomic changes in
primary tumors. This should be especially useful in slow
growing, highly heterogeneous tumors, such as prostate cancer.
In addition, prostate cancer cells exhibit highly heterogeneous
genomic profiles. Metastatic prostate tumors that have
evolved further and are more homogenous can help elucidate
which genetic changes confer aggressive phenotypes in
primary tumors. Pattern recognition analysis identified a com-
bination of BAC clones that may be utilized as biomarkers
for predicting metastasis at the time of biopsy or surgery, and
therefore assist in the identification of patients who would
benefit from the use of adjuvant therapy. For example, the
BAC gained at 22q13.1 in Figure 5A maps to platelet derived
growth factor beta, PDGFB. This is intriguing since the recep-
tors for PDGF have been shown to be expressed in advanced
prostate cancer (52). The beta receptor in particular has
been shown recently to serve as a recurrence predictor in a
five-gene model (19). LIMK1 (LIM domain kinase 1),
mapping to 7q11.23 in Figure 5A, has been shown recently to

be overexpressed in prostate tumors and metastatic cell lines
(53). In the same report, partial reduction in LIMK1 was
shown to abolish the metastatic invasiveness of prostate cells
in vitro (53). Additionally, the tumor suppressor PTEN maps
to the BAC identified at 10q23.1 in the exploratory biomarker
analysis shown in Figure 5B. Prostate specific deletion of the
murine Pten tumor suppressor gene has been shown to lead
to metastatic prostate cancer (54). At this stage the clinical
implications of these markers is purely speculative; however,
given their potential impact on patient care, further study
clearly is warranted.

A significant strength of aCGH is its ability to map expedi-
tiously and quantitatively both copy number gains and single
copy losses at multiple independent loci in clinical specimens.
This study has significantly expanded the catalog of recurrent
aberrations found in prostate cancer and this may enable a
deepened understanding of its etiology and progression.
Amplification at 11q13.1 is predictive of postoperative
disease recurrence, deletion at 8p23 is strongly associated

Figure 5. A set of 39 candidate BAC biomarkers associated with metastasis. Black bars represent tumors from patients (Nmax ¼ 32) who did not progress. Gray
bars correspond to primary tumors from patients (Nmax ¼ 12) who progressed to metastasis. Tumors represented by the black and gray bars are from a single
cohort, whereas white bars represent an independent cohort of metastatic tumors (Nmax ¼ 15). Copy number changes [(A) gains, (B losses)] are reported only if
they occur in each metastatic cohort at a frequency of �20% and in the non-progressor cohort,20% and were statistically significant (P � 0.05). 1, EVI1 locus;
2, LIMK1 locus; 3, PDGFB locus; 4, PTEN locus; 5, RB locus. The list of BAC clones is supplied in Supplementary Material.
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with advanced disease stage and candidate genes have been
identified at each locus and these may form the basis for
future diagnostics and therapies pending independent clinical
validation. Genomic profiles were obtained from organ metas-
tases and used to interrogate the genomic profiles of primary
tumors for genome aberrations associated with metastasis.
This exploratory analysis yielded a large number (�40) of
biomarkers that may define metastatic genotypes. An array
containing these BAC clones is being tested currently in a
blinded fashion to assess their predictive value using prostate
tumors from patients with known outcome. Our work suggests
that studies that examine only primary tumors may be missing
the key players in metastatic disease. Studies that combine
primary tumors with metastatic tumors may lead to more
effective therapeutics and more accurate diagnostics. The
clinical significance of the putative biomarkers described in
this study will require confirmation in independent cohorts
and ultimately, prospective studies.

MATERIALS AND METHODS

Patients

Prostatectomy patients were selected retrospectively from
Erasmus University Medical Center in The Netherlands. The
cohort consists of 64 prostate cancer patients who were
either at intermediate or at high risk of recurrence at diagnosis
(55). Following surgery, PSAs were monitored every 3 months
during the first year, bi-annually in the second year, followed
by yearly monitoring. Of these patients 32 never had a
biochemical failure following surgery (PSA , 0.2 ng/ml) or
any other evidence of disease recurrence. The median
follow-up for the non-progressors was 11 years. The other
32 patients failed biochemically. In this study, a biochemical
relapse was defined as: (a) two consecutive PSA serum
levels �0.2 ng/ml with an interval of at least 3 months fol-
lowed by an elevated PSA (�0.2 ng/ml); or (b) a single obser-
vation of PSA . 1 ng/ml followed by an elevated PSA
(�0.2 ng/ml). PSA levels �0.2 ng/ml occurring in the first 3
months after radical prostatectomy were not considered a bio-
chemical relapse if followed by undetectable (,0.1 ng/ml)
PSA levels. The progression-free survival was defined as the
interval between the time of surgery and the first elevated
PSA serum level (�0.2 ng/ml). Other clinical parameters,
such as Gleason score, pathological stage, age at operation,
pre-operative PSA and surgical margin status are listed in
Table 1 for the 64 patients (32 progressors, 32 non-progressors).

In order to study metastatic tumors, 15 hormone refractory,
metastatic tumors from the Rapid Autopsy Program from the
University of Michigan Prostate SPORE were evaluated
(56). Fifteen tissue slices at 15 mm were extracted with a
Wizard Genomic DNA Isolation kit (Promega, Madison, WI,
USA) according to the manufacturer’s protocol. The DNA
was further purified by phenol/chloroform extraction, followed
by ethanol precipitation.

Tissue processing

All paraffin-embedded formalin fixed prostate tissue blocks
were stained with DAPI to outline tumor areas. A bore
(1 mm–1 cm in diameter) attached to a microscope was

used to punch a few millimeters deep into the selected
tumor region. Hematoxylin and eosin (H&E) staining was
performed for the first and the last slice corresponding to the
punch to ensure the tumor region was consistent from top
to bottom.

DNA was extracted using the Puregene DNA isolation kit
(Gentra Systems, Minneapolis, MN, USA).

aCGH

The human version 2.0 BAC arrays were provided by the
UCSF Array Core. Each array consists of 2460 BAC clones
spotted in triplicate on chromium slides. The resolution is
�1.4 Mb. The aCGH protocol that was followed is detailed
in our recent aCGH archived tissue technique paper (13).
Also included in this reference are details regarding the
in-house imaging system and software that was used to
process the arrays.

Statistical analysis

The tumor/reference fluorescence intensity ratios were
converted to the log2 domain. The observed log2ratios were
not included if there were fewer than two replicate spots
(out of three) or if the standard deviation of the replicates
was above 0.2. Each array was normalized to have a median
log2ratio of 0. The clones that were present in ,75% of the
samples (or 48 samples) were removed from the dataset (348
or 13% of the clones); 2127 clones remained in the dataset.

To identify the gained and lost clones in individual samples,
we constructed sample specific thresholds (57). The clones
with log2ratios above or below a tumor’s threshold were con-
sidered gained or lost, respectively. To calculate thresholds,
we used discrete-time hidden Markov model (58) to segment
clones on individual chromosomes into the states corres-
ponding to underlying copy numbers. The number of states
was determined with the BIC (62) criterion. In order to increase
robustness of the procedure, we used only those chromosomes
that contained less than three different states and only those
states that contained at least 20 clones. We assumed that experi-
mental measurement error is independent of the underlying
copy number. Thus, for each state and chromosome that met
the above criteria, we calculated the median absolute deviation
(MAD) of the log2ratios of the clones on that chromosome
belonging to a given state. The final estimate of the standard
deviation of the experimental noise, SD, was then calculated
as the median of the above MAD values across all used states
and chromosomes. Finally, the thresholds were calculated con-
servatively as 2.5 � SD for a given tumor. The ad hoc
justification for using this threshold lies in considering the
standard normal distribution (1.2% of the standard normals
are expected to exceed the absolute cut-off of 2.5). The
frequency of gains and losses for a given clone in a group of
interest was calculated as the proportion of samples in which
a clone was gained or lost in that group.

We imputed the missing values (8.8% of the observations)
using the K-nearest neighbors (KNN) algorithm (63). We
computed all pairwise correlations among the clones and
assign five closest neighbors to each clone (i.e. the clones
most highly correlated with a given clone). Then, if a
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Table 1. Clinical characteristics of the cohort

Patient OperYr AgeOper PreOpPSA Stage Grade ResMargin ProgFreeSurvival ProgressType

Progressors
1 1991 61 11.2 2a 5 0 91 PSA
2 1992 63 23.6 2c 7 0 73 PSA
3 1990 67 64.3 3c 7 1 2 M1b
4 1994 61 23.7 4a 7 1 26 M1a
5 1988 68 17.1 3c 7 1 3 PSA
6 1991 71 29.6 4a 7 0 44 LR
7 1994 72 7.1 2c 7 1 23 PSA
8 1988 70 1 4a 7 0 10 LR
9 1988 69 29 3c 7 1 33 M1b

10 1993 65 11.8 3a 7 0 52 PSA
11 1986 65 No data 3b 7 1 38 M1b
12 1987 64 No data 3c 7 1 83 PSA
13 1989 60 6.5 3a 6 0 13 PSA
14 1989 65 5.5 3c 7 1 37 PSA
15 1990 61 21 3b 7 0 3 LR
16 1991 61 7.8 3a 7 1 71 LR
17 1992 66 6.4 3a 7 1 41 PSA
18 1992 70 25.1 4a 7 0 1 PSA
19 1991 69 0.7 2a 6 0 54 LRþM1b
20 1992 63 18.7 4a 7 1 8 LRþM1b
21 1992 53 16.5 3a 7 0 2 LRþM1b
22 1990 55 13.2 4a 7 1 38 LR
23 1990 51 2.8 4a 6 1 16 PSA
24 1992 58 108 4a 5 0 5 LR
25 1992 47 11.5 3a 7 0 2 M1bþM1c
26 1992 59 3.2 3a 7 1 75 M1b
27 1989 59 16.9 4a 7 0 13 M1b
28 1989 74 19.4 3a 7 1 17 PSA
29 1990 65 25.2 3a 7 1 83 PSA
30 1990 71 16.1 3a 7 0 98 PSA
31 1991 69 17.8 4a 7 0 4 M1aþM1bþM1c
32 1991 62 73.7 4a 7 1 2 LRþM1b

Non-progressors
33 1990 59 9.2 2b 7 0
34 1990 64 7.4 2b 6 0
35 1991 65 11.1 2c 5 0
36 1989 60 19.4 3a 7 0
37 1992 59 17.2 2c 7 0
38 1992 51 16.1 2a 7 1
39 1993 72 12.2 3b 7 1
40 1994 66 9.7 2c 6 1
41 1992 67 4.8 3a 5 1
42 1993 52 2.2 3a 7 0
43 1993 58 5.8 2c 6 0
44 1987 59 No data 4a 7 1
45 1993 67 2.2 2c 6 0
46 1994 65 10.6 2c 6 0
47 1993 55 16.4 2c 6 0
48 1994 62 21.5 2c 6 0
49 1989 62 5.2 3b 7 1
50 1990 59 18.6 3a 7 0
51 1992 65 23.1 4a 7 0
52 1992 67 2.2 3a 6 0
53 1992 63 4.5 3a 5 0
54 1991 49 21.8 3a 6 0
55 1991 59 8 3a 6 0
56 1991 70 11.7 2c 7 0
57 1990 69 2.6 4a 5 0
58 1990 61 2.5 4a 5 0
59 1991 44 17.3 3a 6 0
60 1991 68 13.5 3a 6 0
61 1991 72 15.3 3a 7 0
62 1991 51 7.5 3a 7 1
63 1991 65 27.8 3b 7 1
64 1991 52 5.6 3a 7 0

OperYr, year of prostatectomy; AgeOper, age of patient at time of surgery; PreOpPSA, preoperative PSA; Res Margin, resection margin status, 0 (negative) and 1

(positive); ProgFreeSurvival, length of time (months) to biochemical relapse; ProgressType, PSA ¼ no data on local or distance recurrence, LR ¼ local recurrence,

M1a ¼ metastasis in non-regional lymph node, M1b ¼ bone metastasis, M1c ¼ other site metastasis. The Gleason grading system (59) and the TNM classification

(60) were used. The usage of elevated (�0.2 ng/ml) PSA as a first indicator for imminent local or distant recurrent disease has been reported by several authors (61).
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particular clone was missing in a given sample, the missing
value was replaced by the average of the values of that
clone’s five closest neighbors in that sample. To impute all
missing values, we iterated the above procedure twice using
10 neighbors in the second iteration.

For a given phenotype, we looked for the clones with
significantly different underlying copy number between the
subtypes. Since the clones that rarely show an abnormal copy
number are not a priori likely to contribute to the difference
among subgroups, we reduce the multiplicity of the com-
parisons by only considering the clones that show the gain or
loss separately in at least 20% of the samples. There were
122 such clones, with 35% located on chromosome 8 (almost
all on 8p).

To test univariately for association between the copy
number and a phenotype, for each clone we tested the null
hypothesis that the distribution of the copy was the same in
each of the subgroups, by using a t-statistic with pooled
variance when two groups were being compared and an
F-statistic for more than two groups (64). The P-value for a
clone was computed by considering the distribution of the
t-statistic under the null hypothesis of no difference between
the two groups. An adjustment for multiple comparisons was
made so as to limit the probability of finding at least one
false positive result. In practice, this was implemented using
the maxT method (65) by randomly permuting the subgroup
labels, recomputing the statistic for each clone and recording
the maximum absolute value of the statistic over all clones.
We repeated the procedure 10 000 times. The observed
statistic for a given clone was compared with the distribution
of the recorded maxima and the adjusted P-value equal to the
proportion of the recorded maximum values exceeding the
absolute observed t-statistic for a given clone.

This patient sample was selected to have a 50% probability
of recurrence. To determine independent predictors of
recurrence, we fit the multivariate Cox-proportional hazards
model using all of the clinical variables and the significant
loci identified in the univariate analysis. All of the statistical
analyses were done in the environment of the freely available
statistical package R (66).

We looked for BAC clones that could serve as a group
to identify tumors with metastatic potential. The frequency
of change for each BAC was computed and copy number
aberrations that occurred in �20% of the progressors that
later metastasized and organ metastases, but in ,20% of the
non-progressors and vice versa were considered a differenti-
ating BAC. For each clone the proportion of cases either
above or below the defined threshold between non-progressors
and those with metastases was compared using Fisher’s one--
sided exact test.

Validation of candidate genes with TaqMan

For validation of candidate genes, RNA was extracted from
tumors and benign tissue obtained from 10 radical pro-
statectomy specimens and analyzed using TaqMan RNA quan-
titation. For each case, this was performed as follows. Twenty
13 mm slices were obtained from UCSF Comprehensive
Cancer Center fresh-frozen tissue bank, with the first, 10th
and 20th sections H&E stained for evaluation of tissue types

and amounts. Areas of interest on these slides were then
marked to act as guides for microdissecting the areas for
analysis from the remaining unstained sections; only areas
with .70% of the tissue of interest (benign prostate epithelium
or tumor) were marked. The unstained slides were dehydrated
using steps of 70, 90 and 100% ethanol for 1 min each followed
by immersion in xylene for 5 min. After the slides dried,
outlined areas were microdissected from the slides using a
scalpel blade, and the dissected tissue suspended into a lysis
buffer containing 1% b-mercaptoethanol (RNeasy kit, Qiagen).
The tissue was homogenized using a Qiashredder spin column
(Qiagen) and the RNA extracted according to manufacturer’s
suggestions. The RNAs were run on an Agilent 2100 BioAna-
lyzer (Palo Alto, CA, USA) to assess RNA quality. Tissue
samples were retained in the study if there was not any signi-
ficant RNA degradation.

TaqMan assays were carried out by the UCSF Genome
Core. TaqMan primer–probe sets were available as Assays on
Demand kits through ABI (Foster City, CA, USA) for MAP4K2
and MEN1. The CSMD1 TaqMan primer–probe set was
designed in-house and synthesized by IDT (Coralville, IA,
USA). The forward primer (50 TTTCCAGATTTTTATCC
AAACTCTCTAA 30) and probe (50 FAM-CACGTGGACC
ATTGAAGTGTCTCATGG-BHQ1 30) (BHQ ¼ black hole
quencher 1 from Biosearch Technologies, Novato, CA, USA)
lie within exon 19 and the reverse primer (50 GTGTGAAA
GATCATTTGAACTCCTTT 30) spans exons 19 and 20
of CMSD1. Each tissue sample was run in triplicate. Good
methodology was demonstrated by the SD for the cycle
threshold values of all three replicates being less than 0.3.
The prostate tissue sample was retained in the study if the
direction of change in expression for the candidate gene was
the same as the two reference genes (18S and GUS). Results
are displayed as percentage of expression relative to GUS,
since similar changes were seen for 18S.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG Online.
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