
Abstract. Background: Prostate cancer is known for its
heterogeneous histological appearance. It is currently not clear
whether this histological heterogeneity is also reflected in the
genomic composition of a tumor. Materials and Methods: The
cancer DNA’s were retrieved from the European Randomized
Study of Screening for Prostate Cancer section Rotterdam
(ERSPC). Tumors with volumes 1.0-1.5 ml and a Gleason
score of 3+3 or 3+4 were selected. Comparative genomic
hybridization with a 3500-element BAC array was used to
detect differences in the genetic content of Gleason patterns 3
and 4. Results: A total of 1155 gains and 583 losses were
discriminated in 10 G3 areas; 768 gains and 497 losses were
detected in 7 G4 regions. Frequent losses included
chromosome arms 6q, 8p and 13q, while frequent gains were
seen on 7q and 8q. There were no significant differences
between Gleason patterns 3 and 4, or between Gleason grades
within one cancer. Conclusion: Histological heterogeneity,
defined by Gleason grades 3 and 4, does not have a genomic
counterpart. Furthermore, these asymptomatic screen-detected
prostate carcinomas have genetic signatures comparable with
those commonly seen in symptomatic cancers.

Prostate cancer is the most common cancer in males in the
Western world and the second most leading cause of cancer-
related death (1). Whether screening for prostate cancer is of
benefit for the male population has not yet been established
by randomized controlled trials. The European Randomized
Study of Screening for Prostate Cancer (ERSPC) is

investigating whether PSA-based screening reduces prostate
cancer-related death. Although the preliminary results are
promising, considering a stage and grade shift towards more
favorable prostate cancers, the final results will not be
available until 2008 or later (2, 3). Concern has been raised
about diagnosis in prostate cancer screening (4). It is difficult,
however, to distinguish which cancer is clinically significant or
not. 

Histopathologically, prostate cancer is marked by
heterogeneity and multi-focality (5, 6), which may arise from
dedifferentiation of cancer cells. For example, a prostate
cancer with Gleason score 6 (3+3) might become a Gleason
score 7 (3+4) tumor through clonal evolution, in which part
of the Gleason pattern 3 dedifferentiates into Gleason
pattern 4. Another hypothesis, that might explain the
histological heterogeneity, is based on the concept of
different cancer stem cells which grow individually and
collide into one tumor over time. The multi-focal
appearance of prostate cancer would be in favor of the stem
cell concept. The first hypothesis, however, is supported by
the fact that older patients do have higher Gleason scores
at diagnosis (4). In addition, patients followed by watchful
waiting have a higher Gleason score after repeat biopsy
several years later (7). Patients with Gleason score 7
prostate cancers have higher therapy failure than Gleason
score 6 patients (8). It is, therefore, important to investigate
whether dedifferentiation occurs in prostate cancer. If so,
screening might prevent dedifferentiation towards poorly
differentiated tumors with a poor prognosis. Ruijter et al.
(9) demonstrated genetic heterogeneity in some, but not all,
focal tumor lesions, indicating a multi-focal origin as one
mechanism for prostate cancer origin, but there could be
several other mechanisms that are likely to operate.
However, a comparative genomic hybridization (CGH)-
based investigation did not reveal genetic heterogeneity
(10). A FISH study of a prostate cancer tissue microarray
revealed significant differences in HER2/neu amplification
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or chromosomal gains between Gleason grades 3 and 4 (11).
In this study, radical prostatectomy specimens of patients

with Gleason scores 6 and 7 were examined with array-
based CGH. The following questions were addressed: a) Is
there a difference between Gleason patterns 3 or 4 in
general? b) Are there genomic differences between Gleason
patterns within the same tumor? c) What is the genetic
"signature" of screen-detected asymptomatic prostate
cancers?

Materials and Methods

Patients. The patients were derived from the screen arm of the
European Randomized Study of Screening for Prostate Cancer
(ERSPC). In the ERSPC, Rotterdam section, 42,376 men, 55-75
years old, were randomized to a screening (n=21,210) and a
control arm (n=21,166). There was a 4-year screening interval. The
study started on November 1993. Sextant needle biopsy was
recommended for participants who had an elevated PSA level
(≥4.0 ng/ml), abnormal DRE or abnormal findings on TRUS. The
protocol was simplified in May 1997, when sextant biopsy was
recommended if PSA was ≥3.0 ng/ml, regardless of DRE and/or
TRUS findings. 

Tissue specimens. Patients with detected prostate cancer in the
screen arm, who had undergone radical prostatectomy, were
selected. One pathologist (T.H.v/d K.) reviewed all the
prostatectomy specimens in order to determine the pathological T
stage, surgical margin status and Gleason score. The radical
prostatectomy specimens were embedded according to a protocol
described earlier (12), allowing for accurate measurements of
tumor volume, exact location of the tumor, grading and staging. In
short, after fixation the radical prostatectomy specimens were
stained and serially sectioned at 4-mm intervals and totally
embedded in paraffin blocks. Tumors with a Gleason score of 6 or
7 and a total volume between 1.0 and 1.5 ml were collected for
DNA extraction. The radical prostatectomy specimens suitable for
analysis are shown in Table I. The area of interest was marked on
the glass slide and taken over on the paraffin block and punched
out. After punching, a new slide was made for control of the right
area for tumor sampling. Isolation of DNA from the formalin-
fixed, paraffin-embedded material was performed using the
Puregene DNA isolation kit (Gentra Systems, Minneapolis, MN,
USA), in accordance with the manufacturer’s instructions. 

Array-based CGH. The array-based CGH procedure was performed
as previously described (10, 13). Slides containing triplicates of

~3500 large insert clones spaced at density over the full genome
were produced in the Leiden University Medical Center, The
Netherlands. The particular BAC set used to produce these arrays
is distributed to academic institutions by the Welcome Trust Sanger
Institute (UK) at no cost and contains targets spaced at ~1 Mb
density over the full genome, a set of subtelomeric sequences for
each chromosome arm and a few hundred probes selected for their
involvement in oncogenesis. Information regarding the full set is
available in the ‘‘Cytoview’’ window of the Sanger Center mapping
database site, Ensembl (14). Insert clones were isolated from the
bacteria, using the Wizard SV 96 Plasmid DNA Purification System
(Promega, Leiden, The Netherlands) in combination with the

Biomek 2000 Laboratory Automation Workstation (Leiden
Genomic Technology Center facilities - LGTC, The Netherlands).
DNA amplification, spotting on the slides and the hybridization
procedures were based on protocols previously described (15).
Commercially available female genomic DNAs (Promega, Leiden,
The Netherlands) were used as test DNA. Test and reference DNAs
were labelled with Cy3- and Cy5-dCTPs (Amersham Bioscience,
Roosendaal, The Netherlands), respectively. After hybridization,
the slides were scanned with a ScanArray Express HT (Perkin
Elmer Life Sciences, Boston, MA, USA) to collect 16-bit TIF
images through Cy3 and Cy5 filter sets. The spot intensities were
measured by means of the GenePix Pro 5.0 software (Axon
Instruments, Leusden, The Netherlands). Further analyses were
performed using Microsoft Excel 2000. Spots outside the 20%
confidence interval of the average of the replicates were excluded
from the analyses. Sex-mismatch with male or female reference
DNA was used as an internal CGH control. Only samples showing
a clear sex-mismatch were included in the evaluation. Subsequently,
X- and Y-mapped BAC clones were excluded from the frequency
overviews of the (sub)groups. Frequency plots were smoothed for
better visualization of gains and losses by a moving average over
windows of 5 consecutive BAC’s, chromosome by chromosome.
Critical areas in CGH of paraffin-derived DNA’s, i.e.,
(sub)telomeric and pericentromeric regions, and distal
chromosomes 1p and 9q were carefully evaluated and, if considered
artefactual, were excluded from analysis. BAC clones with
aberration frequencies above or below 15% were listed as gains and
losses, respectively. Single BAC clone alterations were removed, as
they are likely to represent aCGH artefacts.

Data analysis. The statistical evaluation of array-based CGH data is
characterized by a lack of uniformity. Conventional and cluster
analyses are used, both alone and in combinations. A conventional
clone-by-clone comparison for the determination of differential
clones within the sub-groups was chosen, so as to reduce the
number of possible differences to acceptable numbers. The log2
ratios of chromosomal gains and losses were listed by an algorithm
using flexible thresholds based on the standard deviation (SD) of
the data sets of the specimens. SD’s over windows of 5 consecutive
BACs were averaged, sliding along the chromosomes one BAC at
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Table I. Clinicopathological data.

Patient Gleason pT Surgical Biochemical 
grades stage margin progression

1 3x 4x pT2c + +
2 3x 4x pT2c + +
3 3 4x pT4a – +
4 3x 4x pT2c + –
5 3x 3 pT2c – –
6 3x 3x pT2c – +
7 3x 3 pT2c – –
8 3x 4x pT3a + –
9 3x 4x pT2b + +
10 3x 4 pT3a + –
11 3 4x pT2c – –

x=Gleason pattern included in the analysis.
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Figure 1. Overview of gains and losses by array-based comparative genomic hybridization of Gleason 3 and 4 grades of prostatic adenocarcinomas. The
top panel shows the combined data, the middle panel G3, and the bottom panel G4. There were no significant differences between the two histopathological
patterns. Note the presence of common changes in prostate cancer, such as losses of 8p and 13q, or gains of 7pq and 8q, in both G3 and G4 areas.



a time. Thresholds for gains and losses were defined empirically at
± 2.5 x SD. This procedure resulted in a sample-dependent
detection of genomic alterations with less interference of "noise"
from deparaffinized formalin-fixed DNA samples. Subsequently,
the Fisher’s Exact Test was applied for the clone-by-clone
comparison of gains and losses between tumor sub-groups using
SPSS 11.0 software (SPSS Inc., Chicago, IL, USA). A p-value of
<0.05 (two-sided) was considered to be statistically significant. 

Results

Eleven radical prostatectomies were taken from the
screening arm of the European Randomized Study of
Screening for Prostate Cancer section Rotterdam (ERSPC).
Adenocarcinomas with a tumor volume of 1.0-1.5 ml and a
Gleason score of 6 (3+3; n=3) or 7 (3+4; n=8) were
selected. The cancer DNAs were retrieved from formalin-
fixed and paraffin-embedded tissues improving recognition
and selection of target cells. Comparative genomic
hybridization with a 3500-element BAC array (aCGH) was
applied to detect differences in the genetic content of 17
Gleason patterns (10x G3, 7x G4) from the 11 patients. A
total of 1155 gains and 583 losses were discriminated in 10
G3 areas (116 and 58 per area, respectively), while 768 gains
and 497 losses were detected in 7 G4 regions (110 and 71
per area, respectively). Frequent losses included
chromosome arms 6q, 8p and 13q; frequent gains could be
seen on 7q and 8q. Overviews of the alterations can be seen
in Figure 1 and Table II. There were no significant

differences between Gleason patterns 3 and 4. No
differences were observed between the two dominant
Gleason grades within one cancer (Figures 2 and 3). 

Discussion

Prostate cancers composed of well differentiated (Gleason
score 6; grades 3+3) and moderately differentiated (Gleason
score 7; grades 3+4) tumors were compared. No significant
differences were observed between Gleason patterns 3 and 4,
nor were differences in Gleason patterns 3 of Gleason score
6 and 7 tumors seen. Thus, we cannot support the hypotheses
of dedifferentiation or multiple cancer stem cells in prostate
cancer. It should be mentioned that the number of our
samples was limited, which might have some impact on the
results. However, the spectra of gains and losses were in
accordance with those reported in the literature. 

Loss of heterozygosity (LOH) analyses have
demonstrated frequent loss on chromosome arms 3p, 6q, 7q,
8p, 9p, 10pq, 13q, 16q, 17q and 18q (16-19). CGH analysis
of both primary and recurrent tumors revealed losses of 8p
and 13q in over 30% of cases, whereas recurrent tumors
showed gains of 8q and of chromosomes 7 and X, as well as
loss of 8p in over half of the cases (20). A CGH study of a
panel of lymph node metastases showed loss of 8p, 10q, 13q,
16q and 17p, as well as gain of 1q, 3q, 8q and 11p sequences
in 50% or more of tumors (21). Some of these alterations
could already be distinguished in early stages of prostatic
cancer, measuring <0.5 ml. In these tumors, abnormalities
with chromosomal losses were most frequently seen on 13q,
6q and Y, and gains on 20q (22). These abnormalities were
also seen in our set of tumors. Paris et al. performed aCGH
on primary and metastatic tumors to investigate which
markers present in primary tumors might be predictive of
tumor progression. Specifically, loss at 8p23.2 was
associated with advanced stage disease and a gain at 11q13.1
was found to be predictive of post-operative recurrence,
independent of stage and grade (23). FISH evaluation
revealed numerical changes of chromosomes 7, 8, 10, 16, 17,
18, X and Y (22, 24, 25), as well as deletions and
amplifications of certain chromosomal regions, e.g., 8p22
(26, 27) and the MYC region on 8q24 (28, 29). 

Literature data concerning the (cyto)genetic heterogeneity
of prostate cancers is sparse. Flow cytometry studies
demonstrated variation in DNA ploidy within individual cases
(30-32). Another flow cytometry study showed that foci with
different ploidy were infrequent in early prostatic carcinomas
(33). LOH analysis detected intra-tumoral heterogeneity of
multifocal cancers (9, 34). Different patterns of allelic
imbalance were also discerned between multiple foci of pre-
neoplastic lesions in the prostate (35). In addition, mutation
analysis of TP53 showed heterogeneity in the intratumoral
distribution of primary cancers (35), whereas the PTEN gene
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Table II. Genetic data in chromosomal order (overlapping alterations in
bold).

Gleason 3 area Gleason 4 area

Loss

4q24-q25
6q14.1-q14.2, 6q15-q16.1

8p12-p21.2, 8p22-p23.2 8p11.21, 8p12-p23.3
10q23.31

11q22.1 11q22.1
13q14.13-q14.2 13q13.2-q32.1, 13q32.3-q34

Gain

1q32.1
3q21.2-q21.3 3p21.31
7q21.11, 7q21.13, 7q22.1, 7q33-q34 7q33-q24

8q11.23-q12.1, 8q22.1
9p21.32-p21.33

10q22.1-q22.2
11q13.3-q13.4 11q12.3, 11q13.2-q13.5
17q21.2-q21.31 17q21.2-q21.31
22q12.1-q12.2 22q12.1-q12.2



displayed mutational heterogeneity among different
metastatic sites (36). In situ hybridization with centromeric
DNA probes showed considerable heterogeneity within
individual cases of prostatic adenocarcinoma (37, 38). It
should be noted, however, that all these investigations
concerned low numbers of genetic targets. It is, thus, difficult
to differentiate between a monoclonal or polyclonal origin of

tumors. We applied a genome-wide approach to answer
questions concerning genetic variation in prostate cancer. In
a previous study, using aCGH, we did not find significant
differences between Gleason 3 and 4 areas in symptomatic
(large) prostatic carcinomas (10). This is in accordance with
the results of the present study, which comprised
asymptomatic cancer with a tumor volume of 1.0-1.5 ml.
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Figure 2. Log2 ratios along the genome illustrating genomic imbalances (raw data) of the two G3 (both panels) areas of tumor 6. There were no
significant differences between the patterns, indicating the absence of intra-tumoral genetic heterogeneity. 



The prostate carcinomas in this study were screen-detected
cancers. Tumors detected by PSA screening generally have
more favorable tumor characteristics compared to tumors
diagnosed after symptoms have developed (39). One-third of
the cancer diagnosed in subsequent screening arms of the
Rotterdam screening study was of focal nature (40).

Although asymptomatic, our set had tumor volumes between
1.0-1.5 ml, which is relatively large and nearly half of the
patients showed biochemical recurrence during follow-up.
Therefore, we conclude that a subgroup of screen-detected
prostate cancer confers a genotype that is commonly found
in prostatic adenocarcinomas with aggressive behavior.
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Figure 3. Log2 ratios along the genome depicting genomic imbalances (raw data) of G3 (upper panel) and G4 (lower panel) areas of tumor 1. Again,
there were no significant differences between the two patterns.
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