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Abstract

 

Prostate cancer (CaP) is a multifocal heterogenous disease. A major challenge in CaP research is to identify
genetic biomarkers that herald aggressive transformation. To investigate the effect of tumor heterogeneity
on the analysis of genomic aberration, we compared the results of comparative genomic hybridization
(CGH) analysis of DNA extracted from tumor bulk against that of DNA amplified by degenerate oligonu-
cleotide primed polymerase chain reaction (DOP-PCR) from homogeneous cell population obtained by laser
capture microdissection of discrete tumor foci. Sampling by microdissection, aberrations were observed in
three of three foci of carcinoma involved with prostatic capsule, and in two of three prostatic intraepithelial
neoplasia (PIN) foci examined. Carcinoma foci consistently exhibited more extensive aberrations than the
PIN samples obtained from the same tumor. Within these samples, the different tumor foci exhibited gain of
8q, whereas PIN showed no consistent aberration. Using bulk extracted DNA, CGH detected aberrations in
only 3 of 21 samples investigated, despite the known trisomy 8 status, as revealed by fluorescence in situ hy-
bridization. The results of this study demonstrate that CGH analysis using bulk dissected fresh tissue is in-
sufficiently sensitive to fully detect the chromosomal numerical aberrations in CaP. Given the considerable
intratumor genomic heterogeneity, CGH with microdissection and DOP-PCR amplification provides a more
complete repertoire of aberrations as well as a better phenotype-genotype correlation in prostate tumors.

 

© 2002 Elsevier Science Inc. All rights reserved.

 

1. Introduction

 

In North America, prostate cancer (CaP) is the leading
cancer incidence in men and the second most common
cause of male cancer mortality [1]. Our understanding of the
molecular genetic changes that underlie the progression of
this disease remains at an early stage, as CaP exhibits both
inter- and intratumor genotypic and phenotypic heterogene-
ity that complicates molecular and histopathological assess-
ment and outcome prediction [2–5].

Prostate cancer is characterized by multifocal presentation
[6]. Consistent with this idea, it was recently shown that a
much greater frequency of chromosomal aberrations can be
detected if microdissection and specialized culture methods

are utilized [7]. A newly diagnosed man with CaP will have
an average of five apparently independent lesions [8]. In ad-
dition, there is growing evidence [5,9–11] that both cancer-
ous and pre-cancerous lesions within a given prostate tissue
are non-clonal, further indicating the multifocal nature of this
disease.

Currently, the histopathological assessment of CaP is
based on the Gleason system, which assigns a clinical grade
to a given tumor based on the most prominent and represen-
tative histological features. This system not only has a signif-
icant clinical impact in predicting the outcome of the disease,
but much of the current research effort in CaP is also directed
towards identifying the molecular changes as a function of
the Gleason grade. In this study, we used the genome-wide
scanning technique of CGH in combination with degenerate
oligonucleotide primed polymerase chain reaction (DOP-
PCR) and laser capture microdissection (LCM) to demon-
strate the genotypic heterogeneity among distinct foci within
tumor samples, and to identify the karyotypic changes asso-
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ciated with the prostatic capsule invasion. Furthermore, we
evaluated the effectiveness of this technique against the tradi-
tional CGH method, using bulk-extracted DNA, in identify-
ing the chromosomal gains and losses in early-stage CaP
specimens. In addition, we employed fluorescence in situ hy-
bridization (FISH) technique to investigate the genotypic het-
erogeneity as a feature of early-stage (pT1-T2) CaP.

 

2. Materials and methods

 

2.1. Tissue accrual and sample preparations

 

All samples utilized for this study were from patients un-
dergoing radical prostatectomy at the University Health Net-
work and presenting with evidence of high tumor volume
and no history of radiation or chemotherapy. A small wedge
(approximately 1–2 cm

 

3

 

) of tumor tissue was dissected from
the excised prostate. Criteria for inclusion in this study were
based on the presence of a widely ranging variation in the
Gleason pattern, as determined by frozen section.

The obtained tissue sample was processed following two
different protocols. In one set of experiments (21 patient
samples), the tissue was bisected, and one of the pieces was
used to establish a short-term tissue culture (see below) for
interphase FISH analysis. The remaining piece was placed
in DNA extraction buffer and the genomic DNA from the
tumor bulk extracted following standard protocols [12,13].

In a second set of experiments (three patient samples: A,
B, and C), the tissue was immediately fixed in 70% ethanol
(4

 

�

 

C, overnight) and embedded in paraffin. Serial sections, 10

 

�

 

m in thickness, were obtained from the paraffin-embedded
tissue and stained with H & E. Homogeneous populations of
epithelial cells were obtained from the sections using laser
capture microdissection system (Arcturus, Mountain View,
CA, USA), from two different regions in each tumor sample,
including: (1) acini of epithelial cells of Gleason pattern 3,
which have infiltrated the prostatic capsule, and (2) acini of
high grade prostatic intraepithelial neoplasia (PIN) situated
nearby (

 

�

 

3 mm) which were not associated with the capsule.
Typically, 200–400 cells were collected from the serial sec-
tions for each region, and processed for genome amplification
by DOP-PCR.

 

2.2. Amplification of the genomic DNA by DOP-PCR

 

The dissected cells were incubated in 20 

 

�

 

L of digestion
buffer (0.1% SDS, 1 

 

�

 

g/

 

�

 

L proteinase 

 

K

 

 in Tris-HCl, pH
8.0) overnight. Following incubation at 90

 

�

 

C to inactivate
the proteinase, the product containing the genomic DNA
was serially diluted tenfold to concentrations of 1:10, 1:100,
and 1:1000 of the original solution. One microlitre of each
dilution was used as the template in separate PCR reactions.

The PCR amplification and labeling of the probe were car-
ried out in three steps, using the Clontech cDNA PCR enzyme
mix (Clontech, Palo Alto, CA, USA). In the first step, 0.1 

 

�

 

L
of dNTP (10 mM), 0.5 

 

�

 

L of the primer (5

 

�

 

-CCGACTC
GAGNNNNNNATGTGG-3

 

�

 

,10 

 

�

 

M), 0.5 

 

�

 

L of PCR buffer

(10

 

�

 

; Clontech), and 0.2 

 

�

 

L of enzyme mix (Clontech) were
added to the template DNA, and the volume adjusted to 5 

 

�

 

L.
In addition, a series of reaction mixtures containing 30 ng,
3 ng, or 300 pg of normal male DNA, obtained from human
spleen tissue, were prepared in parallel for generation of refer-
ence probes for CGH. The reaction mixtures were denatured
at 95

 

�

 

C for 5 minutes, and carried through eight cycles of de-
naturation (94

 

�

 

C, 1 minute), annealing (30

 

�

 

C, 1 minute) and
extension (72

 

�

 

C, 3 minutes). Following a final extension of 10
minutes at 72

 

�

 

C, each reaction mixture was supplemented
with 20 

 

�

 

L of reaction mixture containing 0.6 

 

�

 

L of dNTP
(10 mM), 1.25 

 

�

 

L of primer (25 

 

�

 

M), 2.5 

 

�

 

L of PCR buffer,
and 0.5 

 

�

 

L of the enzyme. The reaction mixture was dena-
tured at 95

 

�

 

C for 5 minutes, and further cycled through 30
rounds of denaturation (94

 

�

 

C, 1 minute), annealing (56

 

�

 

C,
1 minute) and extension (72

 

�

 

C, 3 minutes), followed by a final
extension of 10 minutes at 72

 

�

 

C. The product was purified by
column chromatography (Qiaquick PCR Purification kit;
Qiagen, Mississauga, Ontario, Canada) and the amplification
verified by electrophoresis on 1% agarose gel. Typically, the
optimal product, as determined by the largest product size,
was obtained from the initial template of 3 ng or 300 pg of
normal male DNA, or from the tenfold or the hundredfold di-
lutions of the digest of the microdissected sample.

 

2.3 Probe preparation

 

For labeling of the PCR amplified DNA, 4 

 

�

 

L of the se-
lected product was added to 46 

 

�

 

L of reaction mixture con-
taining 1 

 

�

 

L of dNTP (10 mM), 2.4 

 

�

 

L of primer (25 

 

�

 

M), 5

 

�

 

L of PCR buffer, 1 

 

�

 

L of the enzyme, and either 2 

 

�

 

L of
0.4 mM biotin-14dATP (tumor DNA) or 0.8 

 

�

 

L of 1 mM
digoxigenin-11dUTP (normal reference DNA). The labeled
probe was generated by 16 rounds of amplification using the
parameters specified in the second step. The final product
was purified by column chromatography, quantified by spec-
troscopy, and sized by gel electrophoresis.

Alternatively, 2 

 

�

 

g each of normal and bulk-extracted
tumor DNA were labeled by nick translation with digoxige-
nin-11 dUTP (Roche, Basel, Switzerland) and biotin-14 dATP
(GIBCO BRL, Burlington, Ontario, Canada) respectively, as
previously described [14,15]. All final labeled probes ranged
between 500 bp and 2 kb in size.

 

2.4. Comparative genomic hybridization (CGH)

 

Comparative genomic hybridization was performed as
previously described [14,15]. Ten metaphases were analyzed
to create the final CGH profile with 99% confidence inter-
vals. Negative controls in which normal DNA was compared
to itself, and positive controls using IMR32 neuroblastoma
cell line, which has been previously characterized in our lab-
oratory, were routinely included in the experiments. In addi-
tion, controls in which the DOP-PCR–amplified normal
DNA was compared to nick-translated normal DNA were
employed to ensure that the DOP-PCR amplification did not
introduce artefactual gains or losses in the results.
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2.5. Short-term tissue culture

 

For 15 of 21 samples in which the DNA was bulk-
extracted, tissue cultures were prepared and maintained for
short term (

 

�

 

1 week) for interphase FISH analysis. For this,
the tissue sample was dissociated into small pieces and di-
gested in 250 U/ml collagenase IV (GIBCO BRL) in culture
media (RPMI-1640, 10% fetal bovine serum, antibiotics)
for 2–3 hours. Resulting cell suspension was centrifuged
gently and washed with phosphate buffer saline, seeded into
tissue culture flasks for attachment (usually 1–3 days) and
subsequently harvested for interphase FISH analysis.

 

2.6. FISH

 

Harvested cytogenetic preparations from patients were
dropped onto glass slides as previously described [16] using
1.5 hour Colcemid treatment and 75 mM KCl hypotonic
treatment. Normal cytogenetic control slides were made from
phytohemagglutinin-stimulated normal male lymphoblasts.
Additionally, 5-

 

�

 

m sections were cut from the paraffin-
embedded tissue (patient C) for confirmatory FISH analysis,
with a corresponding H & E slide for confirmation of loca-
tion of tumor cells. Denaturation of the centromere enumera-
tion probe 8 (CEP8) and 8q24 (

 

MYCC

 

) FISH probes (Vysis,
Downers Grove, IL, USA) and application of the probes to
the slides were as per manufacturer’s instructions (Vysis) and
previously reported [6]. At least 100 nuclei were used for
enumerating the cohybridized probes for each sample.

 

3. Results

 

3.1. CGH analysis of bulk-extracted tumor

 

CGH analysis of the bulk-extracted tumor samples re-
vealed no chromosomal imbalances in 16 of 21 samples ex-
amined. In two of five samples which showed copy number
changes, two were considered inconclusive, given that the
only changes observed were associated with the large het-
erochromatic region of the Y chromosome (Yq12), which is
an established cytogenetic polymorphism. In contrast, three
patient samples, namely patients CaP13, CaP14, and
CaP26, revealed a gain of the long arm of chromosome 8
(8q). Furthermore, a concurrent loss of the short arm of
chromosome 8 (8p) was observed in CaP13 and CaP14,
suggestive of isochromosome 8q formation. Both CaP13
and CaP14 also showed loss of 13q, while the latter showed
additional loss of 16q and 18q (Fig. 1). The positive control
IMR32 neuroblastoma line prepared for CGH showed high-
level amplification at the 2p22 and 2p24 chromosomal re-
gions, as expected (not shown). The negative control (nor-
mal male DNA) showed no CGH imbalance, as expected.

 

3.2. CGH analysis of microdissected
DOP-PCR–derived tumor

 

In contrast, extensive chromosomal gains and losses
were observed by CGH in two of three microdissected sam-

ples of PIN foci, as well as in three of the three carcinoma
foci infiltrating into the capsule (Fig. 2). The control experi-
ment that compared the PCR-amplified normal DNA with
the nick-translated normal DNA showed no chromosomal
imbalances (not shown), suggesting that the changes ob-
served in the microdissected samples were not artifacts of
the PCR amplification. Within a given tumor specimen, the
carcinoma foci consistently exhibited a more complex pat-
tern of changes than the corresponding PIN (Table 1). More-
over, in two of the three tissue samples analyzed, a subset of
the changes observed in PIN was also represented in the adja-
cent carcinoma sample from the same patient (Table 1). This
occurrence of common genomic imbalances in both PIN and
carcinoma provides support for the view that the PIN may be
a precursor lesion of carcinoma [6,17]. A gain of 8q was a
consistent feature observed among the carcinoma foci from
all three patients, while two of the three samples also consis-
tently exhibited 

 

�

 

13q14.3

 

�

 

21.2 and 

 

�

 

16p (Fig. 2, Table 1).
Paraffin FISH using 

 

MYCC

 

 probe (8q24) was used to con-
firm the finding of 8q gain (Fig. 3). No consistent pattern of
changes was noted among the PIN samples.

 

3.3. Cellular heterogeneity of chromosome 8 determined by 
interphase FISH (I-FISH)

 

Dual-color I-FISH was used to examine tumor prepara-
tions to determine the extent of cellular heterogeneity for
chromosome 8 copy number alteration (Fig. 1). Centromere
8 probe (CEP8, green) was used together with 

 

MYCC

 

(8q24, orange) probe to interrogate the extent of 8q gain in
the patient samples (Table 2). 

 

MYCC

 

 was found to always
correlate in a 1:1 ratio with CEP8 in the normal control and
the patient material nuclei. In control normal male lympho-
cytes, trisomy 8, as determined by 3 CEP8/

 

MYCC

 

 signals,
was observed in less than 1% of the cells. In contrast to this
baseline frequency, all the patient samples for which cyto-
genetic preparations were established, including those in
which CGH failed to identify a gain of chromosome 8, ex-
hibited a frequency of trisomy ranging from 5–44% (Table
2). In addition, low levels of monosomy and polysomy of
chromosome 8 were also detected in all patient samples
(Table 2).

 

4. Discussion

 

There is mounting evidence that CaP is a multifocal, het-
erogeneous disease. Studies examining allelic imbalances
reveal that tumor foci within a given prostate are genotypi-
cally heterogenous [5,9,10,18]. Moreover, similar studies of
PIN indicate heterogeneity exists at early stage of tumor
progression, indicating that several foci of carcinoma may
arise independently within a given tumor [10,17].

In this study, CGH analysis using bulk-extracted DNA
detected significant aberrations in only three of the 21 tu-
mor samples examined. This figure is significantly lower
than the previous CGH report of aberrations in 74% of the
studied samples [19]. This difference may be a result, in part,
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of our analysis focusing on significantly earlier stages of the
disease compared to those previously published [19–22]. Our
FISH analysis showed considerable cell-by-cell heterogene-
ity at the CEP8/

 

MYCC

 

 loci in all 15 cytogenetic preparations.
It is particularly interesting that in the patient sample that ex-
hibited the most pronounced degree of trisomy 8 (44%;
CaP10), the corresponding CGH analysis failed to detect a gain
(Fig. 1). The poor correlation between imbalances detected by
CGH analysis of bulk-extracted DNA and the parallel cell-by-
cell analysis by FISH is an indication that this technique is not
adequate for detecting the heterogeneous changes of CaP.

Recently, several investigators have reported a signifi-
cant advantage in combining CGH with the techniques of
DOP-PCR and LCM in identifying the aberrations in prostate
and other tumor types [11,23–31]. With this approach, Kim et

al. have reported positive identification of aberrations in
100% of the tumor samples they screened [30]. This figure is
consistent with the data presented herein, where all three of
three tumor foci and two of three PIN foci exhibited positive
aberrations. It is also noteworthy that a subset of these aberra-
tions was uniquely present in only one of the pair of foci ob-
tained from the same tissue sample, and would likely have
gone undetected if the tissue were sampled as a whole using
bulk extraction methods. Therefore, the complete repertoire
of genomic aberrations in a given tumor is better represented
by the sum of the changes in individual foci, rather than the
averaged profiles indicated by the conventional CGH. More-
over, analysis at the level of individual foci provides a better
correlation of the genomic changes with the phenotypic fea-
tures.

Fig. 1. Representative metaphase spreads analyzed by CGH, using bulk-extracted DNA from patients CaP14 and CaP10 (A and D respectively), and corre-
sponding ideogram (B and E). Regions of gains and losses in tumor DNA are represented as shifts to higher and lower green-to-red ratios, respectively. Note
the lack of 8q gain in the CGH profile of CaP10 (E), despite the evidence of high frequency of trisomy 8, as detected FISH analysis using CEP8 (green) and
MYCC (8q24; orange) probes (C and F).
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Allelotyping experiments have demonstrated frequent in-
volvement of chromosome 8 in CaP tumorigenesis [5,32–
35]. Recent studies by Macoska et al. [36] and Virgin et al.
[37] using human papillomavirus (HPV) E6/E7 and simian
virus 40 (SV40) large T antigen immortalized CaP patient
cell lines, showed a direct correlation between 8p loss of het-
erozygosity (LOH) allelotyping data and isochromosome 8q
formation or other structural rearrangements of 8p by molec-
ular cytogenetics. Alers et al. [38] demonstrated by FISH in
localized prostate tumors, lymph node metastases, and dis-
tant metastases samples that 

 

�

 

8 was more frequent than 

 

�

 

8.
Subsequent examination of the lymph node metastasis sam-
ple allowed correlation of 

 

�

 

8 in interphase FISH with 8q
gain as determined by CGH, and, conversely, 

 

�

 

8 by FISH
with 8p loss by CGH [38]. Together, these observations sug-
gest that 8q gain may be independent of and contributes to
the 8p

 

�

 

 genotype in the tumorigenic process, but can also
sometimes occur through isochromsome 8q formation. This
view is consistent with the data presented herein, in which

two of three patients (CaP13, CaP14) examined by CGH us-
ing bulk-extracted DNA exhibited 8q gain and 8p loss con-
comitantly (Fig. 1). In contrast, CGH analysis of all the mi-
crodissected specimens revealed a gain of 8q, in absence of
8p loss, to be a consistent feature of the invasive foci. This
apparent discrepancy may be reconciled by the possibility
that the 8p loss may be a recurrent aberration represented in
several independent microfoci. This loss may be sufficient
for detection by conventional CGH but appears to be irrele-
vant to the development of the invasive phenotype.

There is evidence that suggests that these foci may be ge-
nomically unstable, through microsatellite [39–42] and/or
chromosomal instability [6,17,39,40,43–45], giving rise to
further variant foci during tumor progression. Genomic in-
stability may be genotypically expressed as microsatellite
instability as a result of failing DNA repair at the nucleotide
level leading to replication errors, or as chromosomal insta-
bility due to aberrations in the mitotic machinery leading to
chromosomal copy number and structural changes, that ulti-

Fig. 2.  H & E images and corresponding CGH analysis of focus of carcinoma (A and B) and PIN (C and D), microdissected by laser capture from the same
representative tissue sample (patient C). Note the extension of the carcinoma into the capsular margin, demarcated by a large blood vessel (arrow, A). (E)
summarizes the gains (shown right of the chromosome) and losses (left of the chromosome) in the carcinoma (red) and PIN (blue) foci from this and two other
patient samples.
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Fig. 3. I-FISH analysis of chromosome 8 copy number gain in CaP from
patient C using MYCC probe (white signals) on a 5-�m paraffin section
from a typical region of normal prostate epithelial (A) and carcinoma (B)
cells from the same representative tissue sample. Histopathology was cor-
related with corresponding H & E tissue section (not shown). Note the gain
of MYCC copy number in carcinoma versus normal cells.

 

mately leads to aneuploidy and destabilization of the tumor
karyotype. Given the slow rate of tumor growth in CaP, it
may be speculated that the disease progression from early le-
sions, including PIN, involves independent evolution of sev-
eral individual foci that have acquired different genotypic
changes in response to the selective pressure of the microen-
vironment of the prostate [46,47]. In this regard, it is feasible
that the repertoire of the individual foci within a tumor, rather
than the most representative feature, may have a greater im-
pact on the stage and outcome of the disease than the Gleason
score, per se. Thus, the genomic profile of copy number im-
balance in each tumor focus, and in general in the tumor itself,
likely represents a unique endpoint of a complex interplay be-
tween genomic divergence through the multistep accumula-

tion of genetic changes [5,32,34,35,45,48–51], and conver-
gence through selection. Overall, these observations, taken
together with the present data, further support the notion of
independent evolution of individual microfoci within tumors,
and further suggest that the disease progression may be im-
pacted by the individual, unique evolution of each foci rather
than the tumor as a whole.

In conclusion, the present study demonstrates that CGH
analysis using bulk dissected fresh tissue is not sufficiently
sensitive to fully detect the chromosomal numerical aberra-
tions in CaP. Given the considerable intratumor genomic
heterogeneity, CGH in conjunction with microdissection
and DOP-PCR amplification provides a more complete rep-
ertoire of aberrations as well as a better phenotype-genotype
correlation in prostate tumors.
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Table 1
Summary of aberrations in microdissected foci of carcinoma and PIN from 
three patients

Patient Gleason pattern 3 PIN

A

 

�

 

3

 

�

 

3p24

 

�

 

pter

 

�

 

4q13.3

 

�

 

3p12.2

 

�

 

q13.2

 

�

 

4q23

 

�

 

q24

 

�

 

8q

 

�

 

8q

 

�

 

15q15

 

�

 

q21.2

 

�

 

13q14.3

 

�

 

q21.1

 

�

 

20

 

�

 

14q13

 

�

 

q22.3

 

�

 

16p

 

�

 

17p

 

�

 

Xq
B

 

�

 

2q31.1

 

�

 

q31.2

 

�

 

2q24.1

 

�

 

q31.2

 

�

 

5q11.1

 

�

 

q12

 

�

 

8q21.3�q22.3
�8q �Xq21.3�q22.2
�10q21.1�q22.2 �Y
�13q14.2�q21.2
�16
�Xq
�Y

C �8q12.1�qter
�Xp21.3�pter

Table 2
I-FISH analyses of the centromere 8/MYCC copy number in the CaP 
patients

Chromosome 8 copy number

Case no. 1 2 3 	4

Normal lymphocytes 1% 96% 0% 3%

1 4 84 6 6
2 7 76 5 12
3 1 90 7 2
4 1 86 7 6
5 5 76 18 1
6 5 80 8 7
7 1 85 11 3
8 10 80 7 3
9 5 86 8 1

10 4 49 44 3
11 10 83 4 3
12 3 90 6 1
13 8 70 14 8
14 2 92 6 0
15 3 92 4 1

In each case, the number of MYCC signals equaled that of the cen-
tromere 8 signals. Note the variability in the centromere 8 copy number
around the diploid modal value, and the significantly greater frequency of
trisomy in all of the patient samples compared to the baseline frequency
observed in the normal lymphocyte. Boldface indicates interesting chro-
mosome 8 copy changes observed by this method.
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