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SUMMARY: Despite the high incidence of prostate cancer, only limited data are available on genes or chromosomes specifically
involved in its initiation and progression. We have applied comparative genomic hybridization to routinely processed,
paraffin-embedded, tissues at different times in prostatic tumor progression to screen the tumor genome for gains and losses.
Our panel included specimens derived from 56 different patients: 23 patients with primary, prostate-confined carcinomas; 18
patients with regional lymph node metastases; and 15 patients with distant metastases. Chromosome arms that most frequently
showed losses, included 13q (55%), 8p (48%), 6q (43%), 5q (32%), 16q (25%), 18q (20%), 2q (18%), 4q (18%), 10q (18%), and
Y (16%). Gains were often seen of chromosome arms 8q (36%), 17q (23%), Xq (23%), 7q (21%), 3q (18%), 9q (18%), 1q (16%),
Xp (16%). Furthermore, specific high-level amplifications, eg, of 1q21, 1q25, and Xq12 to q13, were found in metastatic cancers.
A significant accumulation of genetic changes in distant metastases was observed, eg, loss of 10q (p 5 0.03) and gain of 7q (p 5
0.03) sequences. In addition, investigation of a potential biomarker identified in previous studies by our group, ie, extra copies
of #7 and/or #8, revealed a high prevalence of 7pq and/or 8q gain in the distant metastases (p 5 0.02). Importantly, gains were
observed more frequently in tumors derived from progressors after radical prostatectomy, than in nonprogressors (mean time of
follow-up, 74 months). Specifically, gain of chromosome 7pq and/or 8q sequences appeared an accurate discriminator between
the progressors and nonprogressors. Multivariate analysis showed a significant correlation between progressive disease and the
number of chromosomes with gains. This correlation also held true when stage (p 5 0.007) or grade (p 5 0.002) were taken into
account. Likewise, this applied for gain of chromosome 7pq and/or 8q sequences (p 5 0.03 and p 5 0.005 for stage or grade,
respectively). Additionally, an increase in the number of chromosomes with gains per case was related to a decrease in
biochemical progression-free survival (Ptrend ,0.001). More specifically, the gain of 7pq and/or 8q sequences markedly reduced
the biochemical progression-free survival (p , 0.001). In conclusion, this study has, firstly, documented the spectrum of
chromosomal alterations in subsequent stages of prostate cancer, a number of which had not been described previously. It
allowed us to identify chromosomal regions related to advanced tumor stage, ie, loss of 10q24 and gain of 7q11.2 and/or 7q31
sequences. Secondly, gain of 7pq and/or 8q was identified as a potential genetic discriminator between progressors and
nonprogressors after radical surgery. (Lab Invest 2000, 80:931–942).

P rostate cancer is the most commonly diagnosed,
male noncutaneous malignancy and the second

leading cause of cancer-related death in men in West-
ern industrialized countries. Its incidence is continu-
ously rising, with over 200,000 new cases diagnosed
each year, resulting in 40,000 deaths annually (Landis
et al, 1998). From estimates based on i.a. autopsy
studies, it is known that approximately 25% to 50% of
men over the age of 50 years, who have no clinical

evidence of prostate cancer, harbor microscopic foci
of well-differentiated to moderately differentiated can-
cer within the prostate. When these numbers are
extrapolated to the American male population, ap-
proximately 11,000,000 American men over 50 years
of age have latent prostate cancer (Carter and Coffey,
1990; Gittes, 1991). These data suggest that a large
portion of prostate cancer is a clinically indolent dis-
ease and that only a minority of men with a histological
diagnosis of prostate carcinoma will develop clinically
significant, life-threatening tumors (Scardino et al,
1992). Population-based, prostate-specific antigen
(PSA) screening has resulted in a marked increase in
the early detection of prostate cancer (Potosky et al,
1995; Schröder et al, 1998). However, at present it
remains unclear what percentage of these early-
detected cases represents sub-clinical disease, which
might not require aggressive treatment. Therefore, the
ability to discriminate indolent prostate cancers from
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tumors having the potential to progress to lethal
metastatic disease has become of paramount impor-
tance. Current methods for assessing the prognosis of
prostate cancer, such as clinical and pathological
staging and histopathological grading, fail to provide
consistent predictive information regarding clinical
outcome and therapeutic strategy in individual cases
(Gittes, 1991; Gleason, 1992). Hence, there is a need
for the identification of biological markers for tumor
aggressiveness. An understanding of the molecular
genetic changes that accompany both the initiation
and the progression of prostatic cancer may provide
these markers.

As with most types of human cancer, the stepwise
accumulation of genetic alterations in genes important
for regulation of normal growth (tumor suppressor
genes), cell death (involving apoptotic pathways),
and/or activation of oncogenes, contribute to the
process of carcinogenesis. Conventional cytogenetic
studies of prostatic adenocarcinoma have revealed
loss of the Y chromosome, trisomy of chromosome 7,
del(7)(q22), del(8)(p21), del (10)(q24), and the appear-
ance of double minutes (reviewed in Brothman et al,
1999). Loss of heterozygosity (LOH) analyses have
shown frequent loss on chromosome arms 3p, 6q, 7q,
8p, 9p, 10pq, 13q, 16q, 17q, and 18q (Cooney et al,
1996a, 1996b; Cunningham et al, 1996; Dahiya et al,
1997; Gao et al, 1995; Gray et al, 1995; Latil et al,
1997; Li et al, 1999; Melamed et al, 1997; Perinchery
et al, 1999; Saric et al, 1999; Takahashi et al, 1995;
Ueda et al, 1997; Vocke et al, 1996). Furthermore,
comparative genomic hybridization (CGH) analysis
applied to a panel of both primary and recurrent
tumors revealed losses of 8p and 13q in primary
tumors in over 30% of cases, whereas recurrent
tumors showed gains of 8q and of chromosomes X
and 7, as well as loss of 8p, in over one-half of the
cases (Visakorpi et al, 1995b). Further, the recurrent
tumors exhibited 8q gain .10 times more often than
the primary tumors (Visakorpi et al, 1995b). CGH study
of a panel of mostly regional lymph node metastases
showed loss of 8p, 10q, 13q, 16q, and 17p, as well as
gain of 8q, 1q, 11p, and 3q sequences, in 50% or
more of tumors (Cher et al, 1996). Fluorescent in situ
hybridization (FISH) studies revealed numerical alter-

ations of chromosomes 7, 8, 10, 16, 17, 18, X, and Y
(reviewed in Alers and van Dekken, 1996; Brothman et
al, 1999; van Dekken et al, 1997), as well as both
deletions and amplifications of specific chromosomal
regions, eg, on 8p22 (Huang et al, 1996; Macoska et
al, 1994), and MYC on 8q24 (Bubendorf et al, 1999;
Jenkins et al, 1997). Furthermore, we (Alers et al, 1997,
1998) and others (Alcaraz et al, 1994; Takahashi et al,
1994) have identified alterations of chromosomes 7
and/or 8 as potential tumor progression markers.
Altogether, these molecular (cyto)genetic studies have
identified multiple, nonrandom genetic alterations in
prostate cancer. However, the precise genetic basis of
the development and progression of this disease
remains largely unknown.

In the present study, we have applied CGH to
formalin-fixed, paraffin-embedded tumor material of
patients in various stages of prostatic tumor develop-
ment. Our goals were to (a) obtain an overview of
chromosomal alterations, ie, chromosomal losses,
gains, and high-level amplifications, involved in the
different stages of prostatic tumor progression; (b)
study whether there is an accumulation of genetic
changes in prostatic tumor progression; (c) look in
more detail for a specific involvement of certain chro-
mosomal alterations during prostatic tumor progres-
sion; and (d) assign possible candidate genes under-
lying prostate cancer.

Results

Overview of Genetic Changes

The results of CGH analysis of 56 patients in different
stages of prostatic tumor progression (23 primary
localized tumors, 18 regional lymph node metastases,
and 15 distant metastases) are summarized in Table 1
and Figure 1. Chromosomal imbalances were de-
tected in 52 cases (93%). Fifty cases (89%) showed
chromosomal loss, whereas 42 cases (75%) displayed
gain of one or more chromosome arms. Chromosomal
loss occurred 1.5-fold more often than chromosomal
gain (Table 1). Chromosomal losses were frequently
($15%) encountered on chromosome arms 13q
(55%), 8p (48%), 6q (43%), 5q (32%), 16q (25%), 18q

Table 1. Results of CGH Analysis of Different Stages of Prostatic Tumor Progression

Total
Primary tumors
(pT2–4 NOMO)

Regional lymph
node metastases

(pTxN1MO)
Distant metastases

(pTxNxM1)

Total 56 23 18 15
Number of aberrant cases (%) 52 (93) 21 (91) 16 (89) 15 (100)
Number of cases with loss (%) 50 (89) 20 (87) 15 (83) 15 (100)
Number of cases with gain (%) 42 (75) 15 (65) 13 (72) 14 (93)
Average number of aberrant

chromosomes per case (range)
6.2 (0–18) 5.3 (0–15) 4.6 (0–13) 9.4 (2–18)

Average number of chromosomes
with loss per case (range)

4.0 (0–13) 3.6 (0–11) 2.7 (0–8) 6.2 (2–13)

Average number of chromosomes
with gain per case (range)

2.6 (0–10) 1.9 (0–7) 2.3 (0–7) 4.1 (0–10)
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(20%), 2q (18%), 4q (18%), 10q (18%), and Y (16%).
Chromosomal gains occurring in $ 15% of cases
were located at chromosomal arms 8q (36%), 17q
(23%), Xq (23%), 7q (21%), 3q (18%), 9q (18%), 1q
(16%), and Xp (16%). Examples of chromosomal
alterations occurring in different stages of prostatic
tumorigenesis are depicted in Figure 2. Minimal over-
lapping regions could be determined at multiple loca-
tions: minimal regions of overlap for losses were
assigned to 2q21-q22, 4q26-q27, 5q15-q21, 6q15-
q16, 8p12-p21, 8p22-pter, 10q24, 13q21, 16q22, and
18q21 and may be indicative for the presence of tumor
suppressor genes. Minimal overlapping sites for gains
could be found at 1q21, 3q21, 6p21, 7q11.2, 7q31,
8q24, 9q32-qter, 17q11.2, 17q24-qter, and Xq12-q13.
These sites may point at oncogenes. Specific and/or
high-level amplifications were seen in metastatic tu-
mors only and were found at 1q21 (twice), 1q25, 3q21,
4q21, 4q28.3, 7q32, 10q21.3, and Xq12-q13 (twice)
(Fig. 2A).

Genetic Changes during Tumor Progression

The results of CGH analysis of the three subsequent
tumor-node-metastasis (TNM) stages are presented in
Table 1. Examples of CGH analysis are shown in
Figure 2. The distribution pattern of chromosome arms
involved in recurrent ($ 15%) chromosomal imbal-
ances in primary localized tumors, regional lymph
node metastases, and distant metastases is depicted
in Figure 3.

The average number of aberrant chromosomes per
case was significantly higher in the distant metastases
than in either the primary tumors or the regional lymph
node metastases (Fig. 4; p 5 0.005 for distant metas-
tases versus primary tumors and p , 0.001 for distant
metastases versus regional lymph node metastases).
The same was true for the number of chromosomes
showing loss or gain per case (Fig. 4; p values, p 5
0.007 and p 5 0.001 for loss, and p 5 0.01 and p 5
0.05 for gain, respectively). The mean number of
chromosomes showing an aberration, loss, or gain in
the regional lymph node metastases was not signifi-
cantly different from that in the primary tumors. Also,
the type of chromosomal alterations did not differ
significantly between these two groups. However,
some chromosomal alterations, eg, loss of 6q (22%
versus 73%; p 5 0.005), or gain of 8q (17% versus
60%; p 5 0.01), were less frequently encountered in
the regional lymph node metastases than in the dis-
tant metastases (Fig. 3). This may indicate differential
genetic changes for hematogenous versus lymphatic
tumor spread.

To discriminate biological markers for tumor pro-
gression, we determined which chromosomal alter-
ations were found more frequently in the distant
metastases than in the primary tumors. Gain of chro-
mosome 7q (p 5 0.03) and loss of 10q (p 5 0.03)
sequences occurred significantly more often in the
distant metastases than in the primary tumors (13%
versus 47% for 7q gain, and 4% versus 33% for 10q

Figure 1.
Chromosomal ideograms showing the summary of DNA copy number changes, detected by CGH, in tumors of 56 patients in different stages of prostatic tumor
progression (23 primary, localized tumors, 18 regional lymph node metastases, 15 distant metastases). Losses are displayed on the left of the ideogram (red); gains
are shown on the right (green). Minimal regions of overlap are also indicated. Frequent loss ($ 15%) is detected of 2q, 4q, 5q, 6q, 8p, 10q, 13q, 16q, 18q, and Y
sequences. Frequent gain is encountered of 1q, 3q, 7q, 8q, 9q, 17q, and Xpq sequences.
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loss), whereas gain of 17q showed a tendency (p 5
0.09) to appear more frequent in the distant metasta-
ses (9% versus 33%) (Fig. 2C and 3). A potential
biomarker, ie, gain of chromosome 7 and/or 8, iden-
tified in previous studies by our group (Alers et al,
1997, 1998) was investigated in more detail: Gain of
chromosomes 7pq and/or 8q, occurred significantly
more often in the distant metastases than in the
primary tumors (39% versus 80%; p 5 0.02).

In the primary tumors a statistically significant corre-
lation was found between tumor stage (pT2-pT4) and the
number of gained chromosomes per case (Rs 5 0.4779,
p 5 0.02), but no correlation was found between stage
and the number of aberrant or lost chromosomes per
case. Specifically, a significant increase in the number of
cases with gain of 7pq and/or 8q with increasing tumor
stage was observed (Ptrend 5 0.02), going from 17% in
pT2, to 22% in T3, and to 75% of pT4 staged tumors. In
contrast, no statistically significant correlation was found
between the number of aberrant, lost, or gained chro-
mosomes per case and tumor grade.

In our primary tumor panel, approximately one-half of
the patients (n 5 10) showed progression, ie, the occur-
rence of a biochemical relapse as measured by elevated
serum PSA level (see “Materials and Methods” section).
In all cases this was followed by local and/or distant
recurrences. Importantly, the number of chromosomes

with gains per case was significantly higher in progress-
ing patients than in patients who did not display progres-
sion in follow-up (n 5 11; mean 74 months, range 59 to
87 months; two patients excluded from analysis) (see
“Materials and Methods” section). Especially, gains of
chromosome 7pq and/or 8q occurred significantly more
often in the progressor group than in the nonprogressor
group. Multivariate analysis revealed that the number of
gained chromosomes was significantly related to pro-
gression, even when tumor stage (p 5 0.007) or grade
(p 5 0.002) were taken into account. For gain of 7pq
and/or 8q, the corresponding P values were p 5 0.03
and p 5 0.005. When both stage and grade were taken
into account, the additional prognostic value of the
number of gained chromosomes was p 5 0.002, and of
gain of 7pq and/or 8q, p 5 0.06. Figure 5A shows that
an increase in the number of chromosomes with
gains per case was related to a decrease in biochemical
progression-free survival (Ptrend , 0.001). Moreover,
Figure 5B depicts that the gain of 7pq and/or 8q
sequences markedly reduced the biochemical
progression-free survival (p , 0.001).

Discussion

This study represents the first detailed genome-wide
survey of the locations and frequencies of DNA copy

Figure 2.
Examples of CGH analysis of archival, formalin-fixed, paraffin-embedded, tumor samples in different stages of prostatic tumor progression. The chromosomal
ideograms are shown along with the ratio profiles and the digitized fluorescent images. A, High-level amplifications of several sites in prostatic cancer: 1q21 in a
prostatic tumor metastasis to the bone, 1q21 and 1q25 in a regional lymph node metastasis of prostate cancer, 3q21 in a prostatic tumor metastasis to the lung,
and Xq12-q13 (androgen receptor locus), in a prostatic bone metastasis of a patient with hormone-refractory disease. B, Most common chromosomal alterations
described in this study. All these changes could be detected in early, localized stages. Loss was seen in primary localized tumors of 5q, 6q, 8p, and 13q, whereas
gain was distinguished of 8q. The combination of 8p loss and 8q gain was a recurrent finding and might be suggestive for i(8q) formation. C, Possible biomarkers
for tumor aggressiveness identified in this study. All the alterations shown here occurred in metastases of prostatic cancer. Gain of 7q, gain of 7pq and/or 8q, loss
of 10q, and possibly gain of 17q are regarded as markers for metastatic potential.
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number changes occurring during prostatic tumor
progression. The overall genomic profile and the dis-
tribution of the chromosomal alterations was in some
aspects clearly different from other frequently occur-
ring epithelial tumors, but also some concordant find-
ings were found, such as gain of 8q sequences, which
is reported in breast, liver, and esophageal cancer
(reviewed in Alers and van Dekken, 1996; van Dekken
et al, 1997). We were able to delineate minimal over-
lapping regions at several chromosomal sites. Further-
more, we identified some new high-level amplifica-
tions. The most prevalent and/or relevant
chromosomal alterations, as well as some candidate
tumor suppressor genes and oncogenes, will be dis-
cussed below.

Chromosomal Losses

The most frequent loss involved chromosome 13q
with a minimal overlapping region at 13q21. Loss of
13q sequences is a recurrent finding in LOH and CGH
studies of prostate cancer (Cher et al, 1996; Cooney et

al, 1996b; Hyytinen et al, 1999; Melamed et al, 1997;
Nupponen et al, 1998; Ueda et al, 1999; Visakorpi et
al, 1995b). Chromosome 13q contains at least three
putative tumor suppressor genes: RB1 (13q14),
BRCA2 (13q12-q13), and DBM (13q14). Reduced ex-
pression of RB has been found in a subset of prostate
carcinomas (Bookstein et al, 1990). However, the
absence of mutations in both the RB1 and the BRCA2
gene indicated to several authors (Cooney et al,
1996b; Li et al, 1998) that tumor suppressor genes
other than RB1 or BRCA1 may be the target of 13q
deletions.

Loss of 8p sequences, as detected either by LOH,
FISH, or CGH analyses (Cher et al, 1996; Huang et al,
1996; Macoska et al, 1994; Nupponen et al, 1998;
Visakorpi et al, 1995b; Vocke et al, 1996), may well be
the most common genetic alteration in prostate can-
cer. This loss also appears to be an early event in
prostatic tumorigenesis, because LOH at 8p was
described in prostatic intraepithelial neoplasia, the
putative precursor lesion of prostate cancer (Emmert-
Buck et al, 1995; Saric et al, 1999). In our study we
distinguished two minimal overlapping deleted re-
gions: 8p12-p21 and 8p22-pter. These regions coin-
cide with those reported by LOH analysis, with ho-
mozygous deletions described in both the 8p12-p21
and the 8p22 region (Bova et al, 1993; Van Alewijk et
al, 1999; Vocke et al, 1996). Several candidate genes
have been studied at 8p, such as the NKX3.1 gene
located at 8p12-p21 (Brothman et al, 1999; He et al,
1997). This homeobox gene was highly expressed in
an androgen-dependent LNCaP cell line after andro-
gen stimulation, but undetectable in two androgen-
independent prostate cell lines. Another potential can-
didate gene at 8p22 is the recently identified FEZ1
gene, which codes for a leucine zipper protein the
expression of which is altered in many tumors, includ-
ing prostate, esophageal, and breast cancer (Ishii et al,
1999).

Loss of 6q sequences, with a minimal overlapping
region at 6q15-q16, was the third most common
chromosomal alteration in this panel. Loss of 6q
sequences has been reported as both an early (Broth-
man et al, 1999) and a late event in prostatic tumori-
genesis (Saric et al, 1999; Visakorpi et al, 1995b).
Potential candidate genes in this region are the CCNC
gene (6q21), which encodes the cell cycle regulatory
protein cyclin C (Cooney et al, 1996a), and the trans-
forming growth factor beta-activated kinase 1 gene
(TAK1) gene (6q14-q21) (Weizmann, 2000).

Loss of 5q sequences, with a commonly deleted
region of 5q15-q21, was more common in our panel
than reported in literature (Cunningham et al, 1996);
the highest frequency (53%) was seen in distant
metastases. Loss on 5q has been associated with
higher stage (Cunningham et al, 1996). Chromosome
5q21 contains the APC (5q21-q22)/MCC (5q21) re-
gion, of which abnormalities have been observed in
prostate tumors (reviewed in Gao et al, 1997).

Loss of 16q, with the minimal overlapping region at
16q22, is one of the most consistent genetic alter-
ations in prostatic cancer (Cher et al, 1996; Latil et al,

Figure 3.
Schematic overview of the distribution of the various genetic alterations
occurring in different stages of prostatic tumor progression, ie, primary
localized tumors (PAC), regional lymph node metastases (LN META), and
distant metastases (DIS META). Losses are depicted in panel A, gains in panel
B. Chromosome arms, with alterations occurring in $ 15% of cases in one of
the groups, are included in this graph. Clearly, some chromosomal alterations,
such as loss of 8p and 13q, are seen in all tumor stages, whereas others, eg,
gain of 7q, are detected more frequently in distant metastases.
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1997; Li et al, 1999; Nupponen et al, 1998; Visakorpi et
al, 1995b). LOH at 16q23 and 16q24.3 was found to
be associated with metastases of prostatic cancer
(Latil et al, 1997; Li et al, 1999; Saric et al, 1999). One
of the candidate genes is the CDH1 gene (16q22.1)
encoding the E-cadherin protein. Immunostaining
studies have shown that E-cadherin expression is
decreased or absent in a significant proportion of
prostate cancers and is linked to the metastatic po-
tential of primary tumors (Umbas et al, 1994). How-
ever, sequencing analysis has not revealed mutations
of the CDH1 gene (Li et al, 1999). Another candidate
gene in this region might be the CTCF gene, which
regulates MYC expression (Filippova et al, 1998).

Some of the less frequently detected deleted areas
could be connected with known tumor suppressor
genes, such as PTEN and MXI1, located at 10q23.3
and 10q24-q25, respectively. In our panel, loss of 10q
sequences (minimal overlapping region 10q24) was
associated with metastatic disease. This is in concor-
dance with LOH analyses in which loss of 10q oc-
curred more frequently in advanced stages (Komiya et
al, 1996; Saric et al, 1999). Moreover, frequent PTEN
mutations and deletions were predominantly detected
in metastatic prostate cancers (Dong et al, 1998;
Vlietstra et al, 1998). Mutation of the MXI1 gene was
found in primary prostatic cancers by some authors
(Eagle et al, 1995), but not by others (Gray et al, 1995).
Finally, loss of 18q sequences preferentially occurred
at 18q21 and was reported to be associated with
metastasis in prostate cancer (Ueda et al, 1997). This
region contains the DCC and DPC4 tumor suppressor
genes, of which no abnormalities have been found in
prostatic cancers (Gao et al, 1997; Ueda et al, 1997).

Figure 5.
Biochemical (PSA) progression-free survival for radical prostatectomy patients
(n 5 23) according to number of gained chromosomes per case (A) or gain
of 7pq and/or 8q sequences (B). Tick marks indicate follow-up of patients
without progression.

Figure 4.
Comparison of the genetic aberrations between primary localized prostate cancers (PAC), regional lymph node metastases (LN META), and distant metastases (DIS
META), showing the average number (6 SEM) of altered chromosomes per patient. The number of aberrant chromosomes per patient was significantly higher in distant
metastases compared with primary tumors (p 5 0.005 for total number of aberrations per chromosome, p 5 0.007 for chromosomes with loss, p 5 0.01 for
chromosomes with gain), and compared with the regional lymph nodes (p , 0.001, p 5 0.001, p 5 0.05, respectively).
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Chromosomal Gains

Gain of 8q, often involving the whole chromosome
arm, but with a minimal overlapping region at 8q24,
was the most common overrepresentation in this
panel, occurring in up to 60% of distant metastases.
Gain of 8q was often seen in metastases to the bone
in association with 8p loss (Alers et al, 1997). This
association suggests an isochromosome i(8q) forma-
tion (Alers et al, 1997; Bova et al, 1993; Macoska et al,
1994; Virgin et al, 1999). In addition, gain of chromo-
some 8 is reported to be associated with high tumor
grade and stage (Alers et al, 1997; Takahashi et al,
1994). Chromosome 8q24 harbors the MYC onco-
gene. Amplification of this region was detected in a
subset of metastatic and recurrent tumors (Bubendorf
et al 1999; Jenkins et al, 1997; Nupponen et al, 1998)
and was shown to correlate with the presence of
regional lymph node metastases (Van den Berg et al,
1995), as well as with poor prognosis (Sato et al,
1999). Another candidate gene in this region may be
the prostate stem cell antigen (PSCA), mapping to
8q24.2, which is overexpressed in the majority of
prostate cancer specimens (Reiter et al, 1998).

Gain of chromosome 7, especially gain of 7q, was
associated with advanced disease (occurring in 47%
of distant metastases). We assigned 7q11.2 and 7q31
as minimal overlapping regions. Gain of chromosome
7 is correlated with high local tumor stage and grade
(Alers et al, 1997; Takahashi et al, 1994), whereas
aneusomy of chromosome 7 is a potential marker for
poor prognosis (Alcaraz et al, 1994; Takahashi et al,
1995). Gain of chromosome 7p12-p21 and 7q11.3-
q33 has been detected by CGH analysis in (lymph
node) metastases (Cher et al, 1996). Chromosome
arm 7p12 contains the EGFR proto-oncogene, a gene
possibly involved in prostate cancer (Schwartz et al,
1999) and other human neoplasms. Furthermore, the
MET proto-oncogene, which maps to 7q31.1, is ex-
pressed in the majority of both primary tumors and
metastases (Pisters et al, 1995). However, no muta-
tions of MET have been described in prostate cancer
to date (Jenkins et al, 1998).

Gain of 17q sequences was seen in up to 33% of
distant metastases, but less frequently in primary
tumors. Two minimal overlapping regions for gain
could be assigned, ie, 17q11.2 and 17q24-qter. Both
loss and gain of 17q sequences have been reported
(Cher et al, 1996; Gao et al, 1995). LOH analysis
showed a clustering of loss of alleles around the
BRCA1 locus (Gao et al, 1995). However, a recent
study showed that BRCA1 mutations do not occur in
sporadic prostate cancers (Uchida et al, 1999). The
ERBB2 (her-2/neu) oncogene (17q21.1) is in the vicin-
ity of one of our minimal overlapping regions. Whereas
amplification of ERBB2 is frequently found in breast
cancers (reviewed in Alers and van Dekken, 1996; van
Dekken et al, 1997), the role of ERBB2 in prostate
cancer remains somewhat controversial (Bubendorf et
al, 1999; Ross et al, 1997; Schwartz et al, 1999).
Recently, a cross-talk between the ERBB2 tyrosine

kinase and the androgen receptor signal transduction
pathways during prostate cancer progression towards
androgen-independent disease was described (Craft
et al, 1999). Interestingly, in our panel at least two of
the five patients displaying 17q gain had hormone-
refractory prostate cancer.

Amplifications

Amplifications, likely representing chromosomal am-
plicons, were seen as a discrete and/or high peak in
the CGH profile in a number of metastatic cancers.
The detection of amplifications other than Xq12 is a
new finding, since several other CGH studies reported
the absence of amplifications in prostate cancer (Cher
et al, 1996; Visakorpi et al, 1995b). We detected
amplification of 1q21 in two cases. In sarcomas,
recurrent gains and amplifications have been demon-
strated in 1q21-q23 and 1q21-q31 (reviewed in Knuu-
tila et al, 1998). The 1q25 amplification coincides with
the predisposition gene for familial forms of prostate
cancer HPC1, linked to 1q24-q25, candidate onco-
genes being SKI (1q22-q24) and ABL2 (1q24-q25)
(Smith et al, 1996). We also detected a specific
amplification of 3q21, a site also observed to be
amplified in B cell neoplasms (Knuutila et al, 1998).
Further, we distinguished high-level amplifications of
the Xq12 region, harboring the androgen receptor
locus, in two distant metastases of patients with
hormone-refractory disease. Similar findings have
been reported in literature (Bubendorf et al, 1999; Cher
et al, 1996; Visakorpi et al, 1995a; 1995b). The obser-
vation that gain of the whole X chromosome was the
most recurrent abnormality of this chromosomes sug-
gests that also other genes on chromosome X, possi-
bly the recently identified second cancer susceptibility
locus on Xq27-q28 (Xu et al, 1998), might be of
importance for the progression of prostate cancer.

In summary, this study has revealed a spectrum of
chromosomal alterations, ie, losses, gains, and
specific-high level amplifications, in different stages of
prostatic tumor progression. Loss of 13q, 8p, 6q, 5q,
and 16q, as well as gain of 8q sequences, were seen
in $ 25% of primary tumors and may be regarded as
(relatively) early genetic events. In general, we ob-
served an accumulation of genetic changes, both
losses and gains, in distant metastases compared
with both primary tumors and regional lymph node
metastases. This may reflect the increased genetic
instability of metastasized tumors (Nowell, 1976). Loss
of 10q, gain of 7q, and gain of chromosomes 7pq
and/or 8q, were detected more frequently in distant
metastases than in primary tumors and may therefore
be considered as biomarkers for advanced disease.
Candidate genes involved are PTEN and/or MXI1 at
10q23.3 and 10q24-q25, respectively, MET at 7q31,
and MYC and/or PSCA at 8q24. Gains, especially of
chromosome 7pq and/or 8q sequences, were potent
genetic markers for adverse prognosis in primary
tumors of patients after radical prostatectomy. Our
results warrant further evaluation of these genetic
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markers in a large cohort of patients with localized
prostate cancer. It is attractive to speculate that they
might yield parameters for an optimal therapeutic
strategy in the individual patient.

Materials and Methods

Patient Data

The panel of 60 routinely processed, formalin-fixed,
paraffin-embedded, tissue blocks derived from 56
different patients in different stages of prostatic tumor
progression, has been previously studied by inter-
phase in situ hybridization (ISH) (Alers et al, 1997,
1998). This panel comprised 26 tumor blocks derived
from 23 prostatic adenocarcinomas, from patients
who showed no lymph node involvement at the time of
radical prostatectomy (N0M0) and represented cases
of clinically localized disease. The mean age of these
patients was 60 years (range 47 to 70 years). The
tumors were pathologically staged according to the
pTNM classification (Hermanek et al, 1997). The cases
included six pT2 (tumor confined within the prostate),
nine pT3 (tumor extends through the prostate cap-
sule), and eight pT4 tumors (tumor is fixed or invades
adjacent structures other than seminal vesicles, in-
cluding microscopical invasion of bladder wall). The
tumors were graded according to the Gleason grading
system (Gleason, 1992). The mean tumor Gleason
score was G7 (range G5 to G10). None of the patients
received endocrine or radiation therapy prior to oper-
ation.

Follow-up study revealed that 10 of these patients
showed progression after radical prostatectomy. Pro-
gression was defined as a biochemical relapse, ie, an
elevation in PSA level in the serum. In our panel, PSA
level elevation was followed by clinical relapse, ie,
distant metastases and/or local recurrence in all cases
(in general, no histological material was available of
the metastases). The usage of elevated (0.2 ng/ml or
greater) PSA as a first indicator for imminent local or
distant recurrent disease has been reported by several
authors (Kupelian et al, 1996). In this study, a bio-
chemical relapse was defined as (a) two consecutive
PSA serum levels ^ 0.2 ng/ml, or (b) a single obser-
vation of PSA .1 ng/ml. PSA levels ^ 0.2 ng/ml
occurring in the first six months after radical prosta-
tectomy were not considered a biochemical relapse if
followed by undetectable (,0.1 ng/ml) PSA values.
The time of biochemical progression was measured
from the date of surgery to the date of biochemical
relapse detection according to our criteria. The mean
time to biochemical progression was 17 months
(range 2 to 59 months). The mean PSA level at time of
biochemical relapse was 2.3 ng/ml (range 0.3 to 13.1
ng/ml). Thus far, 11 patients are still free from disease
in follow-up, with mean time of follow-up being 74
months (range 59 to 87 months). The mean PSA level
at the last clinical visit was ,0.1 ng/ml (range 0 to
,0.1 ng/ml). In two cases the periods of follow-up
were too short (8 and 19 months, respectively) to be

informative, and these cases were subsequently ex-
cluded from multivariate analysis. However, these
patients were included in the progression-free survival
curves (see below).

Our set of regional metastases comprised 18 pelvic
lymph nodes with prostatic tumor metastasis, which
were obtained prior to scheduled radical prostatec-
tomy in most cases (all M0). The mean age of these
patients was 63 years (range 46 to 75 years). The
regional metastases were staged pN1 (18 cases).
None of the patients had distant metastasis at time of
surgery. One of the patients had received endocrine
therapy. Our panel of 16 distant metastases derived
from 15 patients comprised 4 distant peri-aortal lymph
node metastases, 7 bone metastases, and 5 metas-
tases in other sites like brain (2 cases), liver (1 case),
skin (1 case), and lung (1 case). Three of the samples
were obtained at time of autopsy. The mean age of the
these patients was 65 years (range 41 to 78 years).
Four of the patients with advanced disease had re-
ceived endocrine treatment, four had received radia-
tion therapy, and one patient had received a combi-
nation of both endocrine and radiation therapy.

Comparative Genomic Hybridization

Isolation of DNA from the formalin-fixed, paraffin-
embedded tumor material was performed as de-
scribed by Alers et al (1997). Briefly, the tissue blocks
were counterstained in DAPI (0.1 mg/ml in distilled
water) for 5 minutes and placed under a fluorescence
microscope, enabling a precise selection of the tumor
area. Microdissection of the tumor areas was per-
formed using a hollow bore coupled to the micro-
scope. Lower boundaries were checked for the pres-
ence of tumor on 4 mm hematoxylin-eosin-stained
tissue sections. Excised material was minced using a
fine scalpel, deparaffinized in xylene and ethanol se-
ries and dried. Samples were digested in 1 ml of
extraction buffer (10 mM Tris/HCl, pH 8.0, 100 mM
NaCl, 25 mM EDTA, 0.5% SDS, and 300 mg/ml
Proteinase K) and incubated at 55° C for 3 to 4 days
(Isola et al, 1994). Fresh Proteinase K (300 mg/ml) was
added every 24 hours. DNA was subsequently treated
with RNAse (1:25 of 10 mg/ml) for 1 hour at 37° C.
DNA was isolated according to standard protocols
using phenol-chloroform extraction for at least four
times. Concentration, purity, and molecular weight of
the DNA were estimated using a fluorometer (DyNA
Quant 200; Hoefer Biotech Inc., San Francisco, Cali-
fornia), UV spectophotometry (Genequant; Pharmacia
Biotech, Uppsala, Sweden), and ethidium bromide-
stained agarose gels with control DNA series. Tumor
DNA with a fragment size of ,1 kb (90% of cases) was
labeled with a platinum/biotin complex (bio-ULS), us-
ing the ULS biotin labeling kit (Kreatech Diagnostics,
Amsterdam, The Netherlands), according to the man-
ufacturer’s directions. This method has been de-
scribed in more detail elsewhere (Alers et al, 1999).
Tumor DNA with larger DNA fragment sizes was
labeled with biotin by nick translation, according to the
manufacturer’s directions (Nick Translation System;
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Gibco BRL, Gaithersburg, Maryland). Likewise, male
reference DNA (Promega, Madison, Wisconsin) was
labeled by nick translation with digoxigenin (Boehr-
inger Mannheim, Indianapolis, Indiana). The reaction
time and the amount of DNAse were adjusted to
obtain a matching probe size for reference and tumor
DNAs. Molecular weight of both tumor and reference
DNA was checked by gel electrophoresis after nick
translation and ranged between 200 and 1500 bp.

CGH was essentially performed according to the
procedure described by Kallioniemi et al (1992). In
brief, 400 ng of labeled archival tumor DNA, 200 ng of
reference DNA, and 15 mg of unlabeled Cot-1 DNA
were ethanol precipitated and dissolved in 10 ml of
hybridization mixture (50% formamide, 0.1% Tween-
20, and 10% dextran sulfate in 23 SSC at pH 7.0). The
probe mixture was denatured and hybridized to nor-
mal male metaphase chromosomes (Vysis Inc., Down-
ers Grove, Illinois) for 3 days at 37° C. After washing of
the slides, fluorescent detection of the biotin- and
digoxigenin-labeled DNA probes was accomplished
with avidin-fluorescein isothiocyanate and anti-
digoxigenin rhodamine, respectively. Samples were
counterstained with 49, 69-diamidino-2-phenyl indole
in antifade solution.

Images were acquired with an epifluorescent micro-
scope (Leica DM, Rijswijk, The Netherlands) equipped
with a cooled CCD camera (Photometrics Inc., Tuc-
son, Arizona), a triple-band pass beam-splitter and
emission filters (P-1 filter set; Chroma Technology,
Brattleboro, Vermont). For CGH analysis the Quips XL
(Version 3.0.1) software (Vysis Inc.) was used. Loss of
DNA sequences was defined as chromosomal regions
where the mean green:red ratio was below 0.85, while
gain was defined as chromosomal regions where the
ratio was above 1.15. These threshold values were
based on a series of (paraffin–embedded versus fresh)
normal controls. Some chromosomal alterations, such
as isolated gains of chromosome 1pter, 9q34, 11q13,
#19, and 22q, were disregarded and excluded from
analysis, because these areas are known to present
variation in normal controls (Kirchhoff et al, 1998;
Larramendy et al, 1998).

Statistical Analysis

Comparison of the average number of aberrant chro-
mosomes per patient between groups was performed
using the Mann-Whitney-U test. Percentages between
groups were compared using Fisher’s exact test or the
X2 test for trend, if indicated. Comparison of percent-
ages of chromosomal alterations among groups was
only performed if the alteration occurred in .10% of
total cases. Correlation coefficients (Rs) given are
Spearman’s. Multivariate analysis was performed us-
ing exact logistic regression. Progression-free survival
curves were constructed by the Kaplan-Meier method.
Curves were compared using the logrank test or the
logrank test for trend if indicated. p 5 0.05 (two-sided)
was considered the limit of significance.
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