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The molecular mechanisms and genetic changes
that lead to the progression ofprostate cancer
during endocrine tberapy are poorly character-
ized. Here, paired specimens from both un-
treated primary tumors and from local recur-
rences were coUected from 10 prostate cancer
patients treated by conventional androgen depri-
vation therapy. The genetic progression of the
tumors was studied by using interphasefluores-
cence in situ hybridization and chromosome-spe-
cific probes. Six primary tumors (60%) and aU
ten recurrent tumors were aneuploid byfluores-
cence in situ hybridization. The recurrent tumors
also showed a high degree ofchromosome copy
number variability from one ceU to another. In-
creased copy number ofcbromosomeXwaspar-
ticularly common in the recurrent tumors. In ad-
dition, specific high level amplification of the
androgen receptor (AR) gene (Xq12) was de-
tected in three highly aneuploid recurrent tu-
mors. Ourflndings suggest that bormnone-refrac-
tory prostate cancers are geneticaly very
complex and show intratumor genetic heteroge-
neity. Increased copy number of chromosome X
and the amplification of the androgen receptor
(AR) gene may confer proliferative advantage
during androgen deprivation and thus contrib-
ute to the development of recurrence. (Am J
Pathol 1995, 147:1608-1614)

Cancer development and progression is a complex
multistep process involving a large number of differ-
ent genes. A specific cascade of genetic events has
been implicated in the development of colorectal
cancer,1,2 but in prostate cancer details of the ge-
netic factors underlying tumorigenesis and malig-
nant progression have remained unclear.3 Finding of
loss of heterozygosity at chromosomal regions 8p,
10q, 13q, 16q, and 18q suggests that inactivations
of putative tumor suppressor genes at these regions
are important for prostate tumorigenesis, whereas
less evidence is available on the role of the dominant
oncogenes in prostate cancer progression.4-11

More information is particularly required on the
genetic events that underlie progression of prostate
cancer during hormonal therapy. Androgen depriva-
tion therapy is often used to treat patients with ad-
vanced prostate cancer. Approximately 70 to 80% of
prostate cancer patients respond favorably and
achieve at least partial remission, but during the
subsequent months and years treatment failure and
tumor recurrence often take place.12 The study of
genetic changes underlying prostate cancer recur-
rence is important to understand how the hormone-
refractory tumors differ from the hormone-dependent
ones. The finding of specific genetic differences be-
tween these tumors could give insights to the molec-
ular mechanisms of treatment failure and might help
to develop new types of therapies.13'14 Our recent
studies by comparative genomic hybridization have
suggested that increased copy number of chromo-
somes 7, 8, and X may be associated with recurrent
prostate cancer.15 Furthermore, we reported that
specific amplification of the Xq12 region involving
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Table 1. Genetically Abnormal Cell Populations Found in the FISH Analysis of 10 Paired Primary and Recurrent
Prostate Cancers

Probes
Patient Tumor TNM Grade 1q12 D7Z1 D8Z2 D12Z3 D18Z1 DXZ1 AR

1 Primary T4NXM1 11 - 3 - - - - -
Recurrent 3 3 3,4 3 3,4 2

2 Primary T3NXM1 11 - 3 - - - -

Recurrent 3 3 1,3 3 4
3 Primary T1 NXMO II - - - - - - -

Recurrent 3 3 - - - - -
4 Primary T4NXMO II 3 3 3 3 3

Recurrent 3 3 3 3 - 2
5 Primary T3NXM1 11 - - - - - -

Recurrent 4 3,4 - - 4 -

6 Primary T1NXM0 3 3 3 3 3 2
Recurrent 3 3 3 3 3 2

7 Primary T4NXM0 II - - - - - -I
Recurrent 3 1 3,4 3 - 2

8 Primary T4NXMO III - 3,4 4,6 - 4 2
Recurrent 6 4 4,6 3 4 2 +

9 Primary T1 NXM0 - - - - 3 -

Recurrent 4,6 3,4,5 4,6,8 4 4,5,6 2 +
10 Primary T4NXMO III 3 3 - 3 3 -

Recurrent 3,4 3,4,5 3,4 3 3,4 2 +

Six chromosome-specific centromeric probes (1q12, D7Z1, D
receptor probe were used.

the androgen receptor (AR) gene is important for
tumor progression during endocrine therapy.16

In this study, we sought to evaluate in more detail
the genetic evolution and progression mechanisms
that lead to tumor recurrence during androgen de-
privation. Genetic changes in paired specimens
from the primary tumors and local recurrences of 10
prostate cancer patients were studied by fluores-
cence in situ hybridization (FISH) and chromosome-
specific repeat-sequence probes. This strategy
made it possible to distinguish progression-related
genetic changes from patient-to-patient differences
in the genetic composition of the tumors. Further-
more, whereas comparative genomic hybridization
results reflect the average pattern of genetic
changes in a tumor, FISH makes it possible to eval-
uate genetic changes in individual uncultured tumor
cells, thereby revealing the degree of intratumor ge-
netic heterogeneity.

Materials and Methods
Ten prostate cancer patients who experienced a
local tumor recurrence after treatment with conven-
tional androgen deprivation were included in this
study. All patients had initially responded favorably
to androgen deprivation and the response had on
average lasted 37 months (range, 9 to 87 months).
Paraffin-embedded specimens were available from
both the primary and the recurrent tumor in all cases.

)8Z2, D12Z3, D18Z1, and DXZ1) as well as a gene-specific androgen

TNM-stage distribution17 at diagnosis was Ti NXM0
(three cases), T3NXM1 (two), T4NXM0 (four), and
T4NXM1 (one). The distribution of histological
grades was as follows18: one grade 1, seven grade 11,
and two grade Ill cases. There were three cases
each of Gleason scores 5 and 7 and two cases each
of Gleason scores 6 and 8. Primary tumor specimens
were either transurethral resection specimens (four
cases, 2, 3, 4, and 10 in Table 1) or Tru-Cut needle
biopsies (six cases) taken before administration of
any hormonal therapy. Recurrent prostate carcino-
mas were all transurethral resection specimens
taken from patients who had been treated by con-
ventional androgen deprivation consisting of either
orchiectomy (eight cases), luteinizing hormone re-
leasing hormone agonist (one), or orchiectomy and
parenteral estrogen (one). Recurrence was defined
based on a substantial increase in the level of serum
prostatic specific antigen and the presence of symp-
toms and clinical signs of urethral obstruction indi-
cating local progression of the disease. Three of the
patients also had concurrent bone metastases.

Probes specific for the pericentromeric repeat
regions of chromosomes 1 (locus 1q12/probe
pUC177), 7 (D7Z1/p7atet), 8 (D8Z2/pJM128), 12
(D12Z3/pA12H8), 18 (D18Z1/p18R), and X (DXZ1/
BamX7) were selected for this study. In addition, a
P1 probe to the human AR gene was used.16 Selec-
tion of the probes was based on our previous studies
of recurrent prostate cancers by comparative
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genomic hybridization"5 as well as previous studies
of primary prostate cancers by FISH.19 The probes
were labeled by nick translation (BioNick kit; GIBCO
BRL, Gaithersburg, MD) with either fluorescein iso-
thiocyanate- or Texas Red-labeled dUTP (DuPont,
Wilmington, DE). Two differentially labeled probes
for two different chromosomes were used in each
hybridization.
The most representative paraffin-embedded tu-

mor blocks, containing more than 70 to 80% malig-
nant cells, were selected by histopathological exam-
ination of hematoxylin-and-eosin-stained tumor
sections. Nuclei for FISH analysis of paraffin-embed-
ded tumors were isolated as described else-
where.1920 Briefly, the sections were deparaffinized
with xylene, rehydrated in an ethanol series, and
placed in 1 ml of Carlsberg solution (0.1% Sigma
protease XXIV, 0.1 mol/L Tris, 0.07 mol/L NaCI, pH
7.2) for 1 hour at 37°C. The nuclear suspension was
pipetted on Vectabond-treated (Vector Laboratories,
Burlingame, CA) slides and air dried.

Methods for FISH analysis have been previously
described in detail.19 21 Before FISH, the slides were
pretreated by heating in a 50% glycerol/0.1X stan-
dard saline citrate (SSC; 1X SSC is 0.15 mol/L NaCI,
0.015 mol/L sodium citrate) solution at 900C for 3
minutes to decondense the chromatin and to im-
prove hybridization efficiency. The slides were de-
natured in 70% formamide/2X SSC (pH 7) at 740C for
5 minutes, dehydrated in an ethanol series, and
treated with 8 ,tg/ml proteinase K (Sigma Chemical
Co., St. Louis, MO) in a 20 mmol/L Tris mmol/l CaCI2
buffer at 37°C for 7.5 minutes followed by dehydra-
tion. A 10-,l volume of hybridization mixture was
denatured at 70°C for 5 minutes. Hybridization was
performed under a coverslip for 24 hours at 370C.
After hybridization, the slides were washed three
times in 50% formamide/2X SSC at 450C and once in
4X SSC at room temperature. The slides were coun-
terstained with 4,6-diamidino-2-phenylindole in an
antifade solution.
A Nikon SA epifluorescence microscope (Nikon

Corp., Tokyo, Japan) was used for scoring signal
copy numbers from a minimum of 100 nuclei per
hybridization. We used scoring guidelines published
previously by Hopman and co-workers.22 Tumors
were considered trisomic or tetrasomic (or disomic
for chromosome X) if more than 15% of nuclei
showed three or four signals (or two signals with
probe for X) and monosomic (or nullisomic for X) if
more than 20% of nuclei showed only one signal (or
no signal with probe for X). In addition, cell subpopu-
lations with five or more signals were registered if
present in >2% of cells. These cutoffs were based
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on our previous studies of benign prostatic hyper-
plasia specimens and represent the mean + 4 SDs
of the signal counts seen in these control hybridiza-
tions.19 AR amplification was defined as previously
explained16 based on the presence of individual tu-
mor cells with tight clusters of AR signals, with more
than five AR signals per cell or with more than two-
fold higher number of signals with the AR probe than
with DXZ1.16

Results

Table 1 summarizes the results obtained from the
hybridization of six different chromosome-specific
probes to paired specimens of primary and recurrent
prostate cancers from ten patients. One or more
non-disomic cell populations were found in six (60%)
primary prostate cancers and in all recurrent tumors.
Four tumors became aneuploid at the time of recur-
rence and in three others the degree of aneuploidy
(the number of non-disomic cell populations with all
probes) increased. On average, 2.2 (range, 0 to 6) of
the six chromosome probes revealed aneuploidy in
the primary tumors and 5.0 (range, 2 to 6) in the
recurrent tumors. Figure 1 shows a comparison of
aneuploidy percentages between primary and recur-
rent tumors with each of the six probes. There was a
general tendency towards tetraploidization, but
many clearly chromosome-specific changes were
also found.

Recurrent tumors showed a greater degree of in-
tratumor heterogeneity in chromosome copy number
than the primary tumors (Figure 2). Chromosome
copy numbers ranging from 1 to 6 per cell, occa-
sionally up to 8 to 10 per cell, could be detected in
recurrent tumors, whereas the corresponding pri-
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Figure 2. Comparison ofchromosome copy number distributions between a primary and recurrent prostate cancerfrom the same patient (case 9).
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mary tumors showed a much more homogeneous
distribution of chromosome copy number per cell.
Chromosome 7 was most often aberrant in both

primary tumors (60%) and in recurrent tumors
(100%). Increased copy number of chromosomes 1,

8, and 12 were found in 30 to 40% of primary tumors
and in more than 70% of recurrent tumors. Aberra-
tions of chromosome X were found in only two (20%)
primary tumors but in seven (70%) recurrent tumors
(Figure 1). In three of these seven recurrent cases
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Figure 3. Photomicrographs of two-color FISH analysis of two recur-

rent, hormone-refractory prostate cancers. A: Two copies of chromo-
some X (red) and three copies of chromosome 18 (green) are seen. B:
Androgen receptor gene (green) copy number is highly increased
whereas only one to two copies of chromosome X (red) are seen.

with an extra copy of chromosome X, high level
amplification of the AR gene was also detected (Fig-
ure 3). These three tumors were highly aneuploid
with all probes used and also showed a high degree
of genetic variability in chromosome copy number
counts from one tumor cell to another.

Discussion

Many studies have already been published on ge-

netic changes in primary prostate cancer by
FISH, 19.23-24 but recurrent tumors have been in-
cluded in only two studies, both describing a few
individual tumors.15'16 Here, interphase nuclei were

studied by FISH from 10 untreated primary prostate
carcinomas and from local recurrences appearing in
the same patients after 9 to 37 months of androgen
deprivation therapy. This study design is advanta-
geous in that it makes it possible to distinguish
changes related to tumor progression from patient-
to-patient differences in the genetic composition of
the tumor cells. Furthermore, as all patients had ini-
tially favorably responded to androgen deprivation,
the genetic changes in the recurrent tumors are likely
to reflect molecular mechanisms that have contrib-
uted to treatment failure and the development of
androgen-refractory cell growth.
The overall frequency of aneuploidy was 60% in

the primary tumors and 100% in the corresponding
recurrent tumors. In addition, a higher degree of
intratumor variation in chromosome copy number
from one tumor cell to another was also typical of

recurrent tumors. The increased frequency of aneu-
ploidy as well as the intratumor variability suggest
that the recurrent tumors are genetically advanced
and probably unstable. Such instability is likely to be
advantageous as it increases the probability that a
critical genetic event arises that facilitates tumor cell
growth during hormonal therapy.25
The most frequent chromosome copy number ab-

erration in both primary and recurrent tumors was the
gain of chromosome 7. This is in agreement with
previous studies of primary prostate cancers by
FISH23'26 that have suggested that increased copy
number of this chromosome is a marker of aggres-
sive disease course. Gains of chromosome 8 were
found in 30% of primary and 80% of recurrent tu-
mors. Chromosome 8 aberrations have not been
previously studied in paired specimens by FISH, but
in primary tumors chromosome 8 changes appear to
be common not only by FISH19'23 but also by clas-
sical cytogenetics,27'28 allelotyping,6 9'29'30 and
comparative genomic hybridization.15'31

Increased copy number of chromosome X was
particularly closely associated with local recurrence.
Gain of chromosome X was seen in only 20% of
primary tumors but in 70% of recurrent tumors. We
have recently reported that the AR gene located at
Xq12 is highly amplified in approximately 30% of
recurrent prostate carcinomas. In the present study
based on another set of patients, three tumors
showed high level amplification of the AR gene.
These three tumors also showed gains of chromo-
some X and other chromosomes as well as extensive
intratumor heterogeneity in copy number of all chro-
mosomes. This suggests that tumors with AR ampli-
fication are genetically highly advanced, a finding
that is compatible with the view that gene amplifica-
tion can occur only in genetically unstable cells. Both
in the present as well as in our previous study,16 AR
gene amplification was exclusively found in tumors
recurring during endocrine therapy when the supply
of growth-promoting androgens is low and amplifi-
cation of this receptor gene is likely to provide an
advantage for cell growth.16 Although the gain of
chromosome X was associated with AR amplifica-
tion, its frequency was two times higher. Duplication
of chromosome X may be selected for because it
results in a slightly increased copy number of AR.
Alternatively, there may be other important genes on
chromosome X, the increased copy number of which
facilitates tumor cell growth during endocrine ther-
apy.

Finally, although it is clear that those tumor cell
clones that are able to grow during androgen depri-
vation have a distinct genetic composition, it is not
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known to what extent the recurrent tumor is actually
clonally related to the primary tumor. Primary pros-
tate cancers are often multifocal and genetically het-
erogeneous. In four of the patients, both the primary
and recurrent specimens came from transurethral
resections. In these cases, a direct clonal relation-
ship is likely. In the rest of the patients, the primary
tumor specimen was obtained from a Tru-Cut needle
biopsy, which samples the peripheral zone, which
may harbor tumor clones that are different from the
transitional zone targeted by transuretheral resec-
tion. However, based on the results of the centro-
mere counts, the genetic progression during andro-
gen therapy was similar regardless of how the
specimens had been obtained from the primary and
recurrent tumor tissues.

In conclusion, our findings suggest that recurrent
hormone-refractory prostate cancers are genetically
very complex and show intratumor genetic hetero-
geneity. These findings suggest that genetic insta-
bility may underlie tumor progression and thereby
accelerate the tumor evolution rate and adaptability
to different growth conditions. Gain of chromosome
X and amplification of the AR gene represent two
specific genetic changes that were selected for dur-
ing androgen deprivation therapy.
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