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ABSTRACT

A newly developed method of comparative genomic hybridization
(CGH) employing quantitative statistical comparisons was applied to
DNA from two different types of advanced prostate cancer tissue. Multiple
CGH analyses were obtained for each chromosome in each tumor, and the
results of point-by-point comparison of the mean tumor:normal color

ratio to a control normahnormal color ratio in each of 1247 evenly
distributed data channels constituting the entire human genome were
interpreted as loss, gain, or no change in copy number in the tumor
genome. Group I tissue was obtained from prostate cancer mÃ©tastases
from 20 patients, 19 of whom had received no prior prostate cancer
treatment. This DNA also was analyzed by Southern and microsatellite
allelotyping at 53 different loci on 20 different chromosome arms. CGH
results agreed with allelotyping results at 92% of the informative loci
studied. These samples, which contained highly enriched tumor DNA,
showed the highest rates of alteration yet reported in several chromosomal
regions known to be altered frequently in prostate cancer: 8q gain (85%),
8p loss (80%), 13q loss (75%), 16q loss (55%), 17p loss (50%), and lOq loss
(50%). Group II tissue was obtained predominately from primary or
recurrent tumor from 11 patients who had been treated with long-term
androgen-deprivation therapy and developed androgen-independent met-

astatic disease. Quantitative CGH analysis on DNA from these tissues
showed chromosomal alterations that were very similar to those found in
group I, suggesting that untreated metastatic tumors contain the bulk of
chromosomal alterations necessary for recurrence to occur during andro-

gen deprivation. In the entire data set, a number of previously undetected
regions of frequent loss or gain were identified, including losses of chro
mosomes 2q (42%), 5q (39%), 6q (39%), and 15q (39%) and gains of
chromosomes lip (52%), Iq (52%), 3q (52%), and 2p (45%). x2 analysis

showed a significantly higher frequency of gain of the 4q25-q28 region in
tumors from African-American patients, indicating a possible oncogene

whose activation may play a role in the higher rate of progression seen in
this ethnic group. Additional study of these frequently altered regions may
provide insight into the mechanism of prostate cancer progression and
lead to important tools for tumor-specific prognosis and therapy.

INTRODUCTION

Molecular genetic mechanisms responsible for the development
and progression of prostate cancer remain largely unknown. Identifi
cation of sites of frequent and recurring allelic deletion or gain is a
first step toward identifying some of the important genes involved in
the malignant process. Previous studies in retinoblastoma (1) and
other cancers (2-4) have demonstrated amply that definition of re

gional chromosomal deletions occurring in the genomes of human
tumors can serve as an important initial step toward identification of
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critical genes. Similarly, regions of common chromosomal gain have
been associated with amplification of specific genes (5). Additionally,
definition of the full spectrum of common allelic changes in prostate
cancer may lead to the association of specific changes with clinical
outcome, as indicated by recent studies in colon cancer and Wilms'

tumor (6, 7).
Prostate cancer allelotyping studies (8, 9) designed to investigate

one or two loci on many chromosomal arms have revealed frequent
LOH4 on chromosomes 8p (50%), 10p (55%), lOq (30%), 16q (31-

60%), and 18q (17-43%). Recently, several groups have performed
more detailed deletion-mapping studies in some of these regions. On

8p, the high frequency of allelic loss has been confirmed, and the
regions of common deletion have been narrowed (10-15). Similar

efforts have also served to narrow the region of common deletion on
chromosome 16q (12, 16). Other prostate cancer allelotyping studies
utilizing a smaller number of polymorphic markers have not revealed
new areas of interest (17-20). At present, allelotyping studies are

limited by the low number of loci studied, low case numbers, heter
ogeneous groups of patients, the use of tumors of low or unclear
purity, and lack of standardization of experimental techniques. For
these reasons, it has been difficult to compare frequencies of alter
ations between studies, and we have yet to gain an overall view of
regional chromosomal alterations occurring in this disease.

CGH is a relatively new molecular technique used to screen DNA
from tumors for regional chromosomal alterations (21). Unlike mic
rosatellite or Southern analysis allelotyping studies, which typically
sample far less than 0.1 % of the total genome, a significant advantage
of CGH is that all chromosome arms are scanned for losses and gains.
Moreover, because CGH does not rely on naturally occurring poly
morphisms, all regions are informative, whereas polymorphism-based

techniques are limited by homozygous (uninformative) alÃelesamong
a fraction of tumors studied at every locus.

Previously, we showed that CGH can detect and map single copy
losses and gains in prostate cancer with a high degree of accuracy
when compared with the standard techniques of allelotyping (22). We
and others also have generated copy-number karyotype maps for

prostate cancer showing several recurrently altered regions of the
genome (22, 23). These studies have begun to reveal a genome-wide

view of chromosomal alterations occurring in primary and recurrent
prostate cancer, but to date, metastatic prostate cancer has not been
examined in depth.

In the present study, our goal was to obtain an overview of the
complete array of chromosomal alterations involved in the develop
ment and progression of prostate cancer. To that end, we chose to
study tumor tissues from patients with advanced disease. We applied
a newly developed quantitative CGH technique to DNA isolated from
a set of prostate cancer lymphatic and bony mÃ©tastases.Careful
dissection was used to enrich these samples for tumor cells to maxi
mize our sensitivity in detecting alterations. The quantitative CGH
analytical technique was validated by multiple Southern and micro-

4 The abbreviations used are: LOH. loss of heterozygosity; CGH, comparative
genomic hybridization; PSA. prostate-specific antigen.
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GENETIC ALTERATIONS IN METASTATIC PROSTATE CANCER

satellite allelotyping measurements performed on the same samples.
We also performed CGH on DNA extracted from a set of prostate
tumors from patients with androgen-independent metastatic disease to

compare the spectrum of chromosomal alterations in these tumors
with those in the untreated metastatic cancers. Using this strategy, we
produced genome-wide, region-specific frequency histograms for

chromosomal losses and gains in prostate cancer and identified sev
eral new regions likely to contain genes important to the development
and progression of this disease.

MATERIALS AND METHODS

Metastatic or primary tumor tissue was obtained from two groups of patients
with metastatic prostate cancer (see Table 1). Group I consisted of 20 patients
who had not been exposed to long-term androgen deprivation or other thera

pies. Group II consisted of 11 patients with clinical disease progression despite
long-term androgen deprivation therapy (androgen-independent disease).

Group I Tissue from MÃ©tastases. Eighteen of these 20 patients were
thought initially to have tumors confined to the prostate but were later found
to have pelvic lymphatic mÃ©tastasesat the time of staging pelvic lymphade-
nectomy. Portions of the metastatic cancer tissue obtained at lymphadenec-

tomy were used for this study. None of these 18 had undergone androgen
deprivation therapy, chemotherapy, or radiation therapy prior to this surgery.
The remaining two samples were obtained from patients with prostate cancer
metastatic to the bone. One of these patients (patient 375) underwent androgen
deprivation therapy 1 month prior to bone biopsy. The other patient (patient
391) received no therapy prior to bone biopsy.

Considering these 20 patients together, the mean age at the time of tissue
sampling was 61 years, with a range of 44-72 years. Five of the men are of

African-American descent, the other 15 are Caucasian, with no more detailed

ethnic data available. Mean serum PSA (Hybritech) 1 day to 20 weeks prior to
pelvic node dissection or bone biopsy for the 20 men was 61 ng/ml. with a
range of 3.3-250 ng/ml. Mean prostate biopsy Gleason score (24) for the 18
men found to have pelvic mÃ©tastaseswas 7, with a range of 4-9 (Table 1).

Family history of prostate cancer was available for 12/20 patients, and was
negative for all 12.

Precise histological control was achieved for all tissues studied in this group
using the following protocol. Tissues not needed for histological diagnosis
were snap frozen at -80Â°C within 10-30 minutes after surgical removal.

Serial cryostat sectioning was used to identify portions of the sample contain
ing a lower fraction of tumor cells. These areas were removed from the tissue
block by microdissection every 300 firn. The area of tissue remaining after
microdissection varied from approximately 2x5 mm to 10 X 20 mm. The

estimated tumor cell fraction (fraction of the sample composed of tumor cells
as opposed to lymphocytes or stromal cells) was determined by visual esti
mation in 20 randomly selected fields examined at total magnification of x 100

(Olympus Optical Co., Ltd.. Tokyo, Japan) and averaged for all histological
sections produced during serial sectioning (Table 1). DNA was obtained from
between 200 and 1000-6ju.m sections for each case. If we estimate that one
tumor cell is contained in every 1000 firn3 tissue volume, the samples studied
consisted of DNA pooled from between 107 and IOgmetastatic prostate cancer

cells. DNA purification was performed as described previously (10). Aliquots
of the same DNA samples were used for both allelotyping and CGH. For both
Southern and microsatellite analysis, noncancerous comparison DNA was
prepared from pooled blood lymphocytes from each patient.

Group II Tissue from Androgen-independent Cases. These patients
showed clinical disease progression despite long-term androgen-deprivation

therapy. Four patients underwent transurethral resection for locally advanced
tumor obstructing the bladder outlet, six patients underwent core biopsy of
recurrent pelvic tumor after radical prostatectomy, and one patient suffered a
scrotal skin metastasis. Thus, genetic analysis was performed on primary
tumor in four cases, persistent or recurrent primary tumor in six cases, and
metastatic tumor in one case.

Considering these 11 patients together, the mean age at the time of tissue
sampling was 72 years, with a range of 43-96 years. All of these 11 patients

are Caucasian, with no more detailed ethnic data available. Mean serum PSA
at the time of diagnosis of metastatic prostate cancer was 272 ng/ml with a
range of 14.9-1632 ng/ml. Mean Gleason Score was 7.6 with a range of 6-10.

Histological control was less precise for these tissues, because the estimated

Table 1 Clinical data on patients from whom tissue was taken for analysis

Specimen
Groupnumber1

50133142170259273275344375391399402418419491497522556628635ir

i234567891011Age697061576953666054576556685772455766446575%65677585587X787443RaceC"CCCCCCCCCCCAAACCCAACCCCCCCCCCCSerum

PSA21.069.726.23.332.329.0123.029.712.016.923.641321.4102.0250.0130.013.39.2235.031.0299.0142.01632.014.9209.0105.058.822.0232.0106.0173.0Primary
tumor

Gleasonscore79947767957785887876779799677610TissuestudiedLNmetLN

metLN
metLN
metLN
metLN
metLN
metLN
metBone

mei'Bone

metLN
metLN
metLN
metLN
metLN
metLN
metLN
metLN
metLN
metLN
metProstate

bxTURPProstate

bxProstate
bxTURPTURPProstate

bxProstate
bxProstate
bxSkin
metTURPEstimated

tumor
cellfraction0.90.850.950.90.950.850.650.850.750.950.90.40.70.950.750.650.90.850.850.9unknown''0.650.50.50.90.80.50.6(1.40.70.95

" Abbreviations: C, Caucasian; A. African-American: LN. pelvic lymph node: met. metastasis; bx. biopsy; TURP. transurethral resection of prostate.
'' Patient received 1 month of androgen-deprivation therapy prior lo tissue sampling.
' Group II tumors progressed clinically while on androgen-deprivalion therapy. For these tumors, histological analysis was performed on adjacent surgical samples.
d Slides could not be located.
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GENETIC ALTERATIONS IN METASTATIC PROSTATE CANCER

tumor cell fraction was not determined directly on the piece of tissue from
which DNA was isolated. Instead, it was estimated from a histolÃ³gica! section
of a nearby piece of tissue removed during the same surgical procedure. Thus,
the estimated tumor cell fraction listed in Table 1 is less precise than for group
I. DNA was isolated from fresh tissue brought immediately from the operating
room or clinic by proteinase K dissection and phenol-chloroform-isoamyl

alcohol extraction. Serial cryostat sectioning was not used.
CGH. CGH was performed as described previously (22) with the modifi

cation that DNA was labeled by direct incorporation of fluorochrome-linked
nucleotides. Briefly, tumor DNA (0.5-1 /j.g) was labeled by nick translation in
the presence of 20 /XMdATP, dCTP. dGTP. and FITC-12-dUTP (NEN Re

search Products, Boston. MA). Normal DNA. isolated from the lymphocytes of
a laboratory volunteer, was labeled in an identical fashion using Texas Red-
5-dUTP (NEN Research Products). Hybridization with 0.2-1.0 /j.g of labeled
tumor and normal DNA and 10 jug of Cot-1 DNA was performed on met-
aphase spreads from a normal donor's lymphocytes for 2-3 days, the slides

were washed and dehydrated in ethanol, and the metaphase spreads were
counter-stained with 0.1 JIM 4'.6-diamidino-2-phenylindole.

Five to 10 fluorescence microscopic metaphase images of each color were
acquired for each tumor-normal hybridization: 4 to 5 images were chosen for

quantitative analysis. For each metaphase image, green (tumor) and red (nor
mal) fluorescence intensity values were calculated as described previously (22,
25). The green and red fluorescence intensity values along each chromosome
were then assigned to data channels appropriate for their location in the
genome. There were 1247 data channels extending along the length of the
genome from 1pter to Yqter with the number of channels for each chromosome
assigned to a fixed value based on the relative lengths of the chromosomes (26.
27). Thus, channels 1-100 contained fluorescence intensities measured for
chromosome 1. channels 101-197 contained intensities for chromosome 2, and

so on. Each metaphase image generally yielded intensity values of each color
for both members of all autosome pairs and one intensity value of each color
for chromosome X and chromosome Y. Fluorescence intensity of each color
was normalized for a given metaphase and the ratios of green:red were
calculated for each data channel for each chromosome image. Green:red
fluorescence intensity ratio distributions (means and SDs) were then calculated
for each data channel, taking into account the ratios from every chromosomal
image in every metaphase that was analyzed. In general, averages over 7
images of each autosome were combined (range 4-10) to provide a fluores

cence intensity ratio profile distribution along the genome for each tumor.
Quantitative Analysis by CGH. To quantitatively analyze CGH data, we

compared results from tumor-normal hybridizations with those from normal-
normal controls. Thus, we performed five two-color hybridizations involving

only normal DNA labeled both green and red to be used as controls for
comparison with tumor-normal hybridizations. CGH was performed using the

same methodology as that used for tumor DNA. For each of these control
hybridizations, four metaphase images were analyzed, resulting in up to eight
images for each aulosome and four images for each sex chromosome. As
expected, the green:red ratios were centered around 1.0 along the length of the
genome for each of these control hybridizations. However, close examination
of the ratios revealed that many genomic regions consistently showed green:
red ratios slightly different from 1.0. For example, the region corresponding to
chromosome Ip32-lpter showed an average green:red ratio of 1.07, the region

corresponding to chromosome 19 showed an average ratio of 1.08, and the
region corresponding to chromosome 4q showed an average ratio of 0.952. The
cause of these consistent deviations in the green:red ratios in the normal-

normal control hybridizations was unknown. We suspect that hybridization
properties are altered slightly by incorporation of conjugated uridine into the
probe DNA, and these hybridization differences are revealed by slight varia
tions in particular regions of the metaphase chromosomes, perhaps because of
protein/DNA interactions or chromosomal structure. Additionally. SDs of the
ratios tended to vary from region to region. For example. SDs tended to
increase near chromosomal telomeres and centromeres. At the centromeres,
this can be explained by the fact that unlabeled Cot-1 DNA was added to block

nonspecific repetitive DNA hybridization by the labeled DNAs, and because
large amounts of repetitive DNA are present at the centromeres, a decreased
intensity of both green and red fluorescence resulted in these regions. The
decreased intensity of both fluorescence colors resulted in lower precision in
the intensity measurements and ratio calculations. At the telomeres. there
appears to be a slight uncertainty in the definition of the exact terminus as

determined by the image analysis algorithm because there is a large area of
local background that causes local decrease in the chromosomal image inten
sity for both colors. As with the centromeric regions, this resulted in a lower
precision in intensity measurements at the telomeres.

Data from these five control normal-normal hybridizations, obtained under
the same experimental conditions as for the tumor-normal hybridizations, were

combined to model the behavior of the ratios when no genetic alterations were
present. Therefore, each of the 1247 data channels along the genome in the
control hybridizations was assigned a specific green:red fluorescence intensity
ratio distribution. We then compared the green:red distributions for each
tumor-normal hybridization to those for the combined pool of control normal-

normal hybridizations. A t statistic was calculated independently for each
channel along the genome to test whether the mean ratio for a tumor-normal

hybridization was significantly different from the mean ratio for the control
normal-normal hybridizations. Derivation of this t statistic is described in

Moore et al. (28). At each of the 1247 data channels, larger absolute values of
f indicated higher statistical confidence that a chromosomal alteration was truly
present. Positive values of t indicated gain of genetic material in the tumor
DNA, whereas negative values of/ indicated loss of genetic material. Finally,
centromeric and heterochromatic regions were excluded from interpretation,
because hybridization in these regions is imprecise (25).

In quantitative CGH analysis, a threshold t value must be chosen to use the
/ statistic for defining whether a ratio at any point along the genome indicates
a significant gain or loss of genetic material in any given tumor DNA sample.
The value of the threshold directly affects the sensitivity and specificity of
CGH analysis and should be set according to the goals of the study. To define
this threshold for our study, we calculated the i statistics for each of the
normal-normal control hybridizations by comparing each one to the complete

set of five control hybridizations. During this analysis, we found that smooth
ing the normal-normal ratio variances by averaging over several contiguous

channels prior to formation of the I statistic greatly reduced the number of false
"gains" and "losses" in the control hybridizations. Thus, we adopted this

procedure for all our /-statistical calculations, and the variance in each data
channel for the normal-normal elements in the analysis was averaged with

those of five contiguous channels on each side of that channel. Within five
channels of chromosomal termini and centromeres, the number of contiguous
channels in this averaging was decreased systematically by averaging only to
the terminus or centromere. Using this procedure for /-statistical evaluation.

the t values for all of the control hybridizations were near 0. with very few
elevated positive or negative values (Fig. 1). For example, 99% of/ values for
the control hybridizations were between â€”¿�1.36 and 1.36. For this study, we

0 3%

1.4 1.6

Iti threshold

Fig. 1. Selling the I threshold based on control, normal-normal hybridizations. For five
control hybridizations, each with 1247 t values extending along the genome from !pter to
Yqter (a total of 6235 ( values ). the Yaxis gives percentage of I values with absolute value
greater than the given threshold on the X axis.
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GENETIC ALTERATIONS IN METASTATIC PROSTATE CANCER

chose a threshold of f| > 1.6 for the definition of losses and gains. At this
threshold level less than 0.3% (17 out of 6235) f| values from the five
normal-normal control hybridizations were over the threshold. On the basis of

the curve shown in Fig. 1, lowering the / threshold would result in a rapid loss
of specificity (i.e., would increase false positives); also, this threshold level
resulted in a high level of sensitivity for the detection of chromosomal
alterations based on the high level of concordance with the independently
performed allelotyping experiments (see "Results").

Allelotyping. For the 20 group I metastatic tumors, Southern analysis was
carried out at 29 loci on 19 chromosome arms, and microsatellite analysis was
performed at 24 loci on 7 arms. Many of the loci were chosen because they fell
within regions found previously to be relevant to prostate cancer. In particular,
we tested multiple loci on the following chromosome arms (chromosome arm,
number of loci compared): 2q. 3; 8p. 9; lOq. 5; I3q, 12; 16q, 5; and 18q, 3. In
addition, 12 other chromosome arms were represented with one or two loci
each.

Loci studied by Southern analysis were D1S57, D1S74, D2S44. D2S48,
D2S50. D2S53, RAFl(3p). D4S125, D6S44, D7S150, KSR (8p), MSR (8p),

D8S140. D8S220. D8S194, D8S39. IFNB1 (9p), D10S25, DIOS28, D13S1,
D13S2. D16S7. CETP-A/B (16q), TAT (\6q). DI7S5, D17S34, D17S74, DCC

( 18q), and DYZ4 (Y). Southern analysis was performed as described previously

(10).
Loci studied by microsatellite analysis were D2SÃŒ23.APC (5q), D8S201,

LPL (8p), D8S261, D8S264. DIOS190. D10S192, D10S201, D10S217,

D13S115, D13S12I, D13S134. DÃŒ3S146, D13S147, D13S152, D13S170,
D13S171, D13S175, D13S309, D16S26, D16S402, D18S61, and DI8S69 (29).

Microsatellite analysis was performed as described previously (10).
Allelic loss using Southern and microsatellite analysis was defined as the

absence of one alÃelein prostatic tumor DNA compared to the noncancerous
paired control DNA as determined by inspection of the autoradiograph. In
some cases, when there was residual signal from contaminating normal tissue,
densitometry was used for analysis. A sample was scored as having allelic loss
if approximately 60% reduction was present in the diminished alÃelecompared
to its normalized retained counterpart.

Only one region (chromosome 8q) showed allelic gain by Southern blotting.
Allelic gain using probe MCT 128.2 (8q) was defined as an increase in
intensity of greater than 100% of one of two alÃelespresent in tumor samples,
or intensity differences of greater than 100% between tumor and normal alÃeles
in homozygous cases when prior probing of the same blots demonstrated equal
loading of DNA in tumor and normal lanes. Allelotyping measurements were
performed and analyzed in a blinded fashion with respect to the CGH findings.

RESULTS

Hybridization Quality. We found that the direct labeling tech
nique of incorporation of fluorochrome-linked nucleotides into
genomic DNA resulted in higher-quality hybridization when com
pared with the older technique of detection using fluorochrome-linked

secondary reagents (22). By fluorescence microscopic examination,
this increase in quality could be seen as less granular images with
sharper transitions of color at the termini of losses and gains. Addi
tionally, image analysis tracings of the fluorescence ratios were

smoother, such that when data from multiple images were combined,
the SDs of the fluorescence ratios were reduced.

CGH Using / Threshold 1.6. On all tumor DNA samples, we
applied quantitative CGH as described in "Materials and Methods,"

using t thresholds of +1.6 for gains and â€”¿�1.6 for deletions. With this

analytical approach, all tumors in both groups of specimens displayed
some DNA alterations (gains or deletions relative to average DNA
copy number). The proportion of the genome with either gains or
deletions was calculated separately for each tumor and is depicted in
Fig. 2. It is clear that a large fraction of the genome appears altered in
most specimens. Thus, the high level of specificity obtained by using
|i| > 1.6 did not sacrifice the sensitivity to detect changes. Samples
displayed different relative proportions of gains and losses, with no
specific pattern among samples in each group. Overall, there were
nearly equal proportions of the genome involved in gains as in losses;
group I averaged 15% of genome gained and 14% lost, and group II
averaged 16% gained and 11% lost.

As a test of the reproducibility of this new CGH method, one tumor
DNA sample was submitted and analyzed twice in a blinded fashion.
Using the / statistic method, regions of loss and gain were determined
independently on these two specimens. DNA from this particular
tumor (tumor 50) showed a large number of alterations, with 26% of
the genome showing a significant gain and 21% of the genome
showing a significant loss. In comparing the results of the two
independent analyses, 89% of the 1247 data channels indicated iden
tical locations for gains, losses, or no change. The primary differences
in the two data sets are at the termini of alterations, where / values are
changing rapidly with channel number. An illustration of this com
parison is shown in Fig. 3, where the t values in the data channels for
chromosome 10 from each of the two runs are plotted, and the t
thresholds are indicated. In this illustration, both the relative agree
ments and disagreements can be viewed. The two data sets agree in 46
(84%) of 55 data channels, with the majority of the differences
occurring in small regions (one or two contiguous channels). This
duplicate determination illustrates the power of CGH to present re
producible locations of gains and losses over the entire genome and
also displays its weakness as a lack of high resolution in defining the
location of alterations.

We also compared this quantitative statistical approach to the
previous method of interpretation using simple green:red ratio thresh
old analysis. In the past, green:red ratio thresholds of 1.2 and 0.8 have
been used commonly for delineation of gains and deletions, respec
tively (22). At these thresholds, the simple green:red ratio analysis
agreed with the t statistic analysis (|r > 1.6) at 78% of data channels
over all 31 tumors. Of the discordant data channels, 99% occurred in
situations where t\ > 1.6, but the greenrred ratio analysis showed no
alteration. Taken together with the high level of concordance with
allelotyping described below, these data demonstrate the increased

Fig. 2. Percentage of the genome with alter
ations. The percentage of the genome gained (shad
ed bars) and deleted (solid bars) as determined by
|r| > 1.6 is plotted for each tumor specimen.

,- O) I*-
*f C\J

individual cases
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GENETIC ALTERATIONS IN METASTATIC PROSTATE CANCER

4.00

Fig. 3. Comparison of two CGH analyses on a
single DNA specimen. One tumor DNA specimen
was analyzed by CGH analysis two times in a
blinded fashion. The entire CGH procedure, includ
ing labeling, hybridization, and analysis, was per
formed independently for each specimen. ; values
for the 55 data channels of chromosome 10 for the
first and second analysis are depicted by the circles
and diamonds, respectively. A threshold of 1.6 is
shown by dotted lines. X axis, data channel number
(of 1247 total); heavy line bet\veen channels
690-700. region of centromere.

0.00

-2.00

-4.00

-8.00

-10.00

sensitivity and specificity gained by application of the quantitative
statistical analysis.

CGH Concordance with Allelotyping. To validate this quantita
tive statistical approach to CGH analysis, we compared CGH with
allelotyping results on each of the 20 group I tumor specimens. Fig. 4
shows an example of the method of comparison for two tumors on one
chromosome.

Overall, the allelotyping studies resulted in 280 informative results
at 49 different loci. A summary of the comparisons to CGH is shown
in Table 2. Of the 280 informative results obtained with allelotyping,
44 instances could not be compared to CGH because of imprecise
physical mapping of the Southern probes or microsatellite polymor
phisms relative to the termini of CGH-defmed alterations. Of those

that could be compared, discordant results occurred in only 18 of 236.
Twelve of these 18 disagreements occurred in instances where CGH
indicated a loss but the alÃelesappeared balanced. The level of
agreement using the K statistic (30), which takes into account agree
ment that might occur by chance alone, is K = 0.83 (95% confidence
interval is 0.70-0.95), with no difference in the level of agreement of

CGH with Southern or microsatellite analysis.
Frequency of Regional Chromosomal Alterations: Group I. To

define the general tendencies of DNA alterations in the genome of
untreated tumor mÃ©tastases,we created a point-by-point histogram
along all chromosome arms showing the region-specific frequency of

losses and gains in this series of 20 untreated prostatic mÃ©tastases.Fig.
5 shows the frequency of occurrence of t\ > 1.6 for each data channel
plotted relative to an ideogram of each chromosome. The following
nine chromosomal arms showed loss (in at least one region of each
arm) in more than 40% of the cases: 8p (80%), 13q (75%), 16q (55%),
2q (50%), lOq (50%), 17p (50%), 5q (45%), 6q (45%), and 15q
(45%), and the following seven chromosomal arms showed gain (in at
least one region of each arm) in more than 40% of the cases 8q (85%),
Iq (55%), 1Ip (55%), 2p (50%), 3q (45%), 7q (45%), and 9q (45%),
as shown in Fig. 5.

Close examination of the frequency histograms in Fig. 5 reveals
that some of the frequently altered regions contain smaller subregions
with higher frequencies of alteration than adjacent regions. For ex

ample, losses on chromosome 13 increase in frequency continuously
from 13qll-q21.1, remain at about 70% through 13q21.1-q22, and

decrease continuously in frequency from 13q22 to q35. Thus, the
region 13q21.1-q22 displays the highest chance of containing an

important prostate tumor suppressor gene. Detailed analysis of such
regions with a technique of higher resolution (such as PCR microsat
ellite allelotyping) is required to define the region more precisely.

Fig. 5 shows other chromosomal regions that are altered in a
somewhat lower proportion of group I tumors. The most frequent of
these are 3p gain (40%), 4p gain (40%), and lip loss (30%). Inter
estingly, there are 12 chromosomal arms where both losses and gains
were detected in at least 20% of the cases. In 7 of these 12 arms, the
regions of loss and gain do not overlap, and it could be that recessive
and dominant oncogenes are distributed throughout these regions.
Again, more precise localization of each region would address this
question better.

Finally, Fig. 5 shows a modest frequency of alterations (5-20%) in

almost all areas of the genome, suggesting that some clonal chromo
somal alterations arise randomly and are maintained in proliferating
prostate cancer cells.

Frequency of Chromosomal Alterations: Group II. Eleven
specimens from patients with disease progression despite long-term

androgen deprivation also were analyzed by CGH. As with group I
specimens, we performed a point-by-point histogram analysis along
all chromosomal arms showing the region-specific frequency of al

terations. Overall, the results revealed a pattern of chromosomal
alterations very similar to those that were seen for DNA isolated from
group I tissues. In particular, the most commonly detected changes
were a loss in chromosome 8p, a gain in chromosome 8q, and a loss
in chromosome 13q. Histograms obtained for these chromosomes of
group II samples (Fig. 6) appear quite similar to those obtained for
group I (Fig. 5). To test for differences in chromosomal alterations
between group I and group II specimens, we constructed 2X3
contingency tables at each of the 1247 data channels along the
genome. Each table contained the number of specimens from each of
the two groups that had either a loss, a gain, or no change at each data
channel. We then tested whether there was a difference in the fre-
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344

-

Fig. 4. Correlation of CGH and alleloiyping data.
Data from two representative tumors (tumors 50 and 50
344) are depicted. A, microsatellite and RFLP allelotyp-
ing a! nine separate loci on chromosome 13q. For each
case at each locus, autoradiograms of electrophoresis of
PCR products from purified tumor DNA and paired
noncancerous DNA from the same patient are shown in
the left and right lanes, respectively. Mapped locations
of each polymorphism (listed by D13S number) are
indicated by the dashed lines leading to the ideogram.
B. interpretation of allelotyping and CGH data. Allelo-

typing results are depicted as follows: O. retained; â€¢¿�,
lost: and U. uninformative. The CGH interpretation for
each tumor is shown by the bar indicating the length
and position of deletions in each tumor with respect to
the ideogram. For tumor 344. the physical locations of
D13S147, D13S2, and DI3S328 are not known pre
cisely enough to define concordance with the termini of
the CGH-defmed deletion. Of the remaining five in
formative loci, all are concordant. The determinations
for specimen 50 show seven polymorphisms that agree
and one site (D13S115) showing LOH but |r| < 1.6. C. B
the calculated ; statistics at each data channel. The X
axis is drawn at / = -1.6. and the vertical lines con

necting the Â¡racingsto the ideogram indicate the termini
of the chromosome 13q losses found in these two
tumors.

"

115 171 328 147 309

quency of gains or losses for each table using Fisher's exact test. The chromosomal alterations occur without androgen-deprivation

result of these analyses showed no more than the expected number of
significant differences (at P < 0.05) based on performing a large
number ( 1247) of tests.

Fig. 7 shows a summary of the frequency of gains and losses in
regions of the genome that show alterations in many of the sam
ples. None of the differences between the two groups is statistically
significant (P > 0.1). One may conclude from these data that most

Table 2 Correlation of CGH findings with allelotyping results
Results from the two techniques were compared" at each informative Southern or

microsatellite locus.

Allelotype result
(Southern/Microsatellite)

CGHresultLoss

or gain
No alterationTotalsImbalance68 674Balance12 150162Total80 156236

" Applying the K statistic (30); K = 0.83 (0.70-0.95 is 95* confidence interval).
'' In three of four instances of allelic imbalance on chromosome 8q, Southern analysis

was able to detect a gain rather than a loss; by CGH. all alterations on chromosome
Sqwere gains. All other allelic imbalances were losses by CGH.

therapy.
Groups I and II Combined. Because the data sets for the two

groups of tumors were not significantly different, we combined them
and calculated the overall frequency of gain and loss at each channel
(Fig. 7). For other subgroup comparisons of chromosomal alteration
frequency, the combined data set was divided into groups based on
younger or older patient age, higher or lower serum PSA, and ethnic
group (African-American versus Caucasian). Similar contingency ta

ble analyses were carried out as described above. No regional differ
ences in the frequency of gains or losses were detected among the
groups defined by patient age or serum PSA.

In contrast, we did find an indication of increased frequency of
gains in the region of 4q25-q28 in African-Americans. With a careful

comparison of frequency histograms (such as those displayed in Figs.
5 and 6), this region was found to be the only one in which all five
African-Americans showed an alteration. We found that the entire
band 4q27 showed a significant gain in samples from 5 of 5 African-

Americans as compared to 3 of 26 Caucasians. In addition, a larger
region of six contiguous data channels in 4q27-q28 showed gain in at
least 4 of 5 samples from African-Americans as compared to fewer
than 4 of 26 samples from Caucasians (Fisher's exact P < 0.01 for
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GENETIC ALTERATIONS IN METASTATIC PROSTATE CANCER

each comparison). We determined the statistical significance of this
finding by randomly selecting subsets of 5 tumors, from among the
total of 31, and repeating the contingency table analyses for the entire
genome, each time comparing the subset of the randomly selected 5
with the remaining 26. We found that only 5% of these samples
contained a section of six contiguous data channels with Fisher's

exact P < 0.01 (based on 1000 randomly formed subsets). We also
found that only 0.5% of theses randomly generated subsets showed
"significant" gains on chromosome 4. In the comparison of African-

Americans to Caucasians, no other regions in the genome differed
significantly, although statistical power is low because of the small
number of African-Americans in this study.

DISCUSSION

The goal of this study was to gain a pan-genomic view of the

locations and frequencies of regional chromosomal alterations in
prostate cancer. Genetic events leading to the initiation of prostate
cancer are of obvious importance, but, because the majority of pros
tate cancers never metastasize (31 ), additional genetic events must be
involved in the progression to lethal metastatic prostate cancer. By
their proven ability to metastasize and their relative purity, the tumors
studied here provided excellent material in which to define genetic
alterations potentially involved in both initiation and progression of
prostate cancer. Application of a new method for interpretation of
fluorescence intensity values has led to a standardized CGH analysis,
allowing detection and mapping of these genetic alterations based on
statistical comparisons of intensity ratios relative to control experi
ments.

In 20 of the 31 cases studied, CGH analysis was corroborated with
parallel Southern and microsatellite analysis of allelic imbalance on
the same DNA. The good agreement between these two analytical
techniques (K = 0.83) provides assurance that the new, standardized

CGH analysis is demonstrating high sensitivity and specificity.
Overall Genomic Considerations. The frequency of copy number

alterations found in DNA samples from these advanced prostate
cancer tissues seems rather large when viewed in light of flow
cytometry and other ploidy studies, which have shown that metastatic
prostate cancers are diploid in nearly 50% of the cases (32). However,
the data presented here (Fig. 2) suggest that relatively equal propor
tions of the genome can be lost or gained, which may result in an
overall balance of genetic material and a normal ploidy determination.
In addition, when tumors are tetraploid, changes in copy number
among different regions of the genome will be small relative to the
total cellular DNA content. For example, tumor 399 was determined
to be tetraploid on Feulgen staining and image analysis (data not
shown). Thus, the losses and gains detected by CGH must be inter
preted from a baseline of four allelic copies. Losses and gains were
detected in approximately 5% and 18%, respectively, of the 1247 data
channels across the genome. Although we were unable to determine
exactly how many copies were lost or gained for each of the individ
ual alterations, the data support the view that metastatic prostate
cancers do contain critical DNA alterations that may not be detectable
when measuring gross DNA content.

We also found that most regions of the genome are altered in at
least 5% of advanced prostate cancer cases. These seemingly random
alterations would not have been detected had they not been clonally
present in a significant number of cells in the tissues from which DNA
was extracted. We presume that chromosomal regions with low fre
quency of alteration occur as a result of random genomic instability of
advanced cancer, and they probably do not contain genes important to
the aggressive phenotype.

In the present study, gains were present as often as losses. However,

the gains we detected were relatively low level in red:green fluores
cence ratio and generally involved large regions or whole chromo
some arms. We found no short, high-level amplifications suggestive

of single oncogene amplification such as those described for breast
cancer (33). Our results indicate a more subtle shift in gene copy
numbers, which correlates with earlier reports on relatively low levels
of amplification in prostate cancer (5, 10, 34, 35). It remains to be
determined whether these frequent but low-level gains in copy num

ber of specific chromosomal regions contribute to prostate cancer
progression.

Regions of Loss. For this discussion, the combined data set of 31
advanced prostate cancers samples is being considered (Fig. 7). Re
gions of loss are suspected to carry at least one recessive oncogene; in
fact, many of the most frequently lost regions contain known or
candidate tumor suppressor genes. For example, the most intensively
studied tumor suppressor gene, p53, is located on 17p and was shown
previously to be mutated in 20-25% of metastatic prostate cancers

(36). It also has been reported as mutated in 8 (50%) of 16 prostate
cancer bone marrow mÃ©tastases(37) and was shown to suppress in
vitro growth of prostate cancer cell lines (38). Loss of 17p was
detected in 50% of group I tumors as compared with 65% of group II
tumors. These data taken together support the view that loss of normal
p53 function is associated with prostate tumor progression, and it
appears to be an alteration that occurs most commonly in late stages
of the disease.

Chromosome 10q22.1-qter contains the candidate tumor suppres

sor gene Mxil, reported previously to be mutated in four prostate
cancer cases (39). Because the Mxil protein is suspected to repress
c-Myc activity (40), loss of Mxi 1 activity may lead to activation of
c-Myc. In concert with potential increased chromosome 8q copy
number (discussed below), increased c-Myc activity may be a com

mon theme in prostate cancer.
Chromosome 5q contains the a-catenin gene (5q31 ; Ref. 41 ), which is

a necessary component of the E-cadherin-mediated cell adhesion com

plex. It has been shown previously that five of the six human prostate
cancer cell lines have reduced or absent levels of a-catenin or E-cadherin

as compared with normal prostatic epithelial cells (42).
Two other frequently lost regions containing known candidate

tumor suppressor genes are chromosome 13q (contains RhI) and 16q
(contains E-cadherin). Interestingly, close analysis of the patterns of

loss on these chromosomal arms suggests that more than one impor
tant prostate cancer tumor suppressor gene may be located on 13q and
16q. Although the frequency of loss for all 31 tumors studied in
creases from 40 to 60% across 13ql4, where Rbl is located, the peak
appears just distal to 13ql4 and is sustained near 60% across 13q21.1-

q31 (see Figs. 5 and 6). Whereas previous studies have shown that
loss of Rbl expression (43) and allelic loss of this gene (44) do occur
in prostate tumors, the CGH findings raise the possibility that there is
a second important prostate cancer tumor suppressor gene on chro
mosome 13q distal to Rbl. Similarly, whereas decreased E-cadherin

expression is associated with poor prognosis in prostate cancer (45,
46), and 30% of all 31 tumors in this study show loss in this region,
there is a separate region of 40% loss at 16q24 that may signify the
site of another important prostate cancer tumor suppressor gene. This
regional mapping is in agreement with our previous cosmid deletion-

mapping study on 16q (16). Further detailed analysis of these regions
in a larger number of tumors is needed.

The other regions of frequent loss do not possess genes that have
been identified previously as candidate tumor suppressor genes. How
ever, the fact that these regions are lost at high frequency in advanced
tumors indicates strongly that genes of importance to the progression
of this disease may exist at these sites. In particular, there is great
interest in the frequent loss of chromosome 8p, and a number of
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Fig. 5. Relative frequency histograms of genetic alterations in DNA from group I specimens. The relative frequency of gains and losses is shown as a region-specific histogram
along each chromosome arm. The Y axis shows the proportion of specimens (of the 20 mÃ©tastasesanalyzed) with I > 1.6 above the central axis and with / < â€”¿�1.6 below the central

axis. Centromeres and heterochromatic regions were excluded from analysis. Histograms are matched to ideograms of each chromosome based on the data channels, which contain
the appropriale data distributed along the length of each chromosome. Chromosome identification numbers appear in the upper left of each panel.

research groups are investigating this region for the presence of an
important tumor suppressor gene (10, 11, 13, 14, 22, 47). Regions 2q,
6q, lOp, and 15q also fall into this category and should be analyzed
more extensively for such genes.

Regions of Gain. In these regions, we might expect to find dom
inant oncogenes that exhibit increased expression with increased copy
number. The most notable of these is chromosome 8q, where the
c-Afvc oncogene is located. Amplification of this region was initially
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Fig. 5. Continued.

detected in prostate cancer by Southern analysis (10) and was shown
subsequently to be correlated with adverse prognosis in prostate
cancer (34). In the current study, we found a high frequency of 8q
gains in both metastatic and recurrent primary tumors in patients with
metastatic disease. This result is consistent with previous studies on
recurrent tumors (23). Thus, c-Myc may play an important role in

prostate cancer progression. However, we must note that c-Myc is

located at 8q24, and the region of most common gain by CGH is
8q21.3 for both mÃ©tastasesand androgen-independent tumors. Thus,

there may be another important oncogene in a region proximal to this
known oncogene.

Chromosome lip shows gains in 52% of the specimens in our
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study, and the oncogene H-RÃisis located at I Ipl5.5. Although this
region is not identified as the most common region of gain (1Ipl3-

pl5.3), CGH is unreliable near telomeres because of fluorescence
intensity losses at the termini (see "Materials and Methods"). Thus, it

may be that this oncogene is included in a region gained frequently in
advanced prostate cancer. Notably, we determined that 40% (8/20) of
the mÃ©tastasesshow gains at 1Ipl5.5 (see Fig. 5).

Another region that contains a known oncogene is chromosome 7p,
where erbB-l (epidermal growth factor receptor) is located. Although

it has been shown that trisomy in chromosome 7 is associated with
higher grade and stage of prostate cancer (48, 49), no strong evidence
has been published that indicates specific gene(s) on this chromosome
that are important to the phenotype.

Fig. 7 shows that chromosome 7q displays gains in up to 40% of the
specimens from both the mÃ©tastasesand the androgen-independent
tumors. Recently, it has been shown that the c-met oncogene, which

maps to 7q31, is expressed in the basal epithelial cells of 36 of 43
primary prostate cancer samples. 4 of 4 lymph node mÃ©tastases,and
23 of 23 bone marrow mÃ©tastases(50).

Fig. 7 indicates that gains occur at a frequency of 0.39 in a region
of chromosome 17q that includes BRCA1, whereas Gao et al. (51)
recently showed frequent PCR-based LOH of BRCA1 on chromo

some 17q in prostate cancer. These results could be explained by
somatic recombination (resulting in LOH) followed by gain, or incor
rect interpretation of PCR allelic bands. Future study should resolve
these inconsistencies.

The oncogene erbB-2 is located at 17ql2, which is in the vicinity

of the region of high frequency of gain by CGH. Previously, KÃ¼hnet
al. (52) have shown that 18 of 53 clinically localized prostate cancers
expressed high levels of this gene with no indications of high-level

gene amplification. It is possible that the modest increase in copy
number that is evident in our analyses is responsible for such in
creased gene expression.

The androgen receptor gene, located in Xql2, was shown previ
ously to display gains at a relatively high frequency (four of nine) in
recurrent prostate tumors (23). In a subsequent report. Visakorpi et al.
(5) showed that amplification of Xql2 is associated with tumor
recurrence in individuals during androgen deprivation therapy. Al
though this region was gained in only 5 (16%) of our entire group of
31 tumors, it was gained in 3 (27%) of 11 of the group II androgen

Fig. 6. Frequency histograms of chromosomal alterations in group II specimens.
Examples of frequency histograms for the two chromosomes most frequently altered in
group II specimens are shown for comparison to group I (see Fig. 5). The frequency of
gains and losses are depicted as described in Fig. 5.

0.2

0.1

0.80.7

-g.0.6

I0.5Io,0.30.20.1

0 -7\\rij^|SÃ¤Ã¤SSSÃ¤i

Fig. 7. Maximum frequency of alteration of any data channel wilhin most frequently
altered regions: white bars, entire group; hluck burs, group I; and luttclicil burs, group 11.
Regions are defined as a minimum of five contiguous channels in which a significant
alteration (|/| > 1.6) is found for greater than 207, of the samples. A. gains, fl. losses.

independent tumors. Thus, our studies are in general agreement with
those of Visakorpi el al. (5) and support their suggestion that tumor
cells with androgen receptor amplification are selected during andro
gen deprivation therapy. However, amplification of this region is not
restricted to tumors failing hormonal therapy.

African-Americans. Our finding of increased frequency of gains
in the region 4q25-q28 in African-Americans (P < 0.001) is provoc

ative. Perhaps there exists a gene located on 4q that is more frequently
increased in activity and induces more rapid clinical progression of
prostate cancer among African-Americans (53, 54). In any case, our

data demonstrate that the pattern of genetic alterations in tumors from
African-Americans is largely the same as that seen in tumors from

Caucasians. Studies with larger numbers of patients must be per
formed to determine fully any significant molecular genetic differ
ences.

Summary. A new quantitative statistical method of comparative
genomic hybridization, corroborated by microsatellite and Southern
analysis of allelic imbalance, has been used to identify several novel
regions of frequent deletion or gain of DNA copy numbers in prostate
cancer, and has helped to clarify the relative importance of several
other previously reported regions of loss or gain. Modified function of
genes contained within the most frequently altered regions may be
largely responsible for the malignant behavior of prostate cancer.
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Additional study of these genomic regions may provide critical insight
into the mechanism of prostate cancer progression and may generate
important tools for better tumor-specific prognosis and treatment of

prostate cancer.
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