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ABSTRACT

Progression of prostate cancer during endocrine therapy is a major
clinical problem, the molecular mechanisms of which remain poorly un
derstood. Amplification of the androgen receptor (AR) gene was recently
described in recurrent prostate carcinomas from patients who had failed
androgen deprivation therapy. To evaluate the hypothesis that amplifica
lion of the AR gene Is a cause for the failure of androgen deprivation
therapy in prostate cancer, we studied whether AR amplification leads to
gene overexpression, whether the amplified AR gene Is structurally Intact,
and whether tumors with AR amplification have distinct biological and
clinical characteristics. Tumor specimens were collected from 54 prostate
cancer patients at the time of a local recurrence following therapy failure.
In 26 cases, paired primary tumor specimens from the same patients prior

to therapy were also available. Fifteen (28%) of the recurrent therapy
resistant tumors, but none of the untreated primary tumors, contained AR
gene amplification as determined by fluorescence in situ hybridization.
According to single-stranded conformation polymorphism analysis, the
AR gene was wild type in all but one of the 13 AR amplified casesstudied.
In one tumor, a presumed mutation in the hormone-binding domain at
codon 674 leadIng to a Gly â€”@Ala substitution was found, but functional
studies indicated that this mutation did not change the transactivatlonal
properties of the receptor. AR amplification was associated with a sub
stantlally increased level of mRNA expression of the gene by in sifts
hybridization. Clinicopathological correlations indicated that AR ampil
fication was most likely to occur In tumors that had Initially responded
well to endocrine therapy and whose response duration was more than 12
months. Tumors that recurred earlier or those that showed no Initial
therapy response did not contain AR amplification. The median survival
time after recurrence was two times longer for patients with AR amplifl
cation in comparison to those with no amplification (P = 0.03, WIll
coxon-Breslow test). In conclusion, failure of conventional androgen dep
rivatlon therapy in prostate cancer may be caused by a clonal expansion
of tumor cells that are able to continue androgen-dependent growth
despite of the low concentrations of serum androgens. Amplification and
the Increased expression ofa wild-typeAR gene may play a key role In this
process.

INTRODUCTION

Prostate cancer is the most common malignancy in men in the
United States and Western Europe. The proportion of operable early
stage (stages A and B) prostate cancers has increased rapidly in recent
years as a result of the widespread use of serum prostate-specific
antigen measurements to screen for cancer in asymptomatic men (1).
However, many prostate cancers are still diagnosed at stage C or D,

Received 8/12196;accepted I 1/18/96.
The costs of publication of this article were defrayed in part by the payment of page

charges. This article must therefore be hereby marked advertisement in accordance with
18 U.S.C. Section 1734 solely to indicate this fact.

I Supported by the Finnish Science Academy, Finnish Cancer Society, The Dutch

CancerSociety,TampereUniversityHospitalResearchFund,andthe ReinoLabtikariand
SigridJuseliusFoundations.In addition,P.K. hasreceivedsupportfromthe Pirkanmaa
Cancer Society, Ida Montin Foundation,Finnish Culwral Foundation,Leiras Science
Foundation,and FinnishSociety of Clinical Chemistry.

2 To whom requests for reprints should be addressed, at Laboratory of Cancer Genet
ics, National Center for Human Genome Research. NIH, 49 Convent Drive MSC 4470,
Room 4A24, Bethesda, MD 20892-4470. Phone: (301) 435-2896; Fax: (301) 402-7957.

when cure by radical surgery is not possible. Patients with advanced
disease are usually treated by endocrine therapy, either by classical
androgen deprivation (orchiectomy or luteinizing hormone-releasing
hormone agonists) or by maximal androgen blockade (castration
combined with antiandrogens). About 70â€”80% of the patients re
spond favorably and disease palliation is achieved for several months
or years. Eventually, however, the disease progresses despite the
therapy (2).

Molecular mechanisms of recurrence and endocrine therapy failure
in prostate cancer have remained unclear. Many investigators have
studied whether mutations in the AR3 gene would explain therapy
resistance. Mutations leading to activation of AR by other steroids,
and paradoxically also by antiandrogens, have been found, but their
prevalence in primary and locally recurrent prostate cancer is low and

clinical significance unknown (3â€”8).However, Taplin et a!. (9) re
cenfly reported AR mutations in 5 of 10 distant metastases from

patients who had failed endocrine therapy and suggested that AR
mutations would play a major role in the metastatic progression of
prostate cancer.

Another molecular aberration involving the AR gene may also
underlie endocrine therapy failure. In our recent study (10), amplifi
cation of the AR gene was found in about 30% of locally recurrent

hormone-refractory prostate cancers. In vitro studies of cancer cell
lines have revealed amplifications of specific genes associated with
the development of drug resistance to cancer chemotherapeutic agents
and metabolic inhibitors (11, 12). This prompted us to suggest that AR
gene amplification in recurrent prostate cancer would represent an
analogous in vivo mechanism responsible for failure of androgen
deprivation therapy. AR gene amplification, by leading to increased

expression of the AR gene, could allow the cancer cells to continue
androgen-dependent growth, although the serum androgen level is
drastically reduced after castration (10, 13).

Here, we sought to evaluate this hypothesis by identifying biolog
ical and clinical characteristics of prostate carcinomas that contain AR
gene amplification as well as by studying whether amplification leads
to gene overexpression. Furthermore, because of the proposed role of
AR mutations in endocrine therapy failure, we evaluated whether the
amplified AR gene is structurally intact.

MATERIALS AND METHODS

Patients and Tumor Specimens. The material consisted of patients with
advanced prostate cancer who were treated at the Tampere University Hospital
in Finland (n 51) or at the Dijkzigt Hospital in Rotterdam, the Netherlands
(n 3) during 1972â€”1995.Conventional androgen deprivation therapy con
sisting of either orchiectomy (37 cases), luteinizing hormone-releasing hor

mone analogue (6), estrogen (6), or orchiectomy and estrogen (5) was the
primary treatment for these patients. All patients experienced a local tumor
recurrence,asevidencedby symptomsof urethralobstructionandan increase
of serum prostatic acid phosphatase (before 1991) or serum prostate-specific

3 The abbreviations used are: AR, androgen receptor; FISH, fluorescence in situ

hybridizaton; SSCP, single-strand conformation polymorphism; PCR, polymerase chain
reaction; MAB, maximal androgen blockade.
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antigen(PSA) levels (after 1991). ThM stage andhistologicalgradedistribu
tion of the tumors at the time of diagnosis are summarized in Table 1. The
response of the patients to primary endocrine therapy was classified as com
plete response, partial response, or stable disease according to the clinical
criteria of Murphy et a!. (14) or the change in serum PSA levels. Paired
primary tumor specimens taken before administration of any therapy were
available from 26 patients. Formalin-fixed, paraffin-embedded tumor speci
mens were used in all molecular analyses. These specimens had been collected
either by Tru-Cut needle biopsy (17 primary, 12 recurrent tumors) or by

transurethralresection(9 primary,42 recurrenttumors).
Analysis of Gene Amplification by Interphase FISH. The most repre

sentative paraffin-embedded blocks containing more than 70â€”80%malignant
cells were selected for interphase FISH analysis. Many blocks were trimmed

by removing surrounding hyperplastic tissue. FISH analysis of AR gene am
plification was done from disaggregated nuclei obtained by a proteinase K

treatment from 100-pm sections of the tumors (10). The nuclei were deposited
on Vectabond-treated (Vector Laboratories, Burlingame, CA) slides and pre

treated by heating in a 50% glycerol/0. I X SSC (0. 15 M NaCI and 0.015 M

sodium citrate) solution for 3 mm at 90Â°C(15). Thirty ng of a biotin-labeled
P1probefor theAR geneand5 ng of digoxigenin-labeledreferenceprobefor
the alphoid repeat of the X chromosome (DXZI) were mixed with 10 @gof
placental DNA and pipetted on denatured and proteinase K-treated cells on
slides.Hybridizationwascarriedout in amoistchamberfor 24h at37Â°C.After
hybridization, the slides were washed and the biotin-labeled AR probe was
detectedwith avidin-FITC and the digoxigenin-labeledDXZ1 probe with
anti-digoxigenin-rhodamine.The slides were counterstainedwith 4',6-dia
midino-2-phenylindolein an antifadesolution.

Either a Nikon SA (Nikon Corporation, Tokyo, Japan) or an Olympus BX6O
(Olympus Corporation, Tokyo, Japan) epifluorescence microscope was used
for scoring signal copy numbers of both probes from a minimum of 70 nuclei
perhybridization.Bothmicroscopeswereequippedwith multibandpassfilters
as well as both X60 and X 100 objectives. AR amplification was considered to

be present when the average number ofAR signals was more than five per cell
or when the copy number of the AR gene was at least 2-fold higher than that
of the DXZ1. In practice,amplificationwaseasilyrecognizablebasedon the
finding ofindividual tumor cells with very high numbers ofAR signals, usually
arranged in tight clusters (10). Aneuploidy or polysomy for chromosome X
were defined as the presence of an equally elevated copy number for both AR
and the DXZ1 reference probe and could thereby be clearly distinguished from
gene amplification.

Analysis of Gene Expression by mRNA in Situ Hybridization. Seven
.sm sections were cut from the paraffin blocks representing both primary and

recurrenttumorsfrom six patientswithARamplification.Sectionswereplaced
on SuperFrost (Menzel-Glhser,Germany) slides, deparaffinized, and subjected
to mRNA in situ hybridizationas described(16). An oligonucleotideprobe
against the ligand-binding domain (nucleotides 810â€”854)of human AR (Gen
Bank no. M34233; Ref. 17) was used. The probe was labeled with [33PJdATP
(DuPont-NEN Research Products, Boston, MA) using terminal deoxynucle
otidyltransferase (Amersham International, Buckinghamshire, United King
dom). Hybridization was carried out in a humid chamber at 42Â°Cfor 18 h using
l0@cpm/mlof labeledprobe.Thesectionswerethenwashed,dehydrated,and
exposed for 21 days to Hyperfilm (3-max X-ray film (Amersham International).
As a control, a 100-foldexcess of unlabeled oligomer probe was added to the
hybridization mixture. This abolished all hybridization signals. The hybridiza
tion properties of the paraffin sections and the quality of the target RNA were

ascertained by parallel hybridizations with a probe for the enzyme glycerol

dehyde-3-phosphate dehydrogenase (nucleotides 1022â€”1066,GenBank no.
M33l97). After a 48-h exposure,this resultedin a virtually uniform hybrid
ization of all tumor-containing regions of the sections.

Images of mRNA in situ hybridizations were processed with NIH image

software. To better visualize the mRNA expression levels, the original 256

gray level scalewasconvertedto 32 pseudocolors.The samemagnification,
brightness, contrast values, and color conversion tables were used to process
the images from different slides. Amersham â€˜4Clow-activity autoradiograph
plasticstandards(AmershamInternational)were includedto verify thatexpo
sure was within the linear range of the film and to provide a basis for
categorizing the expression levels. Expression levels were semiquantitatively

scored by two observers (P. K. and J. K.) to have either as no hybridization
signal above tissue background (â€”), or low ( +), moderate (+ +), or high

(+ + + ) AR mRNA expression. The evaluation was done by inspecting auto
radiographic films exposed for 21 days. The scoring was done without knowl

edge of the AR copy number.
Structural Analysis of the Human AR Gene. Twelve cases with

AR-amplified tumors were screened for the presence of mutations in the AR
gene using standard SSCP analysis. To this purpose, genomic fragments
containing exons 2â€”8of the AR gene were amplified using primers as follows:

exon 2, 5'-CAlTI'ATGCCTGCAGGTT and 5'-ATGGCTCTAlTI'CT

GAGATG; exon3, 5'-GmGGTGCCATACTCTGTCCAC and5'-CTGAT
GGCCACGUGCCTATGAA; exon 4, 5'-AAGTCTCTC'fltCTfC and 5'-
TGCAAAGGAGUGGGCTGGUG; exon5, 5'-GACTCAGACTTAGC-TC
AACC and 5'-ATCACCACCAACCAGGTCTG; exon 6, 5'-CAATCAG
AGACAUCCTCTGG and 5'-AGTGGTCCTCTCTGAATCTC; exon 7, 5'-
TGCTCCTrCGTGGGCATGCT and 5'-TGGCTCTATCAGGCTGTl@-CTC;
and exon 8, 5'-ACCTCCflGTCACCCTGT and 5'- AAGGCACTGCAGAG

GAGTA (7, 18).StandardPCRconditionswere:25 cyclesof 1 mm at 94Â°C,
2 mm at 55Â°Cor 60Â°C,and 2 mm at 72Â°Cin the presenceof 1 @.sCiof
[32PIdATPin a 15-,.slreaction mix (Perkin-Elmer Thermal Cycler). One p1 of
the reaction product was added to 9 p.1of a solution containing 98% formam
ide, 10 mM EDTA (pH 8), and xylene cyanol and bromphenol blue as dye
markers. After denaturation (5 mm at 100Â°C)the solution was chilled on ice
and I .5 pA was loaded onto a 6% nondenaturating polyacrylamide gel in 0.5 X

TBE and 5 or 10%glycerol. Electrophoresiswas done overnightat 7 W at
room temperature. Subsequently, the gel was dried and exposed to X-ray film
for 24 to 72 h at â€”80Â°Cusing intensifying screens. The sensitivity of the SSCP

conditionsused was estimatedto be approximately90%, as judged from the
analysis of known point mutations in the AR in patients with androgen

insensitivity syndrome. Nontumor DNA served as control. Fragments showing

an aberrant PCR-SSCP pattern on gel were cloned into the vector pCRII
(Invitrogen,Palo Alto, CA) and sequencedusing the standarddideoxy chain
termination method.

Transfections. To asses the transactivating function of mutated AR, the
mutation was introduced into AR eDNA in the AR expression vector pSVAR@)

(19) utilizing standard PCR technology with mutated primers. PCR fragments
used for construction of the expression vector containing the mutated AR
cDNA were completely sequenced. Functionality of the AR was analyzed in
Hep3B cells, which were cotransfected with wild-type or mutant pSVAR@)and
the reporter vector GRE2tkLuc with the calcium phosphate precipitation
method. Following transfection, cells were incubated for 24 h in the absence or
in the presence of the synthetic androgen Rl 88 1 (l0@ M) or the anti-androgen

OH-flutamide(l0@ M).Cell lysateswereprepared,andluciferaseactivity was
measured as described (20). All experiments were done in 4-fold, and correc
tions were made for protein content of the samples.

Statistical Analyses. BMDP Statistical Software Package (21) was used in
all statistical analyses. Clinicopathological correlations were analyzed using

the Pearson's@ test (BMDP4F program). The statistical significance of
survival differences between patient groups was determined with Mantel-Cox

and Breslow tests (BMDP1L).

RESULTS

Prevalence of AR Amplification. According to interphase FISH

analysis, 15 of the 54 (28%) recurrent prostate cancers showed spe

cific amplification of the AR gene using FISH. The mean AR copy
number in these tumors ranged from 2.7 to 28/cell, with individual

cells showing much higher copy numbers,ranging from 5 to more
than 60 AR copies/cell in the various tumors. Aneuploidy or polysomy
for chromosome X, seen in 10 tumors (19%), was distinguished from
AR gene amplification based on the finding of an equally high copy
number for both the AR and the DXZI probe. The remaining 29
recurrent tumors (53%) had only a single copy ofAR and DXZ1. AR
amplification was detected both in tumors from Finnish and Dutch
patients.

AR gene amplification was not detected in any of the 26 primary
tumors studied. Between 1000 and 1500 nuclei/specimen were
screened from 10 primary tumors available from those patients whose
tumors had AR gene amplification at the time of recurrence. No
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Table I Clinicopathological characteristics ofprostate cancer patients at the timeofdiagnosisThe

patients were classified into those who developed recurrent tumors withARamplification
and those with no AR amplification at the time of diseaserecurrence.AR

amplification No ARamplification(n15)
(n39)Mean

age (range), yr 71 (51â€”77) 71(55â€”79)T
stageT1@,

1(7%)5(13%)T3@4
13(86%)33(85%)T@
I(7%) 1(2%)M

stageM0
7(47%) 17(44%)M1
3(20%)12(31%)M@
5(33%)10(25%)Histopathological

grade oftheprimary
tumorI
+ II 7(47%) 26(67%)III

7(47%)12(31%)Unknown
1(6%) 1 (2%)

ANDROGEN RECEPTOR GENE AMPLIFICATION

evidence of cells with unambiguous gene amplification was found
even in this extensive analysis. Occasional doublet signals that were
observed are likely to reflect the presence of the S-phase and G2-M
cells.

Clinicopathological Characteristics and Predictive Value of AR
Amplification. AR gene amplification was not significantly associ
ated with the age of the patient, tumor size, presence of distant
metastases, nor with the tumor grade evaluated at the time of diag
nosis (Table 1). In contrast, the appearance of AR amplification was

associated with both the degree and duration of response to primary
endocrine therapy (Fig. 1). Recurrent tumors from patients who had
not initially responded to androgen deprivation did not show AR gene
amplification (Fig. IA). In contrast, two of the three patients with
complete response and one third of those with a partial response to
primary endocrine therapy had AR-amplified recurrent tumors. AR
gene amplifications were not found in any of the 11 recurrent speci
mens from patients who progressed less than I year after initiation of
androgen deprivation therapy (Fig. 1B). In contrast, AR amplification
was found in 30â€”38%of the cases whose response duration was more
than 1 year.

Patients with AR gene amplification had a more favorable overall
survival than those with no amplification (Fig. 2A). Since the AR gene
is only amplified at the time of recurrence, we also evaluated the
median postrecurrence survival of the patients which was almost two
times longer in the AR-amplified cases as compared with the nonam
plified ones (Fig. 2B). The survival differences were most prominent
during the first 48 months of follow-up.

AR Amplification Leads to Increased mRNA Expression. Ac
cording to mRNA in situ hybridization, the AR gene was highly
expressed when the gene was amplified (Fig. 3). Based on a semi
quantitative analysis of six cases, a wide range of expression levels
was seen in both primary and recurrent tumors. However, gene
expression was systematically higher in the recurrent AR-amplified
tumors than in the corresponding primary unamplified tumors
(Table 2).

Amplification and Mutations of the AR Gene With one excep
tion, the coding region of the AR gene was not structurally altered in
any of the 13 tumors with AR amplification studied using PCR-SSCP
and sequencing. In the only structural aberration detected, codon 674
(GGT) in exon 4 was changed into GCT, leading to Gly â€”@Ala
substitution. Although normal control DNA from the same patient was
not available, an Ala at position 674 has never been found in any of
many hundreds of DNA samples analyzed, arguing against a poly
morphism. The mutation was introduced into AR cDNA and tested for
functionality. Comparison of wild-type and mutated AR-transactivat
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Fig. I . A, frequency of AR gene amplification in recurrent prostate cancer according to

the initial response of the corresponding primary tumor to endocrine therapy. Tumors that
responded well to androgen deprivation are most likely to recur with AR amplification,
whereas tumors that showed no objective response never contained AR amplification at
the time of recurrence. CR, complete response; PR, partial response; SD, stable disease.
B, frequency of AR gene amplification in recurrent prostate cancers according to the time
from diagnosis to local recurrence. None of the tumors that recurred less than 1 year after
diagnosis contained AR gene amplification.

ing activity in Hep3B cells did not reveal any difference (data not
shown).

DISCUSSION

The present results emphasize the close association between AR
gene amplification and failure of androgen deprivation therapy in
prostate cancer as originally reported by us in a smaller series (10).
Several new findings that emerged from the present study substantiate
the hypothesis that AR amplification is directly contributing to the
development therapy failure by allowing cells to resume hormone
dependent growth in the low concentrations of androgens. First,
amplification occurs exclusively in the recurrent tumors from patients
whose disease has progressed during the therapy. Not even individual
amplified cells were found in the untreated primary tumors, many of
which came from patients with late-stage metastatic prostate carci
noma. Thus, AR amplification is not involved in the genesis of
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although it does not exclude the fact that there may be other important
genes in the same amplicon. Results from the mRNA in situ hybrid
ization are compatible with those from previous immunohistochemi
cal studies (7, 22) in that the AR gene is virtually always highly
expressed in both primary and recurrent prostate cancer. However,

immunohistochemical studies are less quantitative than the mRNA in
situ hybridization used here, and detection of the increased level of
expression in this subgroup of recurrent tumors has previously not
been reported.

Fourth, the amplified AR is usually not mutated and has thereby
retained specificity for androgens. Although 1 of the 15 AR-amplified
cases showed a mutation in the steroid-binding domain, this had no
influence on the transactivational properties of the receptor, suggest
ing that this mutation did not lead to impaired steroid specificity. The
finding of predominantly wild-type AR gene in the amplified tumors
supports the concept that recurrent AR-amplified tumors may still be
androgen dependent. Our results on AR mutations are compatible with
previous studies of both primary and locally recurrent prostate cancers
that have shown a very low frequency ofAR mutations (3â€”5,7â€”8).A
recent study indicated that micrometastases of prostate cancer may

much more often contain AR gene mutations (9).
Fifth, prostate cancer is known to be an extraordinarily hor

mone-dependent tumor type. Since the AR protein functions as a
key mediator of androgen-dependent growth, amplification and
consequent increased expression of such a receptor gene is a
logical mechanism by which the growth of tumor cells could be
maintained when this critical ligand for the receptor is present at a
very low concentration. There are more than 20 analogous in vitro
examples of specific gene amplifications that have been found
when cultured tumor cells have been deprived of an essential agent
for growth or treated by chemotherapeutic drugs (12). For exam
plc, DHFR gene amplification is selected for during methotrexate
treatment in response to deprivation of folic acid in vitro ( I 1) and
the recent report by Goker et a!. (23) suggests that a similar
mechanism may be operational in therapy-resistant leukemic cells
in vivo. AR amplification was never seen in the tens of thousands
of cells screened from many different untreated tumors. Further
more, close to I00% of the cells in the recurrent tumors usually had
AR amplification. These findings, taken together with the fact that
a long period of therapy (12 months) was required before AR
amplification emerged, all resemble the situation in the previous in
vitro studies where a strong selection force has been applied on the
cultured cells to induce a stepwise selection for gene amplification
over many cell generations (24, 25).

Patients whose tumors contained AR amplification at the time of
recurrence had a somewhat more favorable prognosis than those
whose tumors were not amplified. It is unexpected that DNA ampli
fication, usually associated with genetically highly unstable (26â€”28)
and aggressive tumors (29â€”30),is showing an association with favor
able prognosis. One can speculate that the AR-amplified tumor cells,
although being genetically unstable, are still subject to a rigorously
regulated hormone-dependent growth and therefore show a lower
level of malignant potential. Based on this material, however, it is
difficult to separate the effects of a favorable response to androgen
deprivation and survival from one another and, thus, the prognostic
findings should be confirmed in a prospective setting.

The discovery of AR gene amplification and the emerging under
standing of the molecular mechanisms of therapy failure may in the
future translate into new therapy options for patients with prostate
cancer. The results illustrate the fact that recurrent hormone-refractory

tumors may not always be androgen independent as often thought
(3 1). These cells may in fact be highly dependent on the residual low
levels of circulating androgens that originate from the adrenals and are
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Fig. 2. Survival of the prostate cancer patients according to the AR gene amplification.
A, overall survival (from diagnosis to death). The median survival for AR-amplified cases
is 135 months in comparison to 70 months in the nonamplified cases. B, survival after
recurrence.The medianpostrecurrencesurvival for AR-amplifiedcasesis 55 monthsin
comparison to 24 months in the nonamplified cases.

prostate cancer, nor does it occur during the clinical progression of

cancer in patients who have not received androgen deprivation
therapy.

Second, among the patients who had been treated, AR amplification
was most likely to occur in recurrent tumors from patients who had
initially responded well to androgen deprivation and whose endocrine
therapy response had lasted for more than 12 months. These are
typical features of the most androgen-sensitive tumors whose prolif
eration is critically dependent on androgens and, therefore, any in
crease of AR copy number is likely to provide a survival or prolifer
ative advantage to the cells by allowing them to resume androgen
dependent growth (12). In fact, none of the recurrent tumors from
patients who showed no initial response to androgen deprivation or
whose disease recurred less than 12 months after therapy contained
AR amplification. This suggests that AR amplification represents a
mechanism for acquired therapy resistance, whereas primary resist
ance to androgen deprivation is apparently caused by mechanisms
unrelated to AR copy number.

Third, we observed an increased AR mRNA expression level in the
recurrent AR-amplified tumors as compared with those seen in the
corresponding nonamplified primary tumors from the same patients.
Increased expression is a typical feature of amplification target genes,

SI
AR amplification:
â€”-â€”Yos(n14)
â€” No (n=38)

p@0.15(Mantel-Cox)
pâ€”0.03(Breslow)
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Table 2 Cotnparis)n ofAR copy numbers by interphase FISH analysis and AR expression levels by mRNA in situ hvbridizatio
tumors were amplifledfor AR at the time of recurrencen

in six paired specimens from patientswhosePatientPrimary

tumorRecurrenttumorCopy

no. by FISHâ€•Expression by mRNA ISHb Copy no. by FISHâ€•Expression by mRNAISHâ€•I

2
3
4
5
61.0

1.0
1.1
1.1
1.4

N.S.'+

11.5
+ 11.4

+++ 10.5

+ 4.1
+ 20.2

N.S. 5.7+++

++
+++
++

+++
+++
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Fig. 3. Androgen receptor gene copy number analysis using FISH and mRNA in situ hybridization of a tissue sections from an untreated primary tumor and a locally recurrent tumor
after failure of androgen deprivation therapy. The specimens came from the same patient. A. interphase FISH analysis of nuclei from the primary tumor with probes for AR (green)
and DXZI (red). Only one copy of both AR and DXZI is seen. B, interphase FISH analysis of nuclei from the recurrent tumor demonstrating high level AR amplification. C, mRNA
in situ hybridization analysis of an entire tissue section from the untreated primary tumor shows moderate expression level of the AR gene; D, mRNA in situ hybridization of the locally
recurrent, therapy-resistant tumor shows highly elevated AR expression. The intensity of mRNA in situ hybridization is expressed in pseudocolors.

converted to bioactive dihydrotestosterone in the prostatic tissue by
5a-reductase (32). The critical question for additional studies is
whether more complete removal of these androgens could improve
survival in the subgroup of patients with AR-amplified tumors. It
should be emphasized that all of the patients evaluated here received
conventional androgen deprivation and were mostly treated in the
1980s. Studies are now required to assess whether MAB allows for the
eradication of tumors that have recurred after androgen deprivation as
well as whether AR amplification also arises if the patients have
received MAB as the first-line hormonal therapy. We have thus far
documented one patient whose tumor recurred with AR amplification

and was subsequently treated with MAB. An excellent initial treat
ment response was obtained, but the relapse was short-lived (33).
Such short-term responses have previously been documented in about
20â€”35%of unselectedpatientswhohavereceivedMABtherapyafter
castration has failed (34, 35). AR amplification could turn out to be a
useful marker to identify patients who are most likely to benefit from
MAB as a second-line therapy. Finally, the results from the retrospec
tive studies reported here warrant the incorporation of AR copy
number analysis in prospective studies of hormonal therapy in pros
tate cancer. We have now gained extensive experience on such anal
yses and strongly recommend the use of the highly sensitive inter

(,AveragenumberofARcopiespercell(correctedforthenumberofcopiesofreferenceprobe).,ExpressionbymRNAinsituhybridization(ISH)weresemiquantitativelyscoredtohaveeitherlow(+),moderate(++),orhigh(+++)hybridizationintensity.
@ N.S., no sample available for study.
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phase FISH technique for this purpose. Southern and slot blot studies
are complicated by the inadequate specificity of most AR cDNA
probes and the poor histological representativeness of many speci
mens obtained by biopsy or transuretheral resection.
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