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SUMMARY: Mechanisms of prostate cancer (CaP) recurrence during a combined androgen blockade (CAB) are poorly
understood. Previously, the role of androgen receptor (AR) gene mutations underlying the CAB therapy relapse has been raised.
To investigate the hypothesis that AR gene aberrations are involved in CAB relapse, 11 locally recurrent CaP samples from
patients treated with orchiectomy and bicalutamide were analyzed for copy number changes and DNA sequence alterations of
the AR gene by fluorescence in situ hybridization and single-strand conformation polymorphism, respectively. Altogether, base
changes were detected in four tumors (36%). Three of them were missense mutations (G166S, W741C, M749I) and two were
silent polymorphisms. Interestingly, none of the tumors had AR amplification. These data suggest that different AR variants are
developed and selected for during various types of hormonal treatments, and also, that CAB achieved by orchiectomy and
bicalutamide does not act as a selective force for AR amplification. (Lab Invest 2001, 81:1647–1651).

D espite increased use of prostate specific antigen
(PSA) screening and improved diagnosis of

prostate cancer (CaP), 20% to 40% of CaPs are still
diagnosed at a clinically advanced stage (Scardino et
al., 1994) when cure by surgery is no longer possible.
Recurrence rates after radical surgery or radiotherapy
range from 25% to 50% (Dennis and Griffiths, 2000).
For these patients, palliative hormonal therapy re-
mains the only effective treatment.
Both surgically and chemically induced androgen

withdrawal therapies (AWT) cause a 95% reduction in
serum testosterone levels, but leave a substantial
amount of adrenal androgen precursors in the circulation
(Dennis and Griffiths, 2000; Labrie et al, 1993). The
concentration of dihydrotestosterone (DHT) in CaP tis-
sue is decreased only by about 60%, because adrenal
androgens are effectively converted into DHT in pros-
tate. To further inhibit action of the remaining androgens
at the level of androgen receptor (AR), antiandrogens are
generally combined with AWT to reach combined andro-
gen blockade (CAB) (Labrie et al, 1993). Although dis-
puted, CAB therapy seems to provide slight improve-
ment in 5-year survival over AWT (Prostate Cancer
Trialists’ Collaborative Group, 2000), and it has become

an approved treatment for advanced CaP. Up to 90% of
CaPs initially respond to hormonal therapy (Palmberg et
al, 1999), but eventually, they acquire a therapy-resistant
phenotype, resulting in disease recurrence after a few
months or years.
Occurrence of mutations in the AR has been sug-

gested to underlie CaP recurrence during CAB therapy
(Taplin et al, 1995, 1999). Interestingly, accumulation of
mutations at the codon 877 of the AR has been ob-
served in CaPs relapsed during CAB achieved by AWT
and flutamide (Taplin et al, 1999). However, previous
reports on the role of AR in CaP progression during CAB
therapy have shortcomings because they have not stud-
ied the possible involvement of other AR-related mech-
anisms, such as AR amplification, which has been found
in approximately 30% of AWT refractory CaPs, and they
have not examined AWT�bicalutamide refractory CaP
samples, although bicalutamide acts as a pure androgen
antagonist lacking the agonistic effects of flutamide, and
in adjunction with AWT, might provide more complete
androgen blockade than other antiandrogens in clinical
use.
Therefore, it can be hypothesized that the frequency

and spectrum of AR mutations in AWT�bicalutamide
refractory CaPsmay differ from those in AWT�flutamide
refractory ones. To test this hypothesis, we established
the frequency of ARmutations and amplifications in CaP
relapsed during first-line CAB achieved by orchiectomy
and bicalutamide.

Results and Discussion

Antiandrogens combined with AWT have proven to be
effective in the treatment of advanced CaP (Prostate
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Cancer Trialists’ Collaborative Group, 2000). Before
long, however, resistance to this therapy develops,
and an enigmatic problem is the process by which
cancer cells loose their hormonal control and escape
CAB.

AR protein is a key mediator of growth signaling in
the prostate, and to evaluate whether AR aberrations
are associated to CaP progression despite ongoing
CAB, we screened the coding region of the AR gene,
as well as analyzed the AR gene copy number, of 11
CaP tissue samples from patients who failed
orchiectomy�bicalutamide treatment. Interestingly,
none of the tumors showed AR amplification, whereas
amino acid changes and silent base substitutions
were detected in 27% and 18% of the tumors, respec-
tively (Table 1).

Previous studies have demonstrated that approxi-
mately one-third of the advanced CaPs develop hy-
persensitivity to adrenal androgens during AWT by
amplifying the AR gene (Bubendorf et al, 1999;
Koivisto et al, 1997; Linja et al, 2001). In the present
study, all tumors had a normal AR gene copy number.
To some extent this finding could be biased by the
small sample size, but in our opinion, a more likely
explanation for the total absence of AR amplification
among the orchiectomy�bicalutamide treated tumors
is the diminished availability of androgens at the AR.
Namely, in androgen deficient milieu caused by AWT,
AR gene amplification can be developed and selected
for to maintain androgen dependent growth of CaP,
but when bicalutamide is combined to block the
binding of residual androgens to the AR, an increase in
receptor copy number is not feasible any more due to
the lack of active ligand at the AR. Then, other
molecular mechanisms are evolved to cause therapy
resistance (Koivisto et al, 1998; Sadar et al, 1999).

Another important mechanism that may contribute
to failure of CAB therapy is a mutation of the AR gene
(Koivisto et al, 1998; Sadar et al, 1999). The selection
of AR variants during bicalutamide treatment has not
been studied previously, but mutations in the AR have
been documented in 31% to 50% of AWT�flutamide
refractory CaPs (Taplin et al, 1995, 1999). For exam-
ple, Taplin et al (1999) have identified AR mutations in
bone marrow metastases from 5 of 16 (31%) CaP
patients treated by AWT�flutamide. These mutations
resided in codon 877 of the AR gene and were found
to be activated by flutamide, but not by bicalutamide.
The frequency of mutations may, however, be an
underestimate, because the transactivating domain of
the AR was not studied. Other studies (Han et al, 2001;
Tilley et al, 1996) have indicated that the transactivat-
ing domain may harbor up to 50% of all mutations
when the whole AR gene was screened in hormone-
refractory CaP.

In the present study, using SSCP and sequencing,
we analyzed the coding sequence of the AR gene from
11 CaP samples (Table 1). Five base changes, of
which three lead to amino acid changes, were de-
tected in four tumors (36%). Four base substitutions
were located in the ligand binding domain and one in
the transactivating domain. The mutations were novel, Ta
bl
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except M749I that has previously been identified in
prostate cancer by Takahashi et al (1995). The alter-
ations were somatic, because the nonmalignant tissue
of the mutation-positive cases was found to harbor
wild-type AR.

Our data does not confirm the accumulation of AR
mutations at the codon 877 reported by Taplin et al
(1999), which is most likely due to the different anti-
androgen used (bicalutamide versus flutamide) in the
present study. This observation indicates that different
types of AR variants are developed and selected for
during bicalutamide and flutamide treatments and
supports the data by Han et al (2001), who suggested
that changes in the hormonal environment may drive
the selection of spontaneous somatic mutations that
provide a growth advantage for CaP. Although the
consequences of the detected mutations for AR func-
tion in vivo is beyond the scope of the present study
and remains an issue for further study, based on
previous reports on the function of AR variants found
in prostate cancer (Buchanan et al, 2001; Culig et al,
1993; McDonald et al, 2000; Sack et al, 2001; Taplin et
al, 1995; Thompson et al, 2001; Wang et al, 2000;
Zhao et al, 2000), it is tempting to predict that the
amino acid changes in the ligand binding domain
detected here alter the specificity of hormone binding,
such that activation of transcription can take place in
the presence of not only androgens, but also of other
steroid hormones and antiandrogens used in therapy.

Finally, several investigators have reported the par-
adoxical response (decrease in PSA, symptoms, and
objective signs) on withdrawal of bicalutamide in ap-
proximately 30% of the patients with progression on
luteinizing hormone-releasing hormone analogue and
bicalutamide treatment (Kelly, 1998; Sadar et al,
1999). It has been hypothesized that the androgen
receptor probably mutates and recognizes the antian-
drogen as a stimulator. In the present study, we were
not able to confirm this hypothesis, because none of
the tumors with mutated AR showed decreased serum
PSA level or alleviation of symptoms as a result of
antiandrogen withdrawal after clinical or biochemical
tumor recurrence.

In summary, we have for the first time studied the
frequency of mutated and amplified AR variants in
orchiectomy�bicalutamide refractory CaP and found
that AR mutations (4/11, 36%) outnumber AR ampli-
fication (0%). This is a novel and interesting observa-
tion suggesting that different types of AR alterations in
CaP are selected for during various types of hormonal
therapies.

Materials and Methods

Patient and Tumor Specimens

Seventy-nine patients, who experienced a local tumor
recurrence during hormonal therapy and were treated
with transurethral resection between 1994 and 1999 at
the Tampere University Hospital, were identified from
the database of the Department of Pathology. Twenty-
two percent (17/79) of these patients experienced a

relapse during first-line CAB therapy achieved by a
combination of orchiectomy and bicalutamide (Caso-
dex; dose 150 mg/d, Zeneca Pharmaceuticals,
Macclesfield, United Kingdom). After histological re-
view of the samples, 11 samples from eight patients
contained enough malignant material and were in-
cluded in the analyses.

All CaP samples were local recurrences. Local tu-
mor recurrence was evidenced by symptoms of ure-
thral obstruction and an increase in serum PSA levels.
TNM (tumor node metastasis)-stage of the tumors at
the time of diagnosis and histological differentiation of
the recurrent tumors are summarized in Table 1. The
clinical data were collected from the patient records.
For DNA extraction and fluorescence in situ hybridiza-
tion (FISH), representative tumor areas containing
more than 80% of malignant cells were selected by
histopathological examination of hematoxylin and
eosin-stained slides. Nonmalignant tissue was ob-
tained from all mutation positive patients. The re-
search protocol was approved by the Ethical Commit-
tee of the Tampere University Hospital.

Analysis of Gene Amplification by FISH

FISH was performed to sections of the formalin-fixed
tissues, and at least two sections were analyzed in
separate hybridizations. Five-�m sections were trans-
ferred onto TechMate slides (Dako A/S, Glostrup,
Denmark) and fixed overnight at 56°C. Two-color FISH
was performed using Spectrum Orange-labeled AR
probe (Vysis, Downer’s Grove, Illinois) and FITC-
labeled probe (DXZ1/BamX7) specific for the centro-
mere of the X chromosome. The treatment protocol for
formalin-fixed paraffin-embedded tumors (Paraffin-
Pretreatment Reagent; Vysis) was used with modifica-
tions. The slides were first deparaffinized and im-
mersed in 0.2N HCl for 20 minutes and incubated in
pretreatment-solution at 80°C for 30 minutes and in a
protease solution (0.5 mg/0.9% NaCl) for 10 minutes
at 37°C. The slides were then postfixed in 10%
formalin for 10 minutes, air-dried and denatured on a
heat block at 94°C for 5 minutes under coverslip in
buffer (100 mM Tris-HCl, pH 8.9, 1 M KCl, 15 mM
MgCl2, 500 �g/ml BSA and 0.5% Tween 20 [v/v]).
After dehydration, the slides were air-dried and incu-
bated with proteinase K (10 �g/ml PBS; Roche Mo-
lecular Biochemicals, Mannheim, Germany) for 10
minutes at 37°C. After dehydration and drying, slides
were hybridized overnight in a moist chamber at 37°C.
Hybridization mixture contained 1 �l of the both
probes and 8 �l hybridization buffer (Vysis). After
overnight hybridization, the slides were washed and
counterstained with 0.2 �M DAPI. The signals were
scored with a Leica DMRB fluorescence microscope
(Leica Microsystems, Wetzlar, Germany) equipped
with a double-band pass filter using x100 objective.
AR signal copy number was counted from at least 50
cancer cells. The AR signals were evaluated in relation
to the DXZ1 signals, and the AR gene was considered
to be amplified when the AR gene copy number was at
least three-folds higher than that of the DXZ1. Control
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hybridizations included previously analyzed tumors
with normal and elevated AR gene copy number.

PCR Single-Strand Conformation Polymorphism and DNA
Sequencing

DNA from paraffin-embedded tumor specimens was
isolated using standard phenol-chloroform extraction.
PCR was performed in a volume of 10 �l using
GeneAmp PCR System 9700 (Applied Biosystems
Inc., Foster City, California). Sample DNA (25 ng) was
amplified in 35 cycles of PCR (94°C for 30 seconds,
55–60°C for 30 seconds, and 72°C for 45 seconds).
Reaction mixture contained �1 PCR buffer (1.5 mM
MgCl2), 20 �M of each dNTPs, 0.6 U of AmpliTaqGold
DNA polymerase (Applied Biosystems), 0.4 �M of
each primer, and 0.4 �Ci [�-33P]-dCTP (�2,500 Ci/
mmol). PCR fragments were subsequently heat-
denatured and run for 15 to 24 hours at 800 V in �0.5
and �0.8 MDE gels (FMC BioProducts, Rockland,
Maine) containing 10% glycerol. After electrophoresis,
the gels were dried and exposed to Kodak BioMax MR
film (Kodak, Rochester, New York) for 1 day. The AR
gene from normal human DNA and exon 8 from
LNCaP cell line, containing a T877A mutation, were
amplified and run as controls along with the samples.
When band shift was noticed, PCR and SSCP were
repeated and aberrant band was cut from the gel,
reamplified, and sequenced. The sequencing was
carried out with the fmol™ DNA Cycle Sequencing
System (Promega Corp., Madison, Wisconsin) using
[�-33P]-dCTP label with the same primers as for PCR.
All potential mutations were sequenced on both DNA
strands. Sequencing gel electrophoresis was per-
formed using standard conditions.

Primers

Primers reported previously for exon 1 of the AR gene by
Tilley et al (1996) were used with the exception that the
region 40 thru 249 (coordinates from Lubahn et al., 1989)
was amplified with 5'-GGGGTAAGGGAAGTAG-
GTGGA-3' and 5'-CAGCAGCAGCAAACTGGC-3', and
region 1114 thru 1309 was amplified with 5'-
TACAAGTCCGGAGCACTGGA-3' and 5'-ATGCAGG-
CTCGCCAGGTC-3'. The DNA fragments in between
249 and 365 and 1410 and 1553 were not analyzed due
to their high GC and repeat sequence content. Primers
for exons 2 thru 8 were published previously (Koivisto et
al, 1997), except that exons 4, 7, and 8 were amplified
with the following pairs of primers 5'-GCATTGTGTGT-
TTTTGACCACTGATG-3' and 5'-GCAAAGGAGTTG-
GGCTGGTTG-3'; 5'-TCTAATGCTCCTTCGTGGGCA-3'
and 5'-CTCTATCAGGCTGTTCTCCCT-3'; and 5'-
AACCCTGTTTTTCTCCCT-3' and 5'-TTTCCC-
AGAAAGGATCTTGG-3', respectively.
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