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TABLE 1. Initial therapy at each stage in Japanese patients
No. T Stage (%)

Tlc T2a T2b T3a T3b

PADT 202 (35.7) 255 (40.6) 181 (43.0) 202 (57.1) 108 (67.5)
Radiation + ADT 37 (6.5 29 (4.6) 28 (6.7) 46 (13.0) 30 (18.8)
Radiation alone . 11 (1.9) 31 (4.9) 12 2.9)- 12 (3.4) . 3 (1.9
Prostatectomy + ADT 110 (29.5) 126(20.1) 105 (24.9) 63(17.8) 17 (10.6)
Prostatectomy 167 (29.5) 173(27.5) 88 (20.9) 29 (8.2) 2 (1.3)
Watchful waiting 39 (6.9 14 22 7. 2 (0.6) 0

Totals 566 628 121 354 160

Japanese Urological Association surveillance.*

TaBLE 2. PADT time trend in patients with LPC in United
States in 1989 to 2001°

% Risk Category

and PADT, are also important. Of course, it is essential to
include adverse effects and quality of life as additional end
points, rather than focusing only on efficacy end points.

Yrs High Intermediate Low In view of the current situation in Japan, where a large
1989-1992 46 8.9 32.8 number of patients with prostate cancer are receiving PADT
;ggg:iggg 12»‘7) ;i; 23-3 irrespective of age or disease state, we organized the J-CaP
19992001 14.2 197 482 Study Group.'? During the 3 years from 2001 to 2003,
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All patients treated with ADT as primary or adjuvant/neoadjuvant therapy in J-CaP database. A, patient age. B, T stage. T, treatment.
C, hormone therapy. D, hormone therapy clinical setting. Main, primary androgen depletion therapy. E, correlation between T stage and
hormone therapy. F, correlation between patient age and hormone therapy. G, correlation between Gleason score and hormone therapy.
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26,153 patients from 395 domestic facilities were enrolled in
this study. To be eligible for study inclusion a patient with
any disease stage had to start receiving any type of ADT
during this period. The figure shows patient age distribu-
tion, T stage, Gleason score, ADT clinical setting, ADT type,
and the relationship of ADT type to T stage, age and Gleason
score. The figure shows that many patients received PADT,
particularly using a combination of an LHRH agonist and
antiandrogen treatment, irrespective of age and Gleason
score. We are following these enrolled patients and we plan
to analyze progression-free, overall and cancer specific sur-
vival in relation to background variables, such as the clinical
setting of ADT (primary, neoadjuvant or adjuvant) and the
type of ADT (castration, LH-RH agonist and/or antiandro-
gen) with the ultimate goal of investigating the true signif-
icance of ADT for prostate cancer. At the same time we plan
to prepare nomograms of the results of ADT for use in
clinical practice.

CONCLUSIONS

Huggins et al first reported the effectiveness of ADT for
advanced metastatic prostate cancer.'® The Nobel Prize was
awarded for that work. About 40 years have passed since
then, during which the screening assay for prostate specific
antigen has been widely used, as evidenced by a marked
increase in cases of LPC at the time of detection. Clearly as
more men are screened and at older ages, local therapies
become less attractive. However, individuals desire therapy
because they have been told that they have cancer. In this
context active surveillance might be more popular, although
in the United States CaPSURE™ surveillance has shown an
increasing tendency toward electing PADT instead of active
surveillance. Moreover, in Japan many patients are treated
with PADT and men treated with active surveillance are
rare, irrespective of age.

However, the role of ADT for the treatment of prostate
cancer remains unchanged from that assigned to it 40 years
ago. In other words, clinicians still often adhere to the view of
ADT that prevailed in the age of Huggins et al of ADT as
palliative therapy® without an adequate evaluation of the
effectiveness of ADT for LPC or LAPC. Accurate evaluation of
the significance of ADT for LPC and LAPC is urgently needed
for better use to be made of this therapy in clinical practice.

Abbreviations and Acronyms
ADT = androgen deprivation therapy
EBRT = external beam radiotherapy
J-CaP = Japanese Prostate Cancer
LAPC = locally advanced prostate cancer
LHRH = luteinizing hormone-releasing hormone
LPC = localized prostate cancer
PADT = primary ADT
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Impact of IGF-I and CYP19 Gene Polymorphisms on the

Survival of Patients With Metastatic Prostate Cancer

Norihiko Tsuchiya, Lizhong Wang, Hiroyoshi Suzuki, Takehiko Segawa, Hisami Fukuda, Shintaro Narita,
Masaki Shimbo, Toshiyuki Kamoto, Kenji Mitsumori, Tomohiko Ichikawa, Osamu Ogawa, Akira Nakamura,
and Tomonori Habuchi
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Purpose
The prognosis of metastatic prostate cancer significantly differs among individuals. While various

clinical and biochemical prognostic factors for survival have been suggested, the progression and
response to treatment of those patients may also be defined by host genetic factors. In this study,
we evaluated genetic polymorphisms as prognostic predictors of metastatic prostate cancer.

Patients and Methods
One hundred eleven prostate cancer patients with bone metastasis at the diagnosis were

enrolled in this study. Thirteen genetic polymorphisms were genotyped using polymerase
chain reaction-restriction fragment length polymorphism or an automated sequencer with a
genotyping software.

Resuits )
Among the polymorphisms, the long allele (over 18 {CA] repeats) of insulin-like growth factor-|

(/GF-) and the long allele (over seven [TTTA] repeats) of cytochrome P450 (CYP) 19 were
significantly associated with a worse cancer-specific survival (P = .016 and .025 by logrank
test, respectively). The presence of the long allele of either the /GF-/ or CYP19 polymorphisms
was an independent risk factor for death (P = .019 or .026, respectively). Furthermore, the
presence of the long allele of both the IGF-I and CYP19 polymorphisms was a stronger

predictor for survival (P = .001).
Conclusion

The prognosis of metastatic prostate cancer patients is suggested to be influenced by intrinsic
genetic factors. The IGF-/ (CA) repeat and CYP19 (TTTA) repeat polymorphisms may be novel
predictors in prostate cancer patients with bone metastasis at the diagnosis.

J Clin Oncol 24:1982-1989. © 2006 by American Society of Clinical Oncology
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Prostate cancer is becoming one of the most com-
mon cancers in males in Japan.' The introduction
of prostate-specific antigen (PSA) screening has in-
creased the identification of early-stage prostate
cancer, and the establishment of surgica! and radia-
tion techniques may improve the outcome in these
patients. Meanwhile, the prognosis of metastatic
prostate cancer patients remains poor, although ap-
proximately 80% of untreated patients respond to
androgen deprivation therapy. However, it has also
been acknowledged that the prognosis of metastatic
prostate cancer differs significantly among individ-
uals.” The prediction of prognosis and stratifying
patients by their risk of progression are important
for personalized treatments and follow-up strate-
gies. To date, various clinical and biochemical pa-
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rameters as well as tumor characteristics have been
reported to predict the survival of patients with met-
astatic prostate cancer. As clinical and biochemical
factors, lower performance status, pain score, extent
of disease on bone scan, pretreatment serum testos-
terone, serum alkaline phosphatase (ALP) and acid
phosphatase, PSA, and lower hemoglobin (HGB)
were reportedly associated with treatment response
or patient survival.*” Pathologic and immunohisto-
chemical analyses also demonstrated that nuclear
texture, oligosaccharide sialyl Lewis (x), c-erbB-2
(Her2/neu), and tissue factor could be predictors
of survival.>*?

The factors indicating the characteristics of
cancer and polymorphisms as host genetic factors
possibly influence the prognosis of cancer. Recently,
various genetic polymorphisms were reportedly as-
sociated with a risk of prostate cancer although the

y KYUSHU UNIVERSITY 88B on March 19, 2008 from
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real influence of these polymorphisms remains controversial.'”'® It
has also been suggested that these polymorphisms may further modify
the progression of cancer and define the response to therapy as well as
cancer susceptibility. Since most prostate cancers show androgen-
dependent growth, many previous analyses were performed with an
-empbhasis on the polymorphisms of genes involved in biosynthesisand
the metabolism of steroids and androgens. The association with sus-
ceptibility to prostate cancer has so far been demonstrated in vitamin
D receptor (VDR), androgen receptor (AR), steroid-5-alpha-
reductase, alpha polypeptide 2 (SRD5A2), cytochrome P450 (CYP)
11A1, CYPI7, and aromatase (CYP19).'"'*'® Other genetic polymor-
phisms such as transforming growth factor beta 1 { TGF-81), cyclin D1
(CCND1), epidermal growth factor (EGF), human epidermal growth
factor receptor 2 (HER2/neu), insulin-like growth factor (IGF-I),
insulin-like growth factor binding protein-3 (IGFBP-3), and PSA have
also been evaluated on the basis of their functions as regulators of cell
cycle, differentiation, and apoptosis.'”>> Most of these studies were
designed to assess the association between polymorphisms and pros-
tate cancer risk, tumor grade, or extension at the time of diagnosis
using a case-control study model. To date, no definite host genetic
factors influencing the prognosis of advanced prostate cancer patients
have been reported. A long-term longitudinal study is required to
evaluate the real impact of polymorphisms on disease progression, as
well as treatment response or patient survival.
In this study, we analyzed 13 gene polymorphisms to examine the
hypothesis that polymorphisms as host genetic factors are associated
with the survival of metastatic prostate cancer patients.

S

Patients

From July 1980 to July 2003, 111 native Japanese patients with prostate
cancer with bone metastasis at diagnosis were enrolled in this study. The
patients were diagnosed at Akita University Hospital (Akita, Japan) and its
related community hospitals, Chiba University Hospital (Chiba, Japan) and
Kyoto University Hospital (Kyoto, Japan), and only incident cases were in-
cluded. This study was approved by the institutional review board (the ethical
committee) of the Akita University School of Medicine, the Chiba University
Graduate School of Medicine, and the Kyoto University Graduate School of
Medicine. Written informed consent was obtained from all patients for the use
of their DNA and clinical information.

All patients enrolled in this study had metastatic prostate cancer with no
previous treatments. Prostate needle biopsy specimens provided material for
pathologic diagnosis, and metastasis was identified by x-rays, computed to-
mography scans, or bone scintigraphy. After diagnosis, all patients underwent
surgical castration or luteinizing hormone-releasing hormone (LH-RH) ana-
logs with or without antiandrogens as the initial hormone therapy. Other
optional therapies, including estrogens, antiandrogen agents, steroids, pallia-
tive radiation, or a combination of these were added to or replaced by the
preceding therapies when treatment failure was noted. Pathologic grading of a
biopsied specimen was determined according to the General Rule for Clinical
and Pathological Studies on Prostate Cancer by the Japanese Urological Asso-
ciation and the Japanese Society of Pathology,>* which is based on the WHO
criteria and according to the Gleason score.™ All pathologic grading was based
on needle biopsy specimens judged by local pathologists with no designated
primary pathologist. Well-, moderately-, and poorly differentiated carcinomas
generally correspond to Gleason scores of 2 to 4, 5 to 7,and 8 to 10, respective-
ly.*25 As both grading systerns were used by local pathologists, the tumor
grade system was newly categorized as follows: low-grade cancer included
well-differentiated or Gleason 2 to 4 carcinomas; intermediate-grade cancer
included moderately-differentiated or Gleason 5 to 7 carcinomas; and high-

WWww.jco.org

grade cancer included poorly-differentiated or Gleason 8 to 10 carcinomas. In
10 patients, the final pathologic grade was not determined because no grade
information was described in the final report or a different grading system was
applied by the local pathologists. In this study, performance status and extent
of disease were excluded from the analysis because they are not objective and
may not be suitable in an inter-institutional study. Pretreatment HGB, ALP,
lactate dehydrogenase (LDH), and PSA levels were measured before the initial
treatment of prostate cancer and PSA was measured every 3 months thereafter.
An independent end point reviewer in each institution (H.S., T.S., and H.F.)
determined the cause of death on the basis of standardized extractions from
the patient files. For this determination, genotype data of patients were not
revealed to the reviewers.

Genotyping Analysis

Blood samples were collected from each patient and DNA was extracted
usinga QIAamp Blood Kit (QIAGEN, Hilden, Germany) or standard phenol-
chloroform. Polymorphisms of 13 genes consisting of VDR, AR, SRD5A2,
CYP11A, CYP17, CYP19, TGE-B1, CCNDI, IGF-I, IGFBP-3, PSA, EGF, and
HER2/neu were genotyped. The polymorphisms were chosen based on
literatures as the genes previously described to be associated with the
increased risk for prostate cancer or considered important for prostate
cancer biology.!'"'*'6?%%* The type, site, and primer sequences for each
polymorphism analyzed in this study are summarized in Table 1. Single
nucleotide polymorphisms (SNPs) and repeat polymorphisms were deter-
mined by polymerase chain reaction-restriction fragment length polymor-
phism and by an automated sequencer (ABI PRISM 310 Genetic Analyzer;
GMI Inc, Ramsey, MN) with GENESCAN software (Applied Biosystems,
Foster City, CA), respectively.

Statistical Analysis

The end point of this study was cancer-specific death defined as death
from prostate cancer or death from other causes strongly associated with
progression of disease. Survival time was calculated from the date of prostate
cancer diagnosis to the day of death due to cancer-specific death, with deaths
from other causes censored. To compare survival rates, patients were dichot-
omized by the median value of age and PSA, by normal limits in HGB, ALP,
LDH, by the tumor grade system (ie, high versus low/intermediate), and by
criteria previously reported in each polymorphism. For repeat-length poly-
morphisms, the number of repeats was dichotomized and the long allele of the
AR, CYP19, and IGF-I polymorphisms were defined as having more than 18
(CAG) repeats, more than seven (TTTA) repeats, and more than 18 (CA)
repeats, respectively according to the previous reports.' '*'>'%** Similarly, the
repeat number of the CYP11AI polymorphism was dichotomized by the
presence of four (TTTTA) repeats according to the previous study.'” Differ-
ences in survival were tested using the logrank test. Hazard ratios (HRs) and
95% Cls for cancer death were assessed by the Cox proportional hazard
regression models. Prostate specific antigen, HGB, ALP, and polymorphisms
of the IGF-I1and CYP19 were employed as a variable set in the analysis, model
A. Of the variable set, the IGF-I and CYP19 polymorphisms were replaced by a
combination of the two polymorphisms as an alternative analysis, model B.

Cancer-specific survival was estimated using the Kaplan-Meier
method. Median follow-up time was computed among censored cases. All
statistical analyses were performed using SPSS software version 12.0 (SPSS,
Inc, Chicago, IL) and two-sided P values < .05 were considered to indicate
statistical significance.

o

Patients and Treatment Characteristics

The mean age (* standard deviation) of the patients was
70.6 * 8.7 years (range, 45 to 89; median, 71 years). The mean
follow-up period was 46.3 = 33.4 months (range, 1 to 153; median, 37
months). Pretreatment PSA, HGB, ALP, and LDH levels are shown in
Table 2. Of 111 patients, bone metastasis alone, additional lymph node
metastasis, and other visceral metastasis were seen in 60 patients
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Table 1. List of Gene Polymorphisms Assessed in This Study
) Methods Primers
Type and Site of of Restriction
Genes Polymorphisms Analysis Forward Reverse Enzyme
VDR?® Bsm 1 3"UTR PCR-RFLP  5'-CAACCAAGACTACAAGTACCGCGTCAGTGA3' 5-AACCAGCGGGAAGAGGTCAAGGG3' Bsm1
AR" (CAGIn exon 1 GeneScan  5'-Hex-TCCAGAATCTGTTCCAGAGCGTGC-3' 5'-ACTGCGGCTGTGAAGGTIGCTGT-3" —
SRD5AZ'?  vsgL exon 1 PCR-RFLP  5'-GCCACCTGGGACGTTACTTICIG-3’ 5'-ACTGCGGCTGTGAAGGTIGCIGT-3’ Rsa
CYP11A1*®  (TTTTAIn promoter GeneScan 5'-Hex-GGTGAAACTGTGCCATTGCGCT-3" 5'-GTTATGGCCCCACTGTATAGACA3’ —
CYP17'4 T-34C promoter PCR-RFLP 5'-CCATTCGCACTCTGGAGTCAT-3’ 5'-GACAGGAGGCTCTTGGGGTA-3’ Msp Al
CYP19'® (TTTAN intron 4 GeneScan  5-Hex-TTATGAAAGGTAAGCAGGTACTTAG-3' 5'-GTCGTGAGCCAAGGTCACT-3' —
TGFR1%7 T29C exon 1 PCR-RFLP  5-TTCAAGACCACCCACCTTCT-3' 5'-TCGCGGGTGCTGTTGTACAZ’ MspAll
CCNDT1%8 A870G exon 4 PCR-RFLP  5°-GTGAAGTTCATTTCCAATCCGC-3' 5'-GGGACATCACCCTCACTTAC3’ Scr Fl
IGF-1 (CAIn promoter GeneScan 5’-Hex-GCTAGCCAGCTGGTGTTATT-3’ 5"-ACCACTCTGGGAGAAGGGTA3’ —
IGFBP-3#°  A-202C promoter PCR-RFLP  5'-CCGAGAGCGGAAGGGGTAAG-3' 5'-TGCTCAGGGCGAAGCACGGG3' Fsp1
PSA3! A-158G promoter PCR-RFLP B-ATCTCCTGAGTGCTGGTGTCTTA3’ 5'-GCAATTACTAGATCACCCTGGATG-3' Rsa 1
EGF? G61A exon 1 PCR-RFLP  5-TGTCACTAAAGGAAAGGAGGT-3' 5'-TTICACAGAGTTTAACAGCCC3' Alu1
HerZ/nev® 1655V exon 17 PCR-RFLP  5-AGAGAGCCAGCCCTCTGACGTCCAT-3' 5'-TCCGTTTCCTGCAGCAGTCTCCGCA-3' Bsm A1
Abbreviations: VDR, vitamin D receptor; AR, androgen receptor; SRD5A2, steroid-5-alpha-reductase, alpha polypeptide 2; CYP cytochrome; TGF-81, transforming
growth factor beta 1; CCND1, cyclin D1; IGF-/, insulin-like growth factor; IGFBP-3, insulin-like growth factor binding protein-3; PSA, prostate-specific antigen; EGF,
epidermal growth factor; HER2/neu, human epidermal growth factor receptor 2.

(54.1%), 37 patients (33.3%), and 14 patients (12.6%), respectively.
As the initial hormone therapy, surgical castration was selected in 57
patients (51.4%) and LH-RH analog was administrated in 54 patients
(48.6%), while 42 patients (37.8%) and 69 patients (62.2%) were
treated with monotherapy of surgical castration or LH-RH analogand
combined androgen blockade, respectively. None of the patients were
initially treated with anticancer drugs. Seventy patients (63.1%) had a
decreased PSA level < 4 ng/mlL, 36 patients (32.4%) did not achieve
normalized PSA, and there was no information regarding the lowest
PSA level in five patients (4.5%).

Survival Analysis
The 5- and 10-year cancer-specific survival of all patients was
40.1% and 22.2%, respectively, with a median survival time of 51

months. The survival was compared between two groups divided by
the median value of age and PSA at diagnosis, by the normal limit for
HGB, ALP, and LDH, and by tumor gradé (high versus intermediate/
low grade). Univariate analysis using the logrank test showed that a
PSA level above 260 ng/mL (P = .015), HGB below (P < .001) and
ALP above the normal limit (P < .001) were associated with poor
survival (Table 2). Age (P = .365), LDH level at diagnosis (P = .272),
and tumor grade (P = .084) were not influential factors of survival.
The genotype frequency of each SNP was indicated in Table 3.
The repeat number of the IGF-I (CA) repeat polymorphism ranged
from 15 to 21 and 18 genotypes were observed. The most frequent
genotype was 17/19 (21 patients), followed by 16/17 (13 patients),
18/19 (11 patients), 17/18 (nine patients), 16/19 (nine patients), 18/18

Table 2. Association of Clinical Factors at Diaénosis With Cancer-Specific Survival in Metastatic Prostate Cancer
Category No. of Patients Mean * SD Range Median P
Age, years . ~706 £87 45-89 71 .365
>71. 0 - o '
=71 o " 56 . : e :
PSA, ng/ml : 1,0956.9 + 2,174.8 15.0-12,490 260 .015
> 260 55
= 260 56
HGB, g/dI. ' . 2131 +£20 6.217.4 134 < .001
“Low S .26 ' :
. Normal - . - .- B S 85 . . L
ALP, 1V 611.1 = 7786 17-4,486 279 < .001
High- 50
Normal 61
LDH, U« -t ST .. 3158+ 180.8. 97-956 . .. 27 272
High =~ . ‘50 ’
Normal- - 61 .
Tumor gradet 315.8 = 180.8 97-956 277 272
High 72
Low/intermediate 29 .084
Abbreviations: SD, standard deviation; PSA, prostate-specific antigen; HGB, hemaglobin; ALP, alkaline phosphatase |U, international unit; LDH, lactate dehydrogenase.
*Log-rank test.
TLO?N intermediate, and high correspond to Gleason score 2-5, 6-7, and 8-10, respectively.
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Table 3. Association of Gene Polymorphisms With Cancer-Specific
Survival in Metastatic Prostate Cancer
Genes No. of Patients P*
VDR'® 0.985
bb 76
bB/BB " 34/t
ARM? 0.984
With long allele 79
Without long allele 32
SRD5A2'? 0.264
w 32
VULL 59/20
CYP11A1'3 0.948
With (TTTTA), allele 54
Without (TTTTAl, 57
allele
CYP17'4 0.288
T 26
TC/CC 55/30
CcYP19'® 0.025
With long allele 65
Without long allele 46
TGF-B1%7 0.807
T 45
TC/ICC 44/22
CCND1%8 0.999
AA 28
AG/GG 54/29
IGF-P® 0.016
With long allele 62
Without long aliele 49
IGFBP-3%° 0.819
AA 61
AC/CC 40/10
PSA3! o 0.771
[c{cRE 68
. GAIAA : . -54/14
EGF 0.163
GG 43
GAJAA 54/14
Her2/neu™ 0.274
It : 82
%% 28/1
Abbreviations: VDA, vitamin D receptor; AA, androgen receptor; SRD5A2,
steroid-5-alpha-reductase, alpha polypeptide 2; CYP cytochrome; TGF-81,
transforming growth factor beta 1; CCND?1, cyclin D1; IGF-I, insulin-like growth
factor; IGFBP-3 insulin-like growth factor binding protein-3; PSA, prostate-
specific antigen; EGF, epidermal growth factor; HERZ2/neu, human epidermal
growth factor receptor 2.
“Logrank test.
tLong allele: more than 23 (CAG) repeats.
$Long allele: more than 18 (CA) repeats.
8t ong allele: more than 7 (TTTA) repeats.
[Unpublished data.

(eight patients), 19/19 (eight patients), 16/18 (seven patients), 17/17
(seven patients), 15/19 (five patients), 19/20 (four patients), 16/16
(three patients), and others (one patient for each). The repeat number
of the CYP19 (TTTA) repeat polymorphism ranged from 7 to 13 and
seven genotypes were observed. The most frequent genotype was 7/7
(46 patients), followed by 7/11 (41 patients), 7/12 (12 patients), 11/11
(five patients), 11/12 (four patients); 7/13 (two patients), and 12/12
(one patient). The number of the CYP11 (TTTTA) repeat polymor-

www.jco.org

phism ranged from 3 to 9 and 9 genotypes were observed. The geno-
type frequency was as follows: 6/6 (39 patients), 4/6 (32 patients), 4/4
(19 patients), 6/8 (13 patients), 8/8 (three patients), 3/4 (two patients),
and others (one patient for each). The repeat number of the AR (CAG)
repeat polymorphism ranged from 18 to 37 and 18 genotypes were

- observed. The genotype frequency was as follows: 25 repeats (22 pa-

tients), 24 repeats (17 patients), 26 repeats (14 patients), 23 repeats (12
patients), 28 repeats (eight patients), 27 repeats (seven patients), 22
repeats (seven patients), 21 repeats (six patients), 19 repeats (four
patients), 30 repeats (four patients), 20 repeats (two patients), 32
repeats (two patients), and others (one patient for each).

Of 13 polymorphisms, two polymorphisms, the IGF-I (CA) re-
peat polymorphism and the CYP19 (TTTA) repeat polymorphism,
were associated with survival. Patients with at least one copy of the
long allele for the IGF-I polymorphism showed worse survival com-
pared with those without the long allele (P = .016; Table 3, Fig 1). The
rates of 10-year cancer-specific survival were 16.8% and 28.8%, and
the median survival time was 41 months and 61 months for patients
with and without the long allele of the IGF-I polymorphism, respec-
tively. Similarly, the survival of patients with at least one copy of the
long allele for the CYP19 polymorphism were worse than without the
long allele (P = .025; Table 1, Fig 2). The rates of 10-year cancer-
specific survival were 16.7% and 29.7%, and the median survival times
were 41 months and 61 months for patients with and without the long
allele of the CYP19 polymorphism, respectively.

Patients were classified into four groups according to the pres-
ence of the long allele of each polymorphism. Patients with long alleles
of both the IGF-I and CYP19 polymorphisms showed the worst pat-
tern in Kaplan-Meier plots. The P values of all three possible pair-wise
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Fig 1. Kaplan-Meier curve according to the /GF-/ polymorphism. Long allele is
more than 18 (CA) repeats.
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Fig 2. Kaplan-Meier curve according to the CYP19 polymorphism. Long allele is
more than 7 (TTTA) repeats.

logrank tests controlled by the worst pattern were less than .05 (Fig 3).
There were no significant differences in survival between three groups
except for the worst pattern. The rate of 10-year cancer-specific sur-
vival for patients with long alleles of both polymorphisms and other
combinations was 8.8% and 29.4%, respectively, and the median
survival times were 28 months and 61 months, respectively. The re-
maining 11 polymorphisms were not associated with patient survival.

Using five prognostic factors significantly determined by logrank
test of dichotomized groups on serum markers as well as gene poly-
morphisms, the Cox proportional hazard regression analyses were
performed against two models, A and B (Table 4). In model A, the
presence of at least one copy of either the long allele of the IGF-I or
CYP19 polymorphism was also an independent risk factor predicting
survival with HRs 0f 2.012 (95% CI, 1.120 to 3.623; P = .019) or 1.976
(95% CI, 1.086 to 3.595; P = .026) compared with no long allele,
respectively. Furthermore, in model B, the presence of one or more
copies of the long allele of both the IGF-I and CYP19 polymorphisms
was a stronger predictor for survival (HR, 2.570; 95% CI, 1.436 to
4.597; P = .001).

In metastatic prostate cancer, resistance to hormone therapy and the
androgen-independent growth of cancer cells are considered key fac-
tors of patient survival because hormone therapy is the standard and
main treatment in most of these patients.*** In this study, we evalu-
ated the polymorphisms of 13 genes previously reported to be associ-
ated with susceptibility to or progression of prostate cancer and found

1986

Fig 3. Kaplan-Meier curve according to combination of the two polymorphisms.
(A) Patients with the /IGF-1 long allele and the CYP19long allsle. (B) Patients with
the IGF-1 long allele and no CYP19 long aliele. {C) Patients with the CYP719 long
allete and no /GF-1long allele. {D) Patients with no /GF-1 long allele and no CYP19
long allele. /GF-/ long allele is more than 18 (CA) repeats. CYP19 long allele is
more than 7 (TTTA) repeats.

that the polymorphisms of IGF-I and CYP19 as well as conventional
biochemical markers (ie, pretreatment HGB, ALP, and PSA) were
independent predictors of survival.

IGF-I regulates cell proliferation, differentiation, apoptosis and
transformation through the IGF-1 receptor with both paracrine and
autocrine mechanisms, is required for development of the prostate
gland and is involved in prostate cancer.” IGF-I also activates the AR
directly in the absence of androgens, suggesting that IGF-I increases
prostate cancer cell growth in both an androgen-dependent and
androgen-independent manner.*® A prospective case-controlled
study demonstrated that men with high levels of serum IGF-I were at
an increased risk of developing clinically evident prostate cancer
within the next 5 to 10 years.*® Furthermore, a strong association
between the plasma level of IGF-I and extraprostatic and distant
metastatic prostate cancer was recently indicated in a relatively large
case-controlled study.’” The IGF-I contains a polymorphic region
composed of (CA) repeats approximately 1 kilo basepair upstream
from the transcription initiation site, which is suggested to influence
the gene transcription level.** Although the exact correlation between
the polymorphism and the circulating IGF-I level has not been fully
determined, several studies suggest that serum IGF-I levels increase
with the number of 19-alleles.***! A recent large cohort study dem-
onstrated that the serum IGF-I level was significantly higher in carriers
of the 192-bp allele, which corresponds to the 19 (CA) repeats allele,
than noncarriers of the allele.*’ The same group further reported that
the significantly higher serum IGF-I level was observed in carriers of
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Table 4. Cox Proportional Hazard Regression Analysis of Predicting Factors
for Cancer-Specific Survival of Metastatic Prostate Cancer Patients
Cancer-Specific Survival
Variables HR 95% Cl P
Model A
PSA, ng/ml
> 260 1.923 1.043 to 3.544 .036
= 260 :
HGB, g/dl
Abnormal 2.833 1.488 10 5.405 .002
Healthy
ALP, U .
Abnormal 1962 1091103529  .024
Healthy;
IGF-1
With 2.012 1.120 10 3.623 .019
Without fong allele” ‘
CYP19
‘With 1.976 1.086 t0 3.595 .026
Without fong allelet
Model B
PSA, ng/ml
> 260 1.765 0.966 to 3.225 .064
= 260
HGB, g/dl
Abnormal 2.725 1.43910 5.155 .002
Healthy
ALP, IU
Abnormal 2.072 1.156 10 3.712 .014
Healthy
Combination of IGF-l and CYP19
With long alleles of both two 2.570 1.436 to 4.597 .001
polymorphisms
Others
Abbreviations: HR, hazard ratio; PSA, prostate-specific antigen; HGB, hemoglo-
bin; ALP, alkaline phosphatase; /GF-/, insulin-ike growth factor; CYP, cytochrome.
“Long allele: more than 18 {CA) repeats.
tLong allele: more than 7 {T7TA) repeats.

192-bp or 194-bp which is identical to the long allele in this study.*?
Thus, the cut off point employed in this study is considered to be
appropriate. Meanwhile, some conflicting results in regard to the
association between the IGF-I polymorphism and serum IGF-I lev-
el.**** Additional studies are needed to clarify the effect of the poly-
morphism on not only the serum IGF-I level, but also on the tissue
IGF-Ilevels in the prostate.

It is known that the 19 (CA) repeat allele of the IGF-I poly-
morphism predicted a susceptibility to several types of cancer.*®
Recently, we demonstrated that the 19 (CA) repeat allele carriers had
a significantly increased risk for prostate cancer or BPH compared
with noncarriers of the allele.”® Although no association between the
aggressiveness of prostate cancer and the IGF-I polymorphism were
observed in our previous case-control study,” this study suggested
that the 19 or more (CA) repeat allele is associated with the aggressive
phenotype or resistance to hormone therapies in advanced prostate
cancer. In an animal study, transgenic adenocarcinoma of a mouse
" prostate (TRAMP) model showed an increased expression level of
IGF-ImRNA in prostate tissue with cancer progression and metasta-
sis.*® Since IGF-I stimulates the growth of both metastatic and
androgen-independent prostate cancer cells, these results indicate that
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a higher level of circulating and/or intra tumor IGF-I as influenced by
the IGF-I polymorphism might have a significant impact on the sur-
vival of metastatic prostate cancer patients. If the results are confirmed
in larger studies, modification of the IGF-I level or IGF-I signaling
may be a promising therapeutic target for the treatment of advanced
prostate cancer. -

Aromatase encoded by CYPI9 is a key enzyme that converts
testosterone into estrogen in males, and is suggested to play an
important role in the development of benign prostate hyperplasia
and prostate cancer.”’ The CYPI9 has a tetranucleotide (TTTA)
repeat polymorphism in intron 4 and the polymorphism is report-
edly associated with a risk of breast cancer, prostate cancer, and
postmenopausal bone metabolism.'®***° The biologic function of
the CYPI9 polymorphism in enzyme activity or the expression
level of aromatase has not been clarified. Because the polymor-
phismislocated in the midportion of the intron, it is not likely to be
associated with regulation of the transcript, splicing, or alteration
of enzyme activity, but it may influence mRNA stability or in
linkage disequilibrium with unidentified functional polymor-
phisms. Recently, Haiman et al*® demonstrated that the presence
of at least one allele more than 7 (TTTA) repeats of the CYP19
polymorphism was associated with a lower level of plasma andro-
stendion, a higher level of estrogens, and a higher estrone to an-
drostendione ratio. Therefore, we used the 7 (TTTA) repeats as a
cut off in this study, and other studies also used a similar cut
off.'**® Although we did not measure pretreatment testosterone
levels, our results are in line with previous reports which indicated
that a lower pretreatment testosterone level predicted a lower
response to hormone therapy and poor survival for patients with
metastatic prostate cancer.”® Advanced prostate cancers are
adapted for a lower androgen environment and may achieve
hormone-independent cell growth earlier in the clinical course.
Those cancers are suggested to resist various hormone therapies.?
However, as the circulating testosterone level has a circadian vari-
ation and is influenced by aging, it seems difficult to prove an
association between the testosterone level and the polymor-
phisms.*® A recent study observed no association between the
CYP19 polymorphism and susceptibility or aggressiveness of pros-
tate cancer, suggesting that the racial or environmental difference
also influence the significance of the polymorphisms in a develop-
ment or progression of the cancer.”™ In Japanese population, the
prognosis of metastatic prostate cancer is possibly affected by the
CYP19 polymorphism affecting the testosterone metabolism.

Androgen ablation therapy has been the standard treatment for
metastatic prostate cancer since Huggins reported for the first time in
1941.>> However, once cancer cells achieve resistance to hormone
therapy, the mean survival is only approximately 12 months. Recently,
two studies demonstrated a moderate survival benefit treated with
chemotherapy using a taxane analog in hormone-refractory advanced
prostate cancer.”*>> However, the timing and target of this chemo-
therapy remain a controversial issue. Such chemotherapy at an earlier
stage after diagnosis may further improve the prognosis of patients
with poor survival, which may be defined by genetic polymor-
phisms as well as conventional risk factors. These results may
provide a basic concept that this therapeutic modality, including
the administration of early chemotherapy, may be modified ac-
cording to the genetic polymorphism. Furthermore, the modifica-
tion of the activity of the CYP19 enzyme or the IGF-I signaling
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pathway may be a promising therapeutic target for the treatment of

metastatic prostate cancer.

Interestingly, although recent programs on large-scale SNPs in-
stituted by public and private initiatives are expected to reveal disease-
associated genes,>>* the significant results with polymorphisms obtained
in this- study were from both simple dinudleotide repeat polymor-
phisms. Although we do not know whether there are any other significant
SNPs in the vicinity of or linked with dinucleotide repeat polymor-
phisms, our results may underscore the importance of simple repeat
polymorphisms in the genesis and progression of common diseases.
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A cell line that we designed, AILNCaP, proliferated
in androgen-depleted medium after emerging from
long-term androgen-depleted cultures of an an-
drogen-sensitive prostate cancer cell line, LNCaP.
Using this cell line as a model of progression to
androgen independence, we demonstrated that
the activity of the mammalian target of rapamycin/
p70 S6 kinase transduction pathway is down-reg-
ulated after androgen depletion in LNCaP, whereas
its activation is related to transition of this cell line
to androgen-independent proliferation. Kinase ac-
tivity of protein kinase C{ is regulated by androgen
stimulation in LNCaP cells, whereas it is activated
constitutively in AILNCaP cells under androgen-
depleted conditions. Treatment with a protein ki-
nase C{ pseudosubstrate inhibitor reduced p70 S6
kinase activity and cell proliferation in both cell
lines. We identified that both protein kinase CZ and
p70 S6 kinase were associated in LNCaP cells and

this association was enhanced by the androgen
stimulation. We examined the expression of phos-
pho-protein kinase C{ and phospho-p70 S$6 kinase
in hormone-naive prostate cancer specimens and
found that the expression of both kinases was cor-
related with each other in those specimens. Signif-
icant correlation was observed between the ex-
pression of both kinases and Ki67 expression.
Most of the prostate cancer cells that survived
after prior hormonal treatment also expressed
both kinases. This is the first report that shows the
significance of this pathway for both androgen-
dependent and -independent cell proliferation in
prostate cancer. Our data suggest that protein ki-
nase C{/mammalian target of rapamycin/S6 kinase
pathway plays an important role for the transition
of androgen-dependent to androgen-independent
prostate cancer cells. (Molecular Endocrinology
20: 3053-3069, 2006)

INCE DEMONSTRATION BY Huggins and
SHodges in the early 1940s that growth and sur-
vival of the prostate gland depends upon androgens
(1), the mainstay of treatment for advanced prostate
cancer has been androgen ablation. However, the vast
majority of patients ultimately relapse after a period of
initial response to this therapy, developing androgen-
independent prostate cancer. Molecular mechanisms
involved in prostate-cell proliferation in response to
androgen, as well as emergence of androgen-inde-
pendent prostate cancer, are under active investiga-
tion (2-14).

First Published Online August 24, 2006

Abbreviations: aPKC, Atypical PKC; AR, androgen recep-
tor; CSFBS, charcoal-stripped fetal bovine serum; HEK, hu-
man embryonic kidney; mTOR, mammalian target of rapa-
mycin; PDK-1, 3-phosphoinositide-dependent protein kinase
1; PISK, phosphatidylinositol 3-kinase; PKC, protein kinase
C; PSA, prostate-specific antigen; TMA, tissue microarray.

Molecular Endocrinology is published monthly by The
Endocrine Society (http://www.endo-society.org), the
foremost professional society serving the endocrine
community.

The LNCaP cell line was established from supracla-
vicular lymph node metastasis of human prostate can-
cer (15). Regardless of its expression of a promiscuous
gain-of-function mutant androgen receptor (AR) in
LNCaP cells, androgens regulate their growth and ex-
pression of prostate-specific genes, such as the pros-
tate-specific antigen (16). Due to this androgen-sen-
sitive characteristic, the LNCaP cell line has become a
widely used model for in vitro prostate cancer re-
search. Although acute androgen ablation results in
growth arrest without inducing apoptosis in the cell
lines, long-term androgen ablation transforms a sub-
population to androgen-independent clones (17).
Thus, a number of androgen-independent LNCaP
sublines have been developed in different laboratories
(3, 17-20).

During the past decade, many reports have demon-
strated that TOR (target of rapamycin) participates
importantly in controlling cell growth, proliferation, and
metabolism (21, 22). Regulation by TOR extends to a
wide array of cellular functions including transiation,
transcription, mRNA turnover, protein stability, actin
cytoskeletal organization, and autophagy (21-23).
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The best-characterized downstream targets of
mammalian target of rapamycin (mTOR) in mammalian
cells include two signaling pathways that regulate
translation: the 70-kDa ribosomal protein S6 kinase
(S6K) pathway, and the eukaryotic translation initiation
factor 4E-binding protein (4EBP1) pathway (22). Both
4E-BP and S6K pathways contribute to regulation of
cell-cycle progression by TOR (22, 24). S6K is the
well-known ribosomal protein S6 kinase in mammalian
cells (22, 24). Microinjection of neutralizing anti-S6K
antibodies can block mitogen-induced progression
from the G1 to the S phase of the cell cycle (25).
Phosphorylation of S6K contributes to an increase in
kinase activity, which increases degrees of phosphor-
ylation in ribosomal S6 polypeptides (26). S6 phos-
phorylation stimulates translation of mRNAs with 5'-
terminal oligopyrimidine tracts (26). These terminal
oligopyrimidine-containing mRNAs often code for
components of the protein synthesis apparatus (26).
Hence, S6K enhances the translational capacity of
cells.

Multiple additional effectors for S6K include Cdc42
(27), Rac (27), 3-phosphoinositide-dependent protein
kinase-1 (PDK-1) (28), and atypical protein kinase C
(@aPKC) (29, 30). In coexpression experiments, a
kinase-inactive mutant of the aPKC isoform PKC¢
antagonized activation of S6K by epidermal growth
factor, PDK-1, and activated Cdc42 and phosphati-
dylinositol 3-kinase (PI3K) (29). This suggested that
PKC¢ participates in activation of multimetric PI3K-
S6K signaling complexes. PKC{ has been identified as
a downstream target of PI3K (31, 32). Differing from
conventional and novel classes of PKCs, PKC? does
not require diacylglycerol or calcium for activation (33~
35). Additionally, PKC{ has been suggested to be in-
volved in several growth-related processes (36), and
PDK-1 has been suggested as an activator of PKC{
(31, 32).

_ In this study, we established a prostate cancer cell
line, AILNCaP, that proliferated under androgen-de-
pleted conditions after emerging from long-term, an-
drogen-depleted culture of an androgen-sensitive
prostate cancer cell line, LNCaP. We used this model,
which mimics the situation in patients subjected to
androgen ablation therapy who eventually became re-
fractory to treatment, to investigate the role of intra-
cellular signaling pathways in progression to androgen
independence in prostate cancer.

We demonstrated that the mTOR/S6K signaling
pathway is activated in an androgen-dependent man-
ner in LNCaP cells but is activated constitutively in
AILNCaP cells under androgen-depleted conditions.
We also found that phosphorylation of PKC{ is regu-
lated by androgen stimulation in LNCaP cells while
being active in AILNCaP cells even under androgen-
depleted conditions. Using a myristoylated PKC7
pseudosubstrate inhibitory peptide, which is specific
for atypical PKC, we demonstrated that PKC¢ is re-
quired for S6K activation and cell proliferation in both
LNCaP and AILNCaP cells.

RESULTS

Characterization of Androgen-Iindependent Cell
Lines AILNCaP :

As previously described (37, 38), short-term androgen
deprivation in LNCaP cells results in cell-cycle arrest in
G, rather than apoptosis. Here, instead of cell-cycle
arrest, AILNCaP cells could proliferate even though
they were cultured in androgen-deprivation medium,
representing androgen-independent cell proliferation
(Fig. 1A). To identify the mechanisms that may be
responsible for androgen-independent proliferation of
these AILNCaP cells, we first examined whether mu-
tations of the AR gene in addition to T877A sponta-
neously occurred in AILNCaP. We did not find any AR
mutations except for T877A, which also was present in
the parental LNCaP cells (data not shown). Next we
used Western blotting to compare AR expression be-
tween these cell lines, and it was revealed that AR
expression in AILNCaP cells increased 2.2-fold over
that in LNCaP cells (Fig. 1B). In fact, AILNCaP cells
expressed prostate-specific antigen (PSA) in response
to R1881 stimulation, but needs much higher dose of
R1881 stimulation for PSA expression both in mRNA
and protein levels than LNCaP cells did (Fig. 1C). We
then examined whether low-dose androgen increases
the cell proliferation of AILNCaP cells. Our results
showed that low-dose androgen stimulation such as
0.001 nm of R1881 did not induce up-regulation of S
phase in AILNCaP cells and the proportion of cells in
S phase was most abundant under androgen depleted
conditions (Fig. 1D). On the other hand, LNCaP cells
entered S phase with 0.1 nm of synthetic androgen
(R1881) stimulation after 96-h culture in charcoal-
stripped fetal bovine serum (CSFBS) (Fig. 1D). To fur-
ther examine the role of an extremely low concentra-
tion of androgen retained in CSFBS in the proliferation
of AILNCaP cells, those cells were cultured in 1 um of
bicalutimide, which could inhibit cell proliferation of
LNCaP cells under normal serum. Qur results demon-
strate that AILNCaP cells showed no attenuation in
cell proliferation at 1 um of bicalutamide treatment
(Fig. 1E). Hence, AILNCAP cells do not scavenge re-
sidual androgen from the CSFBS medium. These re-
sults indicate that hypersensitivity to androgen may
not cause the androgen-independent cell proliferation
of AILNCaP cells.

Androgen Deprivation Reduced Expression of
Phosphorylated S6K as Well as the Amount of
S§6K Expression, Whereas They Are Constitutively
Activated in AILNCaP under Androgen-Depleted
Conditions

To investigate the mechanisms of how LNCaP cells
becomes androgen-independent in cell proliferation,
we first examined the differences of Erk and p38MAPK
pathways in both cells (LNCaP and AILNCaP). It is well
characterized that activation of Ras/ERK/MAPK cas-
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Fig. 1. Effect of Androgen Deprivation and Stimulation in LNCaP Cells and AILNCaP Celis

A, LNCaP cells were cultured in phenol red-free RPMI +10% CSFBS for 96 h and then 1 X 105 cells were seeded into 12-well
plates (d 0). After 24 h, they were grown in 10% normal serum (FBS) (filled squares) or 10% CSFBS (open squares) for the indicated
days. Cells were counted in a hemocytometer in quadruplicate. AILNCaP cells growing in phenol red-free RPMI + 10% CSFBS
(open diamonds) also were analyzed. B, After 24 hin RPMI -+ 10% FBS, LNCaP cells were deprived of androgen in phenol red-free
RPMI + 10% CSFBS for 96 h and total cell lysates were analyzed. AILNCaP cells in growth phase cultured in phenol red-free
RPMI + 10% CSFBS also were analyzed, as were LNCaP cells in growth phase in RPMI + 10% FBS. Total celi extracts were
analyzed for AR by Westemn blotting. The number under each lane of B-actin expression indicates the relative intensity of each
AR expression normalized to B-actin expression. C, Dose-dependent expression analysis of PSA. After 24 h in RPMI + 10% FBS,
LNCaP cells were depleted of androgen by culture in phenol red-free RPMI + 10% CSFBS for 96 h; then the indicated dose of
synthetic androgen (R1881) was provided for 24 h. After 48 h in phenol red-free RPMI + 10% CSFBS, AILNCaP cells were treated
with the indicated dose of synthetic androgen (R1881) for 24 h. Total cell extracts or RNA were analyzed for PSA by quantitative
{upper panel) and conventional RTPCR (midadle panel) or by Western blotting (fower panel). D, Percentages of LNCaP cells and
AILNCaP cells in S phase determined by flow cytometry. LNCaP cells were cultured in phenol red-free RPMI + 10% CSFBS for
96 h and then the indicated dose of synthetic androgen (R1881) with 10% CSFBS or 10% FBS without R1881 was provided for
84 h. AILNCaP cells were cultured in phenol red-free RPMI +10% CSFBS and stimulated with indicated concentration of R1881
for 84 h before trypsinization and fixation. Values represent the mean + sp derived from three independent experiments. All
experiments were repeated at least three times. E, LNCaP cells were cultured in RPMI +10% FBS and then 1 x 10° cells were
seeded into 12-well plates. AILNCaP cells were cultured in phenol red-free RPMI + 10% CSFBS and 1 X 10° cells seeded into
12-well plates also were analyzed. After 24 h, they were grown in RPMI +10% FBS (LNCaP) or phenol red-free RPMI +10%
CSFBS (AILNCAP) with or without 1 um of bicalutamide for 120 h. Cells were counted in a hemocytometer in quadruplicate. Data
in panels represent the mean cell numbers relative to those without bicalutamide treatment * sp (error bars).
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cade plays significant roles in transition of prostate
cancer to androgen-independent growth (39-41).
Phosphorylated form of p38MAPK showed no signif-
icant difference between LNCaP and AILNCaP cells in
the androgen-depleted conditions; however, phos-
phorylated Erk increased by1.5-fold in AILNCaP in
comparison to LNCaP cells under the same cuiture
conditions (Fig. 2A). To elucidate the role of this acti-
vation in transition of androgen-independent cell pro-
liferation, we have examined the effect of PD98059
(MAPK kinase 1 inhibitor) on proliferation of AILNCaP
cells. A 10-um concentration of PD98059 could inhibit
the expression of phosphorylated Erk significantly;
however, this had a faint effect on the cell proliferation
in AILNCaP cells (Fig. 2B). These results suggest that
MAPK kinase signaling pathways are not predomi-
nantly responsible for androgen-independent cell pro-
liferation in AILNCaP cells.

Next, we hypothesized that S6K inactivation could
occur in LNCaP cells during androgen depletion be-
cause p70S6 kinase (S6K) has been reported to be an
important regulator of cell proliferation (24, 25). In-
deed, androgen deprivation reduced expression of
both phosphorylated (Thr-389 and Ser-371) and total
S6K expression in LNCaP cells, which resulted in re-
duction of S6K signaling. Additionally, the same trend
was observed in the downstream target of S6K, S6
pathways (Fig. 2C). Moreover, androgen stimulation
up-regulated the phosphorylation of S6K in LNCaP
cells (Fig. 2D), which reflects the kinase acitivity of
S6K. The kinase activity of S6K was reduced to 30%
in LNCaP cells under androgen deprivation and it was
partially restored by stimulation with synthetic andro-
gen (Fig. 2E). Additionally, S6K kinase activity in
AILNCaP cells under androgen-depleted conditions
was up-regulated about by 2.6-fold over that in LNCaP
cells under the same condition (Fig. 2E). Taken to-
gether, the kinase activity of S6K is partly regulated by
androgen stimulation in LNCaP cells and it is activated
constitutively in androgen-independent AILNCaP celis
in the absence of androgen stimulation.

mTOR/S6K Signaling Pathway Is Required for
Cell Proliferation in AILNCaP Celis

One main regulator of T389 phosphorylation that is
crucial to activation of S6K (26, 42) is mTOR (43). We
therefore treated cells with a specific inhibitor for
mTOR, rapamycin, in the presence or absence of an-
drogen to test whether androgen stimulation indepen-
dently regulates S6K. This treatment abolished T389
phosphorylation of S6K in LNCaP cells regardiess of
androgen stimulation (Fig. 3A), suggesting that andro-
gen acted upstream of mTOR. Moreover, treatment
with rapamycin also reduced T389 and S371 phos-
phorylation of S6K in AILNCaP cells (Fig. 3B). Addi-
tionally, treatment with rapamycin partially inhibited
the G1/S transition in LNCaP cells under normal serum
and AILNCaP cells subjected to androgen deprivation.
All these results suggest that activation of mTOR/S6K

Inoue et al. » Androgen, PKC¢, S6 Kinase, and Prostate Cancer

signaling pathway was also required for androgen-
dependent cell proliferation in LNCaP cells and andro-
gen-independent cell proliferation in AILNCaP cells
(Fig. 3C). - :

No Significant Activation of AKT or TSC2 Is
Observed in AILNCaP Cells Compared with Their
Parental LNCaP Celis

Because earlier studies indicated that mTOR/S6K ac-
tivation depends largely upon PI3K-dependent signal-
ing (44, 45), we examined the effect of androgen de-
privation upon activities of PI3K downstream targets
(Akt and PDK-1) by Western blotting. The phosphor-
ylated form of Akt and PDK-1 in LNCaP cells under
androgen deprivation slightly increased by 1.3- and
2.0-fold, respectively, over those under normal serum,
so neither was significantly responsible for S6K down-
regulation in this condition (Fig. 4A).

We next examined TSC2 protein expression by
Western blot analysis. TSC2 is a downstream target of
the PI3K/Akt pathway, showing activity that negatively
regulates the mTOR/S6K pathway (22, 23, 46, 47).
Neither level of phosphorylation of TSC2 nor total
TSC2 protein differed significantly between the two
cell lines in androgen-depleted condition (Fig. 4B)

Based on these results, we investigated whether
phosphorylation of S6K is PI3K sensitive, especially
under androgen-depleted conditions in prostate can-
cer cells. Indeed, under androgen-depieted condi-
tions, treatment with PI3K inhibitors, LY294002 or
wortmannin, reduced phosphorylation of S6K (Fig.
4C). Interestingly, there was a difference in the level of
86K phosphorylation on threonine 389 with treatment
of PI3K inhibitors, which was also reflected by the
extent of S6K target protein S6 phosphorylation be-
tween LNCaP and AILNCaP cells (Fig. 4C). On the
other hand, some discrepancies were evident be-
tween degree of attenuation of Akt phosphorylation
and S6K phosphorylation by PI3K inhibitors in both
cell lines (Fig. 4C). Considering that the phosphoryla-
tion status of Akt showed no significant difference
between LNCaP cells and AILNCaP cells under andro-
gen deprivation (Fig. 4C), other kinases downstream of
PI3K as opposed to Akt might play major roles in
mTOR/S6K activation in these cell lines.

Androgen Stimulation in LNCaP Cells Activates
PKC{, which Is Active in AILNCaP Celis without
Androgen Stimulation

Recent studies suggested that PKC { is an upstream
activator of S6K (29, 30) and that PKC{/S6K signaling
pathway regulates cell proliferation of prostate cancer
in a murine prostate cancer model (48). So, we exam-
ined phosphorylation of the threonine residue (Thr410)
of PKC{ in LNCaP cells and in AILNCaP cells. In
LNCaP cells, androgen deprivation induced PKC¢ de-
phosphorylation of Thrd10 (Fig. 5A, upper panel). In
contrast, phosphorylation at Thr410 could be seen in
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Fig. 2. The mTOR/S6K Signaling Pathway Is Regulated by Androgen Stimulation in LNCaP Cells and Is Activated in AILNCaP
Cells without Androgen Stimulation

A and C, After 24 h culture in RPMI + 10% FBS, LNCaP cells were deprived of androgen in phenol red-free RPMI + 10%
CSFBS for the time indicated, and total cell lysates were analyzed. AILNCaP cells in growth phase cultured in phenol red-free
RPMI + 10% CSFBS also were analyzed, as were LNCaP cells in growth phase in RPMI + 10% FBS. Total cell extracts were
analyzed for Erk phospho-T202/Y204 (p-Erk), p38MAPK phospho-T180/Y182 (p-p38MAPK)}, S6K phospho-T389 (p-S6KT389),
86K phospho-S371 (p-S6KS371), S6 phospho-S235/236 (p-S6), Erk, p38MAPK, S6K, and $S6. The number under each lane of .
B-actin expression indicates the-relative intensity of each phospho-Erk (A) or phospho-S6KT389 (C) expression normalized to
B-actin expression. B, Upper panel, AILNCaP cells cultured in pheno! red-free RPMI + 10% CSFBS were seeded 1 x 10° cells
per wellinto 12-well plates (d 0). After 24 h, they were grown in phenol red-free RPMI + 10% CSFBS in the absence (filled squares)
or presence of 10 um PD98059 (open diamonds) for the indicated days. Cells were counted in a hemocytometer in quadruplicate.
Left lower panel, Percentages of AILNCaP cells in S phase (white bars) and sub-G1 fraction (black bars) determined by flow
cytometry. AILNCaP cells were cultured in phenol red-free RPMI + 10% CSFBS in the absence (—) or presence (+) of 10 um
PDI8059 for72 h before trypsinization and fixation. Values represent the mean =+ sp derived from three independent experiments.
Right lower panel, After 48 h in phenol red-free RPMI + 10% CSFBS, AILNCaP cells were treated with 10 um of PD98059 for 2 h.
Total cell extracts were analyzed for Erk phospho-T202/Y204 (p-Erk) and Erk. D, After 24 h in RPMI + 10% FBS, LNCaP cells
were deprived of androgen in phenol red-free RPMI + 10% CSFBS for 96 h; then the indicated final concentration of synthetic
androgen (R1881) was added for 24 h. Total cell extracts were analyzed for S6K phospho-T389 {(p-S6KT389) and for S6K. The
number under each lane of B-actin expression indicates the relative intensity of each phospho-S6KT389 expression normalized
to p-actin expression. E, S6K activity assays were carried out after growth of LNCaP cells in RPMI + 10% FBS as well as AILNCaP
cells in phenol red-free RPM! + 10% CSFBS. LNCaP cells deprived of androgen in phenol red-free RPMI +10% CSFBS for 96 h
and then stimulated with 10 nm of synthetic androgen (CSFBS+, R1881+), or sham-stimulated (CSFBS-+, R1881 —), for 24 h were
also analyzed. S6K activity results are expressed as mean activities relative to those in androgen-depleted LNCaP cells after 120 h
(CSFBS+, R1881-), =+ sp (error bars) of (n) determinations. Asterisks indicate P < 0.01 for comparisons of S6K fold activities of
LNCaP cells under CSFBS (CSFBS+, R1881—) values vs. others indicated. All experiments were repeated at least three times.
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Fig. 3. Action of mTOR/S6K Is Essential for Cell Proliferation in Prostate Cancer Cells

A, After 24 h in RPMI + 10% FBS, LNCaP cells were cultured in phenol red-free RPMI + 10% CSFBS with or without 0.1 nm
synthetic androgen R1881 for 48 h. LNCaP cells then were treated with 0.1 nm or 1 nm rapamycin for 24 h in the presence or
absence of 0.1 nm R1881. Total cell extracts were analyzed for S6K phospho-T389 (p-S6KT389) and for S6K. B, After 48 h in
phenol red-free RPMI + 10% CSFBS, AILNCaP cells were treated with 0.1, 0.5, 1, 5, or 10 nm rapamycin for 24 h. Total cell
extracts were analyzed for S6K phospho-T389 (p-S6KT389) and S6K phospho-S371 (p-S6KS371). C, Cell-cycle distribution was
determined by flow cytometry. After 24 h in RPMI + 10% FBS (LNCaF) or in phenol red-free RPMI + 10% CSFBS (AILNCaP),
LNCaP cells and AILNGaP cells were cultured with or without rapamycin (1 nm) for 72 h. Left, Representative histograms of each
condition. Right, Data in a panel represent the mean = sb (error bars) of three independent experiments. These results are

representative of three independent experiments.

AILNCaP cells even under androgen-deprived states
(Fig. 5A). Furthermore, androgen stimulation up-regu-
lated the degree of phosphorylation of PKC{ in LNCaP
cells (Fig. 5A). In fact, AILNCaP cells retained higher
PKC{ kinase activity than that in LNCaP cells under
androgen-depleted conditions (Fig. 5B). Additionally,
PKGC{ kinase activity was partially restored by stimu-
lation with synthetic androgen in LNCaP cells (Fig. 5B).

Previously, it was shown that exogenously ex-
pressed wild-type PKC{ was associated with S6K in

human embryonic kidney (HEK) 293 cells (29, 30). So,
we next addressed whether this was also observed in
prostate cancer cell lines. We found that S6K coim-
munoprecipitated with exogenously expressed wild-
type PKC{ in LNCaP cells and PC3 cells as well as
HEK 293 cells (Fig. 5C, upper panel). Furthermore, this -
complex formation was enhanced by androgen stim-
ulation in LNCaP cells (Fig. 5C, lower panel). To verify
the contribution of AR to PKC{¢ phosphorylation to-
gether with S6K phosphorylation in prostate cancer
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Fig. 4. Activity and Expression of PDK-1/Akt and TSC2 Cannot Explain Progression to Androgen Independence in LNCaP Cells

A, After 24 h in RPMI + 10% FBS, LNCaP cells were deprived of androgen in phenol red-free RPMI + 10% CSFBS for 96 h and
total cell lysates were analyzed. AILNCaP cells in growth phase cultured in phenol red-free RPMI + 10% CSFBS also were analyzed,
as were LNCaP cells in growth phase in RPMI + 10% FBS. Total cell extracts were analyzed for PDK-1 phospho-$241 (p-PDK-1), Akt
phospho-S473 (p-Akt), PDK-1, and Akt. The number under each lane of B-actin expression indicates the relative intensity of each
phospho-PDK-1 and phospho-Akt expression normalized to g-actin expression. B, Expression and phosphorylation of TSC2 were
examined after culture under conditions described for panel A. Total cell extracts were analyzed for TSC2 phospho-T1426 (p-TSC2)
and TSC2. C, After 48 h in phenol red-free RPMI + 10% CSFBS, both LNCaP cells and AILNCaP cells were treated for 30 min with
or without 10 and 50 um LY284002 or 10 and 50 nm wortmannin followed by culturing in fresh phenol red-free RPMI + 10% CSFBS
for 120 min before harvesting. Left, Total cell extracts were analyzed for Akt phospho-S473 (p-Akt), S6K phospho-T389 (p-S6KT389),
S6 phospho-S235/236 (p-S6), Akt, S6K, and S6. Right, A densitometric analysis of phospho-Akt and phospho-S6KT389 levels
normalized to B-actin expression in each condition (Ctrl: no stimulation, LY10: 10 um LY294002, LY50: 50 pm LY294002, W10: 10 nm
wortmannin, W50: 50 nm wortmannin). These results are representative of three independent experiments.

cells, we used bicalutamide, a cognate AR antagonist,
to block AR. As shown in Fig. 5D, in the presence of
bicalutamide the action of androgen upon PKC{ and
S6K phosphorylation in LNCaP cells was attenuated.
This result was compatible with that observed during
androgen depletion (Fig. 5A), suggesting that andro-
gen might participate in this signaling activation
through its cognate receptor. Together, these resuits

suggest that androgen stimulation results in the acti-
vation of PKC¢ kinase activity in LNCaP cells.

PKC( Activity Is Required for the Cell
Proliferation of LNCaP and AILNCaP Cells

To elucidate whether PKC¢ activity is required for
phosphorylation of S6K, treatment with a myristoy-
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Fig. 5. Activity of PKC¢ Is Regulated by Androgen Stimulation in LNCaP Cells and Is Activated in AILNCaP Cells without
Androgen Stimulation
A, Upper panel, Expression and phosphorylation of PKC{ under the conditions described for Fig. 4A were determined by
immunoblotting. Total cell extracts were analyzed for PKC{ phospho-T410 (p-PKC{) and for PKC. The number under each lane
of p-actin expression indicates the relative intensity of each phospho-PKC{ expression normalized to g-actin expression. Lower
panel, After 24 h in RPMI + 10% FBS, LNCaP cells were deprived of androgen in phenol red-free RPMI + 10% CSFBS for 96 h;
then the indicated final concentration of synthetic androgen (R1881) was added for 24 h. Total cell extracts were analyzed for
PKC{ phospho-T410 (p-PKC{), S6K phospho-S389 (p-S6KT389), PKC¢, and S6K. The number under each lane of B-actin
expression indicates the relative intensity of each phospho-PKC{ expression normalized to g-actin expression. B, PKC{ activity
assays were carried out after growth of LNCaP cells in RPMI + 10% FBS as well as AILNCaP cells in phenol red-free RPMI +
10% CSFBS. LNCaP cells deprived of androgen in phenol red-free RPMI +10% CSFBS for 96 h and then stimulated with 10 nm
of synthetic androgen (CSFBS+, R1881 +), or sham-stimulated (CSFBS+, R1881—), for 24 h were also analyzed. PKC{ activity
results are expressed as mean activities relative to those in androgen-depleted LNCaP cells after 120 h (CSFBS+, R1881-), =
so (error bars) (n = 5). Asterisks indicate P < 0.01 for comparisons of PKC¢ fold activities of LNCaP cell under CSFBS (CSFBS +,
R1881—) values vs. others indicated. C, Upper panel, HEK 293 cells were cotransfected with HA-S6K (1 ng) and PKCi-myc (5
1.g) per 6-cm dish. The cells were starved in serum-free DMEM for 24 h and then stimulated with EGF (100 ng/ml) for 30 min before
harvesting. LNCaP cells were cotransfected with HA-S6K (6 ng) and PKC{-myc (18 ug) per 10-cm dish. The cells were culture
in DMEM supplemented with 10% FBS for 48 h before harvesting. PC3 cells were cotransfected with HA-S6K (2 pg) and
PKCZ-myc (6 ng) per 6-cm dish. The cells were starved in serum-free DMEM for 24 h and then stimulated with EGF (100 ng/mil)
for 30 min before harvesting. Lower panel, LNCaP cells were cotransfected with HA-S6K (6 ug) and PKC¢-myc (18 ug) per 10-cm
dish. LNCaP cells were cultured with phenol red-free RPMI +10% CSFBS with 10 nm of synthetic androgen (R1881+), or without
androgen (R1881-), for 48 h before harvesting. PKC{-myc was immunoprecipitated (IP) with an anti-myc antibody. For control
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" lated PKC? pseudosubstrate peptide, which is a
proven specific inhibitor, was performed in LNCaP
cells during androgen stimulation and in AILNCaP
cells under androgen deprivation. Inhibition of PKC¢
activity induced a decrease in the expression of both
phosphorylated (Thr-389) and total S6K. The same
trend was observed in downstream target S6, and the
abundance of cyclin D1 signal was reduced in both
cell lines (Fig. 6A). Additionally, cell cycle analysis re-
vealed that 20 um myristoylated PKC{¢ pseudosub-
strate peptide not only inhibited the G1/S transition
but also induced sub-G1 fraction in both cells, which
strongly suggested the existence of apoptotic cells
{Fig. 6B). This finding was confirmed by morphological
analyses showing that around 10% of the cells pre-
sented the nuclei that were condensed or fragmented
(Fig. 6C).

Next, we analyzed the requirement of PKC{ activity
for S6K phosphorylation in AR-negative prostate can-
cer cells, such as PC3 cells and DU145 cells, by the
same methods described above. Although 20 um of
myristoylated PKC{ showed little effect on the abun-
dance of phosphorylated form of S6K, treatment with
50 um of the inhibitor significantly reduced the above
signal (Fig. 7A). Under this condition, the inhibitor in-
duced apoptotic ceil death {Fig. 7B) and inhibited cell
proliferation (data not shown). So, activation of PKC{/
p70 S6 kinase pathway is required for cell proliferation
in both AR-positive and -negative prostate cancer cell
lines. '

Phospho-PKC{ Expression Is Related to
Phospho-S6K Expression in Human Prostate
Cancer Specimens

We have previously described a tissue microarray
(TMA) of prostate carcinoma from Japanese patients
with comprehensive clinical data and evaluated the
significance of prognostic markers such as Ki67, p53,
and AR (49). This TMA consisted of 67 patients (184
spots) with hormone-naive prostate cancer (no prior
hormone therapy) and 12 patients (29 spots) with hor-
mone-treated prostate cancer, all of whom were
treated by radical prostatectomy for localized disease.
Using this TMA, we evaluated the relationship be-
tween phospho-PKC¢ and phospho-S6K expressions
by immunohistochemistry. The expression of AR and
Ki67 were also examined in the same specimen.

In the hormone-naive prostate cancer specimens,
75% of spots (138 of 184 spots) were positively
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stained with both phospho-PKC{ and phospho-S6K
antibodies (Table 1). Case 1 and case 2 show the
representative specimens with positively or negatively
staining of both antibodies (Fig. 8). Spearman’s rank
order correlation analysis revealed the statistical sig-
nificance of the modest correlations between the ex-
pression of phospho-PKC{Z and that of phospho-S6K
in these specimens (P < 0.01, y = 0.663) (Table 1).
Furthermore, significant elevation of Ki67 labeling in-
dexes was observed in specimens that were positively
stained by both antibodies (total of 138 spots) in com-
parison with the rest of specimens (total of 46 spots)
(P < 0.001). These results indicate that activation of
PKC{/S6 kinase pathway is associated with cell pro-
liferation of hormone-naive prostate cancer cells in
vivo. There was no correlation with Gleason grade and
the expression of both kinases.

We analyzed viable cancer cells morphologically in
the hormone-treated prostate cancer specimens.
Most of the cells might be in a transition state in the
continuum between hormone-naive prostate cancer
and hormone-refractory cancer cells (50). We found
86% of the spots (25 of 29 spots) were positive for
both phospho-PKC{ and phospho-S6K antibodies
(Table 1 and Fig. 8). Although the number of hormone-
treated prostate cancer specimen is too small for eval-
uation of PKC/S6K pathway, these results implied the
possibility that activation of this pathway may be as-
sociated with transition of prostate cancer celis to
androgen-independent growth or survival of prostate
cancer cells in androgen-depleted condition in vivo.

DISCUSSION

Growing evidence suggests that AR plays an essential
role in transition of androgen-independent cell prolif-
eration in prostate cancer (3). Hence, we first exam-
ined the protein levels of AR in both AILNCaP cells and
LNCaP cells. In accordance with previous reports (17—
20), we found that AR protein level was higher in
AILNCaP cells than that in LNCaP cells under andro-
gen-deprived condition. However, in our AILNCaP
cells, the level of PSA mRNA induced by androgen
stimulation was lower than that in LNCaP cells (17-20),
which was in contrast to the previous report (3). Ad-
ditionally, bicalutamide did not have any significant
effect on the growth of AILNCaP cells, but it could
significantly reduce cell proliferation of LNCaP cells.

experiments, the cell lysates were incubated with protein G-Sepharose conjugated with control mouse IgG (Ctrl Ab). Coimmu-
noprecipitating HA-86K was detected using a S6K-specific polyclonal antibody (Santa Cruz). Total cell lysates were analyzed for
HA-S6K using HA antibody (Covance). All experiments were independently repeated two to three times. D, After 24 h in RPMI +
10% FBS, LNCaP cells were deprived of androgen in phenol red-free RPMI + 10% CSFBS for 96 h. With or without pretreatment
with 10 um bicalutamide for 24 h, LNCaP cells were treated with or without 10 nm synthetic androgen (R1881) for another 24 h
in phenol red-free RPMI + 10% CSFBS. Total cell extracts were analyzed for PKCZ phospho-T410 (p-PKC9), S6K phospho-S389-
(p-S6KT389), PKC{, S6K, and PSA. The number under each lane of B-actin expression indicates the relative intensity of each
phospho-PKC{ expression and phospho-S6KT389 normalized to B-actin expression. These results are representative of three

independent experiments.
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Flg 6. Activity of the mTOR/S6K Slgnalmg Pathway in LNCaP Cells Is Regulated by Activity of PKC¢, which Is Required for
Androgen-Independent Cell Proliferation

A, After 24 h in phenol red-free RPMI + 10% CSFBS, LNCaP cells were cultured for another 24 h with R1881 (10 nw)
stimulation. Thereafter, LNCaP cells were treated with 10, 20, or 50 um myristoylated PKC{ pseudosubstrate inhibitor (PKCZ PS)
for 120 to 150 min. AILNCaP cells in phenol red-free RPMI + 10% CSFBS without R1881 also were treated with 10, 20, and 50
uM myristoylated PKC{ pseudosubstrate inhibitor (PKCZ PS) for 120-150 min. Total cell extracts were analyzed for S6K
phospho-T389 (p-S6KT389), S6 phospho-5235/236 (p-S6), S6K, S6, and cyclin D1 (CCND1). The number under each lane of
B-actin expression indicates the relative intensity of each phospho-S6KT389 expression normalized to g-actin expression. B,
Cell-cycle distribution was determined by flow cytometry. After 24 hin RPM! + 10% FBS, LNCaP were treated with (+) or without
(—) 20 um myristoylated PKC{ pseudosubstrate inhibitor (PKCZ PS) for24 h. After 48 h in phenol red-free RPMI + 10% CSFBS,
AILNCaP were treated with (+) or without {(—) 20 uM myristoylated PKC{ pseudosubstrate inhibitor (PKC{PS) for24 h. Data in
panels represent the mean * sb (error bars) of three independent experiments. C, Apoptosis was detected morphologically by
using Hoechst 33342. LNCaP cells and AILNCaP cells treated with 20 um myristoylated PKC{ pseudosubstrate inhibitor for 24 h
were collected. The cells were treated with 10% formalin neutral buffer solution, followed by rinsing with phosphate-buffer saline,
and Hoechst 33342 was added at a final concentration of 0.167 g/l and incubated for 20 min at room temperature in the dark.
Cells aliquots were placed on slides and a fluorescent microscope was used to count 200 fluorescent cells per condition. Nuclear
fragmentation and chromatin condensation were scored as dead. Representative morphology after treatment with myristoylated
PKC¢ pseudosubstrate inhibitor was represented. Left upper panels, There was no increase in chromatin condensation in LNCaP
cells and AILNCaP cells treated with vehicles [PKC{PS (-)}. Left lower panels, White arrows indicate cells with chromatin
conderisation and white arrowheads indicate nuclear fragmentation [PKC¢PS (+)]. Right panel, Graph represents three indepen-
dent experiments in which 200 fluorescent cells were counted and scored for chromatin condensation and nuclear fragmentation.
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