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Abstract
Lethal phenotypes of human prostate cancer are characterized by progression to androgen-
independence and metastasis. For want of a clinically relevant animal model, mechanisms behind
this progression remain unclear. Our study used an in vivo model of androgen-sensitive LNCaP
human prostate cancer cell xenografts in male SCID mice to study the cellular and molecular biology
of tumor progression. Primary tumors were established orthotopically, and the mice were then
surgically castrated to withdraw androgens. Five generations of androgen-independent tumors were
developed using castrated host mice. Tumor samples were used to determine expressions of cellular
and molecular markers. Androgen-independent tumors had increased proliferation and decreased
apoptosis compared to androgen-sensitive tumors, outcomes associated with elevated expression of
p53, p21/waf1, bcl-2, bax and the bcl-2/bax ratio. Blood vessel growth in androgen-independent
tumor was associated with increased expression of vascular endothelial growth factor.
Overexpression of androgen receptor mRNA and reduced expression of androgen receptor protein
in androgen-independent tumors suggest that the androgen receptor signaling pathway may play an
important role in the progression of human prostate cancer to androgen-independence. The in vivo
orthotopic LNCaP tumor model described in our study mimics the clinical course of human prostate
cancer progression. As such, it can be used as a model for defining the molecular mechanisms of
prostate cancer progression to androgen-independence and for evaluating the effect of preventive or
therapeutic regimens for androgen-independent human prostate cancer.
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Prostate carcinoma is the second leading cause of cancer death in American men, with 1 in
every 5 patients developing invasive cancer. It accounts for an estimated 29% of all new cancer
cases diagnosed in U.S. men.1 Most prostate cancer is initially androgen-dependent (AD). In
80% of men who receive androgen blockade therapy, cancer cells die and patients show
improvement. In time, however, nearly all tumors grow back to androgen-independence (AI).
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Clinically, the lethal phenotypes of human prostate cancer are characterized by progression to
androgen-independence.2

The search for effective therapies for prostate cancer and in particular for ways to intervene in
the progression of AI tumors has been hampered by a lack of clinically relevant animal models.
The ability to validate new concepts requires representative model systems of human origin
that mimic the clinical process of the disease in patients. In some animal models, prostate
tumors have been developed and progressed subcutaneously, therefore tumor-host interactions
in these models are different from that in humans. Coinoculation of tumor cells with specific
fibroblasts (e.g. prostate and bone fibroblasts) has improved tumor cell-host cell interaction.
3,4 An in vivo orthotopic prostate tumor model, which mirrors tumor cell-host interactions in
humans, is considered even more relevant.5,6

Our understanding of the mechanisms of progression of AD prostate cancer to AI prostate
cancer has been largely obtained through the study of experimental animal models. The cellular
and molecular responses of AD tumors to androgen ablation have been described in studies
using in vivo animal models that mimic the progression of prostate cancer after surgical
castration.4,7-9 Previous animal studies have produced inconsistent and contradictory findings
on the effects of androgen withdrawal on tumor AR expression,4,8,10-14 apoptosis7-9 and
proliferation.7-9 These results suggest that tumor cell biology as well as nonandrogenic
variables (e.g., extracellular matrix pathways or altered growth factors) may play roles in the
regulation of prostate cancer progression and the modulation of cellular and molecular events.
3,4,15

In our study, we developed an in vivo animal model of human prostate cancer progression from
androgen-sensitive (AS) to AI by surgical castration of SCID mice bearing orthotopic LNCaP
human prostate tumor. This in vivo androgen-sensitive prostate tumor model resembles tumor-
stromal interactive microenvironments in humans. To investigate the effects of androgen
withdrawal on cellular and molecular markers, we grew 5 generations of AI tumors in castrated
host animals. We established that this in vivo orthotopic model of AI tumor progression has
clinical relevance in the evaluation of preventive or therapeutic regimens for AI human prostate
cancer.

MATERIAL AND METHODS
Orthotopic implantation of LNCaP tumor cells

Eight-week-old male SCID beige mice were purchased from Taconic (Germantown, NY) and
housed in a pathogen-free environment. Immediately before implantation, exponentially
growing LNCaP cells were trypsinized and resuspended in DMEM with 10% FBS, cell viability
was determined by Trypan blue exclusion, and a single-cell suspension with >90% viability
was used for implantation. A transverse incision was made in the lower abdomen, and the
bladder and seminal vesicles were delivered through the incision to expose the dorsal prostate.
LNCaP cells (2 × 106 cells in 50 μL medium) were carefully injected under the prostatic capsule
via a 30-gauge needle. Proper inoculation of cell suspension was indicated by blebbing under
the prostatic capsule. The incision was closed using a running suture of 5-0 silk. All procedures
with animals were reviewed and approved by the Institutional Animal Care and Use Committee
at Beth Israel Deaconess Medical Center according to the NIH guidelines.

Establishment and passage of AI prostate cancer
When the AS tumor was developed, androgen withdrawal was accomplished by surgical
castration. The AS tumor regressed initially in response to androgen ablation and then regrew
to develop the AI tumor (the first generation, abbreviated as AI-1), as monitored by increase
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of serum prostate-specific antigen (PSA) and tumor volume. The AI-1 tumor was then
orthotopically implanted into castrated SCID host mice to develop the second generation of
the AI tumor (AI-2). This process was repeated 3 more times so that the third (AI-3), the forth
(AI-4) and the fifth (AI-5) generation of AI tumor sublines were developed. Biologic samples
from at least 4 mice in each generation were collected for analysis.

Tumor histology
For histologic examination, tumor tissues were fixed in 10% buffered neutralized formalin,
embedded in paraffin, cut into 5 μm sectiona and stained with hematoxylin-eosin.

In situ detection of apoptotic index
Apoptotic cells were determined by a terminal deoxynucleotidyl transferase-mediated dUTP-
biotin nick end labeling (TUNEL) assay using the ApopTag plus peroxidase in situ apoptosis
detection kit (Intergen, Purchase, NY) according to our previous procedures.6,16 Six
representative areas of each section without necrosis were selected, and both apoptotic cells
and total nuclei cells were counted under a light microscope at 400× magnification. The
apoptotic index was expressed as the percentage of positive apoptotic tumor cells to total tumor
cells.

Tumor blood vessel
Six nonnecrotic and nonblooded fields in each H&E-stained tumor specimen were selected,
and visible blood vessels within the same area were counted under microscope at 200×
magnification.

Immunohistochemical determinations of AR, p53, p21/wafl and Ki-67
Automated immunohistochemistry followed by image analysis was applied to quantify the
expression of AR, p53, p21/wafl and Ki-67, according to our previously described procedures.
6 In brief, after deparaffinization, rehydration and washing, the section was soaked in 10 mM
citrate buffer (pH 6.0) and heated for 20 min in a microwave oven. After being cooled to room
temperature, the section was treated with 1% hydrogen peroxide for 5 min, then stained by
using an automated staining machine (ES; Ventana Medical Systems, Tucson, AZ). The section
was incubated with the primary antibody for 32 min and incubated with a biotinylated universal
anti-mouse/rabbit IgG (VECTASTAIN, 1:100 dilution). The section was then stained with 3-3′
diaminobenzidine and counterstained with hematoxylin and a bluing agent by using 3-3′
diaminobenzidine Detection Kit (Ventana Medical Systems). Digital images of 5 fields in each
tissue section were acquired at 400× magnification with a digital camera (CoolSNAP; RS
Photometrics, Tucson, AZ) mounted on a light microscope (Leica DMLS; Leica Microsystems
Wetzlar, Ernst-Leitz-Strasse, Germany). True-color image analysis was performed by using
IPLab 3.5 image analysis software (Scanalytics, Fairfax, VA) to quantify the percentages of
positive tumor cells to total tumor cells. Both positive- and negative-control slides were used
to confirm the sensitivity and specificity of staining. The antibodies and dilutions were as
follows: a mouse anti-human AR monoclonal antibody (1:50, Clone AR441, DAKO,
Carpinteria, CA), a mouse anti-human p53 monoclonal antibody (1:100, DO-1, reactive with
both wild and mutant p53; Santa Cruz Biotechnology, Santa Cruz, CA), a mouse anti-human
p53 monoclonal antibody (1:25, Pab 240, reactive with mutant p53 only, Santa Cruz
Biotechnology), a mouse anti-human p21/wafl monoclonal antibody (1:100, AB-1;
Calbiochem, San Diego, CA), a mouse anti-human Ki-67 monoclonal antibody (1:20, Ki-S5;
DAKO).
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Immunohistochemical determination of proliferation index
Ki-67 was determined by immunohistochemical staining to quantify the proliferation index,
as described above. Both Ki67-positive proliferating cells and total tumor cells were counted
in 3 nonnecrotic areas of each section using light microscopy at 400× magnification. The
proliferation index was calculated as the percentage of Ki-67-positive tumor cells to total tumor
cells.

Western blot analysis
Western blot analysis was performed to determine the expression of bcl-2, bax and vascular
endothelial growth factor (VEGF). The housekeeping protein GAPDH was used as the control.
Total tumor cell lysate was prepared by extracting total cellular proteins with lysis buffer [PBS,
pH 7.4, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS] and with freshly added proteinase
inhibitors [10 mM N-ethylmaleimide, 10 μg/mL aprotinin, 2 μg/mL pepstatin A, 10 μg/mL
leupeptin, 2 mM phenylmethylsulfonyl fluoride, 1.0 mM NaVO4, 10 mM NaF], followed by
centrifugation. Western blotting was performed based on standard procedures. In brief, proteins
(50 μg) were separated by SDS-polyacrylamide gel and transferred onto polyvinylidene
difluoride membrane. After blocking nonspecific sites by 5% milk overnight (nonfat dry milk
in PBS), the membrane was incubated with primary antibodies for 60 min, washed and
incubated with horseradish peroxidase-conjugated secondary antibody (1:2,000; Amersham
Life Science, Arlington Heights, IL). Primary antibodies used for Western blot analysis were
anti-Bcl-2 monoclonal (1:50, clone 124; DAKO), anti-bax monoclonal (1:50, AB-1;
Oncogene), anti-VEGF monoclonal (2.5 μg/ml AB-2; Oncogene) and anti-GAPDH
monoclonal (0.1 μg/ml, Clone 6C5; Research Diagnostics, Flanders, NJ). Western blots were
developed using the chemiluminescent reagent (ECL; Amersham Life Science) according to
the manufacturer's instructions. The levels of protein expression were quantified by
densitometry using Bio-Rad GS-700 Imaging Densitometer (Bio-Rad Laboratory, Hercules,
CA) and NIH image analysis program (NIH Image 1.62).

Reverse transcription-PCR (RT-PCR)
AR mRNA was determined by RT-PCR. Total RNA was extracted from tumor tissues using
the RNeasy Mini Kit (Qiagen, Valencia, CA) according to the manufacturer's protocol. cDNA
was prepared using Ready-To-Go, You-Prime First-Strand Beads (Amersham Pharmacia,
Piscataway, NJ). The primer pairs for AR (5′-AGA TGG GCT TGA CTT TCC CAG AAA
G-3′ and 5′-ATG GCT GTC ATT CAG TAC TCC TGG A-3′) and for GAPDH (5′-CAAAGT
TGT CAT GGA TGA CC-3′ and 5′-CCA TGG AGA AGG CTG GGG-3′) were purchased for
PCR from Invitrogen Life Technologies (Frederick, MD). PCR was performed according to
standard procedures by using Eppendorf Mastercycler (Eppendorf Scientific, Westbury, New
York). Thermal cycling was performed by initial denaturation at 94°C for 2 min, followed by
40 cycles according to the following cycle profile: denaturation at 94°C for 45 sec, annealing
at 50°C for 45 sec and elongation at 72°C for 1 min. After PCR, electrophoresis was run to
ensure that a right-size product was amplified in the reaction by using Tris/EDTA (TAE)-
buffered agarose gels (1.5%). NIH Image 1.62 software was used to quantify the expression
of AR mRNA.

Statistical analysis
All data were expressed as group means ± SEM. Data were analyzed by analysis of variance
followed by Fisher's protected least-significant difference17 using Statview 5.0 program (SAS
Institute, Cary, NC). A p-value < 0.05 was considered as statistically significant.
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RESULTS
Effects of AI tumor progression on tumor growth, metastasis and histology

We have developed an in vivo model of AI prostate cancer from AS prostate cancer by using
intraprostatic inoculation of LNCaP human prostate cancer cells in mice. Castration initially
inhibited the orthotopic growth of LNCaP tumor and lowered serum PSA levels. Tumors then
started to grow again in the absence of testicular androgen to develop the AI tumor. The time
required for tumor to regrow to AI was dependent upon the size of AS tumor before castration.
The AI tumor was then harvested and orthotopically implanted to the castrated host mouse to
develop a total of 5 generations of the AI tumor. During development of the AI tumors, the
rates of tumorigenicity were 100%. AI tumors grew faster with each generation. The average
time required for AI-1 tumor development was about twice as that for AI-4 and AI-5 tumor
development.

Serum level of PSA was measured by ELISA assay. AI tumors secreted PSA to blood, and
PSA levels were associated with tumor size. Since tumors were not collected at the same size
or the same time, the comparisons of serum PSA levels between different generations of tumors
were less meaningful and thus were not performed. The metastasis rate was not evaluated
because of the small number of samples (n = 4 for each group).

Effects of AI tumor progression on AR expression
The effects of androgen withdrawal on the expression of AR transcript and protein were
determined by RT-PCR and immunohistochemistry, respectively. Compared to the AS tumors
(Fig. 1a), the AI tumors had reduced expression of AR protein (Fig. 1b). Almost all of the AS
tumor cells (92.6%) were AR-positive. But the percentages of AR-positive cells in different
generations of AI tumors were gradually reduced from 83.3% (p < 0.05), 76.2% (p < 0.01),
59.1% (p < 0.01), 63.6 % (p < 0.01) to 59.2% (p < 0.01) (Fig. 1c).

In contrast to AR protein expression, RT-PCR analysis indicated that the AI tumors had
increased expression of AR mRNA compared to the AS tumor (Fig. 1d). There were no
differences of AR mRNA expressions between AI tumors. Image analysis showed that the AR
mRNA expressions in the AI tumors were twice as that in the AS tumors (p < 0.05).

Effects of AI tumor progression on cell proliferation
Ki-67 staining was used to determine the prostate cancer cell proliferation index. The AI tumor
progression significantly increased tumor cell proliferation. The proliferation indices in the
AI-1, AI-2, AI-3, AI-4 and AI-5 tumor cells were increased by 122% (p < 0.05), 133.5% (p <
0.05), 139.0% (p < 0.05), 122.6% (p < 0.05) and 123.8% (p < 0.05), respectively, compared
to that of the AS tumor (Table I). There were no further significant changes of cell proliferation
among AI tumors (Table I).

Effects of AI tumor progression on apoptosis and the expression of apoptosis modulators
The TUNEL assay was used to determine the in situ apoptosis of prostate tumor cells. The
apoptotic index in the AI-1 tumor was significantly inhibited by 72% (p < 0.01), and there were
no further significant changes of apoptosis in subsequent AI tumors (Table I).

The expressions of the apoptosis promoters p53, p21/wafl and Bax and the apoptosis inhibitor
bcl-2 in tumors were detected by immunohistochemistry or Western blot to further elucidate
the molecular mechanisms by which the development of AI prostate cancer modulates tumor
cell apoptosis. The p53-positive cells in the AI-1, AI-2, AI-3, AI-4 and AI-5 tumors increased
39.7% (p > 0.05), 342.6% (p < 0.01), 301.5% (p < 0.01), 313.2% (p < 0.01) and 339.7% (p <
0.01), respectively, compared to the AS tumors (Table I). In addition to increased numbers of

ZHOU et al. Page 5

Int J Cancer. Author manuscript; available in PMC 2009 May 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



p53-positive cells, the AI tumors also had significantly increased intensity of p53 expression
in p53-positive cells by 30.5% to 53% (p < 0.01, Table I). Similar to p53, the p21/waf1-positive
cells in the AI-1, AI-2, AI-3, AI-4 and AI-5 tumors increased by 310.5% (p < 0.05), 248.6%
(p > 0.05), 449.9% (p < 0.01), 374.6% (p < 0.05) and 228.5% (p > 0.05), respectively (Table
I). The intensities of p21/waf1 protein in p21/wafl-positive cells also significantly increased
by 54.3% to 68.9% in the AI tumors (p < 0.01).

Both bcl-2 and bax proteins were significantly higher in the AI tumors than that in the AS
tumors (Fig. 2a). The increase of bcl-2 expression was higher than that of Bax, resulting in
significant 3-7-fold increases of bcl-2/Bax ratios in the AI tumors (Fig. 2b).

Effects of AI tumor progression on blood vessel formation and the expression of angiogenic
factor VEGF

The number of blood vessels in tumors were counted in H&E-stained slides. The AI tumor
showed more blood vessels than the AS tumor (Fig. 3a). Compared to that of the AS tumor,
the blood vessel numbers in the AI-1, AI-2, AI-3, AI-4 and AI-5 tumors were significantly
increased by 129% (p < 0.01), 200% (p < 0.01), 213% (p < 0.01), 367% (p < 0.01) and 288%
(p < 0.01), respectively. In parallel, Western blot analysis indicated that the AI tumor
progression significantly increased VEGF expression by 0.5-3-fold in the AI tumors, compared
to that in the AS tumors (Fig. 3b,c).

DISCUSSION
In our study, we used an orthotopic animal model of AS human LNCaP prostate cancer
progression to mimic the tumor cell-host cell interactive microenvironments and evaluate
cellular and molecular changes during AI tumor progression. We also grew orthotopic AI
tumors in up to 5 generations of castrated host animals. Progression to androgen independence
was associated with increased proliferation and reduced apoptosis of prostate cancer cells. We
also determined mRNA and protein expression of AR using RT-PCR and
immunohistochemistry, respectively. Results (Fig. 1d) showed a 2-fold increase in expression
of AR mRNA in all 5 generations of AI tumors and a gradual decline in expression of AR
protein, by 10% from the AI-1 tumor to 36% by the AI-5 tumor. These findings indicate that
androgen withdrawal may have the opposite effect on AR transcription and translational or
posttranslational modification processes, and AI progression is associated with a reduction of
AR function.

To be clinically relevant, animal models must meet certain strict criteria, i.e., tumor cell
maintenance of key biologic traits of the human prostate, such as secretion of PSA; sensitivity
to or dependence on androgen for growth; AI tumor development from an AD carcinoma after
androgen withdrawal; and growth of primary tumor cells in the relevant environment. Thalman
et al. found that unlike other human prostate cancer models, the LNCaP progression model
shares remarkable similarities with human prostate cancer.2 Orthotopic LNCaP tumor model
mirrors tumor cell-host interactions in humans and is considered more clinically relevant.5,6
This orthotopic SCID-LNCaP tumor model was used in our study to determine the alterations
of tumor markers associated with progression of AI prostate tumors after androgen ablation
treatment, therefore the results were expected to be significant clinically.

The molecular mechanisms that underlie the transition of prostate tumors from AS to AI status
remain unknown. Evidence suggests that the AR signaling pathway could play a central role.
18 AR expression occurred in both kinds of tumors,19,20 but the levels of expression were
found to vary. Some studies reported increased expression of AR in hormone-refractory AI
tumors; 10-13,21,22 others, however, found decreased expression of AR in AI tumors.14,19,
23,24 In reviewing the literature, we found that the studies reporting increased expression of
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AR were those determining AR mRNA expressions, and that the studies reporting decreased
expression of AR were those determining AR protein expression. Unfortunately, previous
research measured either mRNA or AR protein. In our study, we determined both mRNA and
protein expression of AR. Results showed that AR mRNA expression was increased 2-fold in
all 5 generations of AI tumors, whereas AR protein expression was decreased gradually from
the AI-1 tumor to the AI-5 tumor (Fig. 1c,d). Our results provide evidence to understand the
nature of AR modulation by androgen ablation in prostate cancer progression. Our results,
together with others, suggest that AI tumor progression due to androgen ablation is associated
with increased AR transcript but with decreased AR protein. Additional studies on how
androgen ablation alters AR transcription and translation may further elucidate the tumor
progression process and facilitate the development of novel therapies.

Clinical progression of prostate cancer after hormonal therapy is usually associated with
reduced apoptosis and increased proliferation of prostate cancer cells. Androgen ablation
treatment induced initial apoptosis in AD prostate cancer.25 Progression of AI tumors was
associated with significant reductions in apoptosis and nonsignificant increases (23%) in
proliferation compared to AD tumors26,27 and that the low apoptotic index in primary prostate
tumor was associated with poor response to hormonal therapy.27 Conversely, findings from
animal studies are inconsistent. Bladou et al.9 found a decrease in the proliferation index after
castration and progression of the AI tumor; a significant drop in tumor growth rate, followed
by an increase; and an initial rise in the apoptotic index, followed by a decline; the AI tumor
relapse after castration was associated with a reduced apoptosis with no increase in
proliferation.9 Landstrom et al.7 reported an association between regrowth of AI prostate
tumors and a reduction in apoptosis; AI tumor regrowth was not, however, associated with
increased cell proliferation. Agus et al.8 found that androgen withdrawal produced an initial
decrease in prostate cancer cell proliferation, followed by increases consistent with AI tumor
regrowth; apoptosis remained unchanged during regression and regrowth. Therefore, more
studies are needed by using clinically relevant animal models to characterize alterations of
tumor markers associated with androgen ablation and progression to AI tumors.

Our study describes an association between regrowth of AI tumors and both decreased
apoptosis and increased proliferation of tumor cells. Results (Table I) also showed maintenance
of apoptosis and proliferation rates from the first to the fifth generations of AI tumors. These
results, which are consistent with clinical findings,26,27 suggest that our animal model for
orthotopic AI tumor progression could provide a clinically relevant in vivo model of AI tumor
progression for studies of apoptosis and proliferation mechanisms.

Molecular mechanisms behind the modulation of tumor apoptosis and proliferation by
androgen withdrawal have been studied extensively. Apoptosis is a major physiologic means
of cell removal, a process that involves many molecular modulators, such as bcl-2, bax, p53
and p21/WAF1. Proteins encoded by bcl-2 family genes are important regulators of apoptosis.
Expression of bcl-2 tended to be more frequent in high-grade tumors and metastases than in
lower-grade and nonmetastatic tumors.28,29 Apoptosis resistance was associated with higher
levels of bcl-2.29,30 Overexpression of bcl-2 after androgen ablation was correlated with the
progression of prostate cancer from androgen dependence to androgen independence.31 These
findings suggest that bcl-2 protein might be a factor that enables prostate cancer cells to survive
in androgen-deprived environments. The tumor suppressor gene p53, known to be involved in
the regulation of cell growth and apoptosis, was implicated in hormone refractory prostate
cancer and poor prognosis. p53 protein accumulation and mutation were associated with
increased cell proliferation rate, increased histologic grade and stage and transition from AD
to AI growth.32 Metastatic and hormone-refractory tumors showed increased p53 protein
expression associated with p53 gene alterations.33-35 Both bcl-2 and p53 protein
accumulations were observed in hormone-refractory prostate cancer.35 Clinically, patients
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who showed overexpression of bcl-2 or p53 had a significantly higher 5-year failure rate than
those who don't.36

Our study described increased expression of p53 (Table I) and bcl-2 proteins (Fig. 2) in AI
tumors, findings consistent with clinical observations. It has been suggested that the bcl-2/bax
ratio might be a better indicator of tumor apoptosis than p53 or bcl-2 protein accumulations.
37 In our study, we observed increased expression of both bcl-2 and bax. The rise in bcl-2
expression, however, was much higher than that in bax. In turn, bcl-2/bax ratios were 3- 6-fold
higher in the different generations of AI tumors (Fig. 2). These results, which mirror clinical
findings, suggest that our animal model of orthotopic AI tumor progression can be used as a
clinically relevant in vivo model for investigation of the molecular mechanisms by which
androgen ablation leads to progression of AI tumors.

Human prostate tumors are dependent on angiogenesis for growth, and VEGF is a major
regulator of this process. Androgens upregulated VEGF expression, and hormone-ablation-
induced tumor-growth inhibition was associated with a decrease in VEGF expression and
markedly reduced tumor neovascularization.38-40 However, relapse of prostate tumors after
androgen-ablation therapy was associated with increased angiogenesis and VEGF expression.
41 By using an orthotopic prostate tumor model, we found that the progression of AI prostate
tumor was associated with increased tumor vascularization and expression of VEGF. It
suggests that our animal model of can be used as a clinically relevant in vivo model for
investigation of the molecular mechanisms by which relapse of androgen ablation treatment
leads to increased angiogenesis and VEGF expression and for evaluation the efficacy of the
antiangiogenic therapy on progression of AI prostate tumor.

In our study, up to 5 generations of AI tumors were used to characterize the alteration of tumor
markers associated with androgen ablation and progression of AI tumors. The comparison of
biomarkers in different generations of tumors provided important information on
understanding the long-term effects of androgen ablation treatment on tumor marker
modulation. As our results show, both tumor cell proliferation and apoptosis indices, two
primary parameters that are associated with development of androgen independence of prostate
tumor, were significantly altered in AI-1 tumors compared to the AS tumors, and no further
alterations were observed in other generations of AI tumors. AI-1 tumors also showed
significantly more blood vessels than the AS tumors, although more blood vessels were present
in the later generations of the AI tumors. This observation is consistent with the clinical
observation that development of the AI tumor is associated with increased angiogenesis. Even
though different molecular markers may have had slightly different time-dependent responses
to androgen ablation, all markers showed similar trends of alteration among different AI
tumors, suggesting that alterations of these molecular markers are consistent with that of the
cellular markers. These results suggest that AI-1 tumor is sufficient to represent the androgen-
independent prostate tumor.

In conclusion, hormone withdrawal-induced AI tumor progression was associated with
increased proliferation and decreased apoptosis of prostate tumor cells, increased expressions
of p53, bcl-2 and bcl-2/bax ratios, increased tumor vascularization and VEGF expression and
the decreased AR protein/function. The in vivo orthotopic LNCaP tumor model described in
our study mimics the clinical course of human prostate cancer. As such, it can be used as a
model for defining the molecular mechanisms of prostate cancer progression and for evaluating
the efficacy of treatment for AI/hormone-refractory prostate cancer.
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Figure 1.
Effects of androgen-independent (AI) tumor progression on androgen receptor (AR)
expression. AR protein was immunohistochemically detected in the androgen-sensitive (AS)
tumor (a) and in the androgen-independent (AI) tumor (b) (original magnification, ×400). AR-
positive cells were stained brown. The percentages of AR-positive tumor cells were 92.6% in
the AS tumor and were decreased from 83.3%to 59.2% in the AI-1 to AI-5 tumors (c). Values
with asterisks are significantly different from the AS control (*p < 0.05; **p < 0.01). RT-PCR
analysis indicated that the AI tumors had increased expression of AR mRNA compared to the
AS tumor (d). Values are expressed as means ± SEM. For each generation, n = 4.
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Figure 2.
Effects of androgen-independent (AI) tumor progression on the expression of bax and bcl-2
proteins. Both bcl-2 and bax proteins were significantly higher in the AI tumors than that in
the androgen-sensitive (AS) tumors (a). The increase of bcl-2 expression was higher than that
of bax, resulting in significant 3-fold to 7-fold increases of bcl-2/Bax ratios in the AI tumors
(b). Values with asterisks are significantly different from the AS control (**p < 0.01). Values
are expressed as means ± SEM.
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Figure 3.
Effects of androgen-independent (AI) tumor progression on blood vessel formation and VEGF
expression. (a) Blood vessel numbers in the androgen-sensitive (AS) and AI tumors. (b)
Western blot analysis of VEGF expression in the AS and AI tumors. (c) Quantification of
VEGF expression. Values with asterisks are significantly different from the AS control (**p
< 0.01).

ZHOU et al. Page 14

Int J Cancer. Author manuscript; available in PMC 2009 May 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

ZHOU et al. Page 15
TA

B
LE

 I
EF

FE
C

TS
 O

F 
A

I T
U

M
O

R
 P

R
O

G
R

ES
SI

O
N

 O
N

 T
U

M
O

R
 C

EL
L 

PR
O

LI
FE

R
A

TI
O

N
, A

PO
PT

O
SI

S 
A

N
D

 E
X

PR
ES

SI
O

N
 O

F 
P5

3 
A

N
D

P2
1/

W
A

F1

p5
3

p2
1/

w
af

1

T
re

at
m

en
t

Pr
ol

ife
ra

tio
n 

in
de

x
(%

 to
ta

l c
el

ls
)

A
po

pt
ot

ic
 in

de
x 

(%
to

ta
l c

el
ls

)
Po

si
tiv

e 
ce

lls
 (%

to
ta

l c
el

ls
)

In
te

ns
ity

 (%
 A

S
tu

m
or

)
Po

si
tiv

e 
ce

lls
 (%

 to
ta

l
ce

lls
)

In
te

ns
ity

 (%
 A

S
tu

m
or

)

A
S

16
.4

 ±
 8

.1
9.

99
 ±

 0
.7

5
6.

8 
± 

2.
6

10
0.

0
3.

89
 ±

 1
.1

9
10

0.
0

A
I-

1
36

.4
 ±

 2
.5

1
2.

79
 ±

 0
.7

82
9.

5 
± 

0.
6

13
0.

5 
± 

8.
62

15
.9

7 
± 

6.
12

1
15

4.
3 

± 
4.

32

A
I-

2
38

.3
 ±

 4
.0

1
3.

96
 ±

 0
.1

72
30

.1
 ±

 5
.8

2
13

9.
7 

± 
1.

42
13

.5
6 

± 
2.

60
16

5.
0 

± 
0.

22

A
I-

3
39

.2
 ±

 5
.2

1
4.

19
 ±

 0
.2

52
27

.3
 ±

 1
.6

2
14

5.
6 

± 
2.

12
21

.3
9 

± 
0.

97
2

16
7.

2 
± 

0.
42

A
I-

4
36

.5
 ±

 8
.4

1
2.

84
 ±

 0
.1

92
28

.1
 ±

 1
.4

2
15

3.
0 

± 
4.

52
18

.4
6 

± 
2.

32
1

16
8.

9 
± 

2.
62

A
I-

5
36

.7
 ±

 1
.4

1
2.

66
 ±

 0
.7

52
29

.9
 ±

 0
.5

2
14

9.
6 

± 
7.

02
12

.7
8 

± 
2.

54
16

5.
8 

± 
0.

82

V
al

ue
s a

re
 m

ea
ns

 ±
 S

D
.-A

I, 
an

dr
og

en
-in

de
pe

nd
en

t; 
A

S,
 a

nd
ro

ge
n-

se
ns

iti
ve

1 V
al

ue
 is

 si
gn

ifi
ca

nt
 fr

om
 th

at
 o

f t
he

 A
S 

tu
m

or
, p

 <
 0

.0
5

2 V
al

ue
 is

 si
gn

ifi
ca

nt
 fr

om
 th

at
 o

f t
he

 A
S 

tu
m

or
, p

 <
 0

.0
1

Int J Cancer. Author manuscript; available in PMC 2009 May 17.


