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Chapter 8

ORTHOTOPIC METASTATIC MOUSE
MODELS OF PROSTATE CANCER

Robert M. Hoffman

Department of Surgery, UCSD Medical Center, San Diego, CA, USA and AntiCancer,
Inc.,, San Diego, CA, USA

Abstract:  Orthotopic metastatic models of prostate cancer are reviewed here. Emphasis is
placed on surgical erthotopic implantation models in nude mice. The advantages
of surgical orthotopic implantation of tissue fragments are discussed with regard
to resulting metastasis which reflect the clinical pattern of prostate cancer. The
use of green fluorescent protein and red fluorescent protein to image primary
tumor growth and metastasis, including whole-body imaging of prostate cancer,
is discussed. The application of the models for gene expression studies, drug
discovery, and gene therapy is also reviewed.

Key words: prostate cancer cell lines, surgical orthotopic implantation, green flucrescent
protein, red fluorescent protein, whole-body imaging, metastasis, drug discovery

1. BACKGROUND OF METASTATIC ANIMAL
MODELS OF PROSTATE CANCER

Prostate cancer is the most frequently occurring tumor in men and is
the second leading cause of male death in the United States, accounting
for about 30,000 deaths per year in the U.S. (1). Huggins and Hodges (2)
observed the androgen dependence of prostatic carcinoma growth, and since
that time androgen ablation has been an important feature of therapy for
prostate carcinoma. However, for prostate carcinomas that have become
hormone-independent, there is no effective systemic treatment (3).

A clinical report of over 600 patients suffering from stage D2 prostate
cancer indicated an overall mean survival of 36 months in patients treated
with combined androgen blockade (4). At the time of initial presen-
tation, approximately 30-50% of prostate cancer patients have evidence
of metastatic disease (5). The mechanism controlling prostate cancer
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progression and effective therapeutic strategies for metastatic prostate cancer
are poorly understood. This is in part due to the lack of a suitable animal
model that can mimic the clinical patterns of human prostate cancer growth
and metastasis (6).

Prostate cancer occurs in a high percentage of men over 50 but is
aggressive in only a small percentage of patients. It is, therefore, also
necessary to develop models and markers to distinguish aggressive from
non-aggressive tumors, and responsive from non-responsive ones, in order
to make proper treatment decisions (7) and to develop new treatment
strategies (3).

Nonhuman mammals have very rare incidence of prostate cancer (8),
which limit the possibilities of using nonhuman mammal models to study
human prostate cancer. With the first introduction of immunodeficient
rodents in cancer research in the late 1960s (9, 10), xenografted human
cancer models are now widely used. The inability to reject many of the
xenografts implanted in these animals due to defect(s) in their immune
system make them the only known tool for studying in vive human cancer
growth and metastasis outside the human body (6, 9, 10).

A number of cell lines from human prostatic carcinoma that grow
in athymic nude mice (SCID), including LNCaP which is androgen-
dependent (11), and the androgen-independent cell lines DU-145 (12) and
PC-3 (13, 14) have been isolated (3). The Dunning R-3327 hormone-
dependent rat prostatic adenocarcinoma has also been developed (15).

Experimental in vivo growth of human prostate carcinoma lines has
usually followed subcutanteous (s.c.) transplantation, with occasional
metastatic activity, as first observed by Ware et al. (16). Ware et al. (17) were
the first to demonstrate that differential injection sites affected the behavior
of PC-3. Intrasplenic injection (18) resulted in metastatic activity. The PC-
3 line originated from a bone metastasis (4). When PC-3 was injected
into the tail vein of the nude mice while the inferior cava was occluded,
tumor growth in the lumbar vertebrae, pelvis, and femurs occurred (19).
When PC-3 cells were injected into the peritoneal cavity, intra-abdominal
growth resulted; when injected into the spleen, liver metastases resulted
and when injected into the seminal vesicles, large tumors developed from
there (20), when injected intracardiacly, bone metastasis could also result
(19, 20, 21).

LNCaP is a cell line derived from a supraclavicular lymph node metastasis
of human prostate carcinoma. LNCaP exhibits increased proliferation in
response to androgens. When LNCaP cells were mixed with the reconstituted
basement membrane matrigel and injected S.C. in nude mice, tumors grew
in the mice by 12 weeks without observed metastases (22).
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More realistic models of human cancer can be constructed through ortho-
topic transplantation of the human tumor to the animal host (23}. Subsequent
studies in a number of laboratories have shown that orthotopic injection of
human tumor cells in immunodeficient mice can produce relevant metastatic
patterns in comparison to ectopic transplantation (24-30).

The tumorigenicity and the incidence of metastasis of LNCaP after ortho-
topic (intraprostate) or S.C. injection in male nude mice were compared
by Stephenson et al. (31). LNCaP cells produced tumors only when ortho-
topically implanted in the prostate. Viewig et al. (32) showed that ortho-
topic implantation of the rat R3327-MatLyLu prostate adenocarcinoma in
in Copenhagen rats resulted in tumor growth in the prostate and metastasis
to pelvic and retroperitoneal lymph nodes and lung.

In a subsequent study by Pettaway et al. (33), 56% of nude mice. injected
orthotopically with a suspension of LNCaP cells formed prostate tumors.
Twelve of 43 mice had microscopic metastases in the regional lymph nodes.

In another study, orthotopic injection of LNCaP in nude mice resulted
in local growth in 7 of 10, and lymph node metastasis in 4 of 10 nude
mice (34).

Hormone-independent cell lines (PC-3, PC-3-125-IL, and TSU-Prl) were
highly tumorigenic and had a higher rate of lymph node metastasis after
orthotopic injection than after S.C. implantation. PC-3 cell lines consistently
metastasized to the lungs (34).

Nude and SCID mice were injected either S.C. or orthotopically with
LNCaP cell suspensions in a comparative study by Sato et al. (35). LNCaP
tumor incidence after S.C. injection was 100% in SCID mice and 80% in
nude mice. No lymph node or distant metastases were observed with S.C.
tumors. After orthotopic injection in SCID and nude mice retroperitoneal
or mediastinal lymph node metastases were found in 100% of SCID mice,
and microscopic pulmonary metastases were identified in 40%. The nude
mice had retroperitoneal lymph node metastasis in 25% of the animals but
no other metastasis was found.

Thalmann et al. (36) reported a spontaneous bone metastasis model
of androgen-independent human prostate cancer LNCaP derived sublines.
The animals developed bone metastasis in 10% and 21.5% of intact and
castrated hosts, respectively, after orthotopic injection of cell suspensions.
These results provided some useful information to recognize the biclogical
behavior of prostate cancer.

Transrectal ultrasonography (TRUS) was used to monitor mouse ortho-
topic prostate tumors. Orthotopic tumors were initiated by inoculation of
RM-9 murine prostate cancer cells into the dorsal prostate of C57BL/6
male mice. By ultrasound, tumors became detectable 7 days after tumor
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cell inoculation. The tumor volume calculated by TRUS correlated signifi-
cantly with the actual tumor weight measured at autopsy. Similarly, tumor
growth suppression induced by cis-diamminedichloroplatinum (CDDP) was
detected by TRUS with reasonable accuracy (37).

Injection of tumor cells into the prostate gland of nude mice, however,
requires delicate, hard-to-control technical conditions, and spillage outside
the prostatc may generate rather variable results. Furthermore, some studies
showed that artificial dissemination rather than spontaneous metastasis might
occur following tumor cell injection, even when cells were not directly
injected into the vasculature (38—40). It has been shown that tumor cells
can enter the draining lymph or blood circulation within 10 minutes to 3
hours of injection, which will eventually form distant artificial metastases
(41, 42). Most importantly, a cell suspension lacks tissue architecture, which
seems critical for the full expression of the spontaneous metastatic potential
of the transplanted human tumors.

Previous studies showed that the proliferation of tumor cells implanted
in nude mice was preceded by the penetration of host stromal cells into the
tumor (43, 44). Based on this important role of stroma in tumor growth,
some investigators coinjected cultured fibroblasts with tumor cells and
observed significant, growth-stimulating effects (45—47). Also, many studies
demonstrated enhanced growth of tumor cells following co-injection of
Matrigel (48-51), an extract of basement membrane components, which
primarily consists of laminin, collagen IV and heparan sulfate proteoglycan
(52). Current concepts suggest that Matrigel serves as a supportive matrix
for the tumor cells. It collects tumor cells, allows paracrine factors to
take effect, activates the release of angiogenic factors and stimulates the
production of proteases and motility of tumor cells, thus facilitating growth
and progression (53, 54). '

We have developed surgical orthotopic-implantation (SOI) techniques
utilizing histologically intact tissue, including surgical specimens, to develop
metastatic models in immunodeficient mice for most types of human cancer
including colon cancer (55, 56), human bladder cancer {57, 58), human
lung cancer (59-62}, and human pancreatic cancer {63). Surgical orthotopic
implantation of histologically intact tumor tissue maintains the overall tissue
architecture during implantation.

The histologically intact tumor tissue used in SOI possesses a large
amount of supportive stromal cells, which are essential for maintaining the
three-dimensional tumor architecture. The tissue architecture is believed to
contribute to the difference in metastatic expression resulting from SOI
and orthotopic injection of tumor cell suspensions, which have no three-
dimensional architecture.
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For all cancer types tested, intact-tissue orthotopic transplantation resulted
in greater metastatic expression than orthotopic transplantation of cell
suspensions (3, 55, 57, 58, 63-67).

We demonstrated orthotopic growth of prostate cancer line PC-3 with
subsequent lymph node metastases by using the SOI technique (3). In a
subsequent study, a large series of animals was implanted with PC-3 by
improved SOI techniques (6). The patterns of growth and metastasis repre-
sented clinical prostate cancer. The advantages of this model for the study
of prostate cancer and the possible mechanisms that underbe them are
discussed below.

The early stages of tumor progression and micrometastasis formation
have been difficult to visualize in current models due to the inability to
identify small number of tumor cells against a background of many host
tissues. We have developed new models of human and animal cancer by
transfer of the Aequorea victoria jellyfish green fluorescent protein (GFP)
gene to tumor cells that enabled visualization of fluorescent tumors and
metastases at the microscopic level in fresh viable tissue and in vivo after
transplantation {68-73), including prostate cancer (74). These models are
discussed below.

2, DESCRIPTION OF METASTATIC PROSTATE
CANCER MODELS

2.1 Orthotopic Models Implanted with Tumor-Cell
Suspensions

Stephenson et al. (31), as mentioned above, reported lymph node metas-
tasis but no lung metastasis of PC-3 after orthotopic injection of cell
suspension in nude mice.

The tumorigenicity of and the incidence of metastasis of human prostate
cancer PC-3M and ILLNCaP-FGC (LLNCaP) cell lines subsequent to prostatic
(orthotopic) or S.C. (ectopic) implantations in male nude mice was also
determined (31). LNCaP cells produced tumors only in the prostate.
Enhanced rumorigenicity at the orthotopic site was found for PC-3M cells,
but not partental PC-3. Lymph node metastases were observed in practi-
cally all mice given an injection of PC-3M cells in the prostate, but they
were uncommon with S.C. injection of these cells. LNCaP tumors in the
mouse prostate (but not PC-3M tumors) produced detectable levels of
human prostate-specific antigen (PSA) in the serum, even when tumors were
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small (1.5mm in diameter). Immunohistochemistry analysis demonstrated
the presence of the PSA marker in tissue sections of LNCaP but not of
PC-3M tumors (31).

Previous studies have shown, as mentioned above, that the injected tumor
cells may enter the lymphatic stream very shortly after injection (38-42).
Therefore, the metastasis observed may be due to artificial dissemination.

Shevrin et al. (20) demonstrated lung metastasis of PC-3 cells, but this
was achieved by injecting tumor cells directly into the tail vein of the
nude mice, in which several steps of the metastatic process that naturally
occur in patients were bypassed (75-77). Waters et al. (78) reported rather
high lung metastasis of PC-3 cells after urinary bladder wall injection of
cell suspensions. However, they concluded, on the other hand, that lung
metastasis of PC-3 from orthotopic tumor cell injection was infrequent (1
of 10 mice). '

Pettaway et al. (33) demonstrated that cells derived from the metastatic
lesions of the orthotopically imjected parental line of LNCaP, became
increasingly metastatic after multiple selection cycles of orthotopic injection,
subsequent isolation of metastatic cells and orthotopic reinjection. Even
so, after a number of cycles of selection LNCaP still did not metastasize
to the lung from the orthotopic site. Lung metastasis was only achieved
by iv injection of the selected metastatic cells. Variants with increasing
metastatic potential of PC-3M and LNCaP cells were selected by injection
into the prostates of athymic mice. Tumors from the prostate or lymph
nodes were harvested, and cells were reinjected into the prostate. This
cycle was repeated three to five times to yield cell lines PC-3M-Prod4,
PC-3M-LN4, LNCaP-Pro3-5, and LNCaP-1LN3-4, Parental and variant cells
were injected into the prostates of nude mice. PC-3M-LN4 cells produced
enhanced regional lymph node and distant organ metastasis as compared
to PC-3M-Pro4 or PC-3M cells. Orthotopically implantated LNCaP-LLN3
cells produced a higher incidence of regional lymph node metastases than
LNCaP-Pro5 or LNCaP cells. The metastatic LNCaP-LN3 cells exhibited
clonal karyotypic abnormalities, were less sensitive to androgen (in vitro
and in vive), and produced high levels of PSA (33).

Histopathologic evidence from a murine prostate gland into which SP
3031 human prostate cancer cells had been injected indicated dysplastic
glandular epithelium and carcinomatous areas. The human prostate tumors
transformed host organ cells, with specific chromosomal alterations that
may be associated with transformation (79).

Murine prostate cell lines were evaluated for growth and metastasis in
orthotopic (dorso-lateral prostate) locations. Orthotopic tumors produced by
cell lines derived from metastatic lesions tended to grow less rapidly but
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demonstrated greater spontaneous metastatic potential than the cell lines
derived from primary tomors (80).

2.2 Surgical Orthotopic Implantation (SOI) of PC-3
in the Nude Mouse Prostate

The hormone-independent human prostate cancer line PC-3 was SOI as
intact tissue which was harvested from nude-mouse S.C.-growing tissue
(3). The orthotopic transplantation resulted in local growth and metastasis
to the bladder and kidney, as well as distant metastasis to the inguinal,
iliac, and mediastinal lymph nodes. Hydronephrosis was observed due to
urinary blockage by the locally-growing tumor. The human genomic probe
demonstrated by in situ hybridization that the tumors were of human origin
showing a positive hybridization stain for the tumor cells but not for the
stroma or lymphocytes, in the nude mouse lymph-node metastasis of PC-
3. The histology of DU-145 and PC-3 growing and metastasizing in the
nude mice matched published histologies of these tumors (12, 19). This
orthotopic transplant model of prostate carcinoma resembied the clinical
picture of growth within the prostate capsule, showing urinary obstruction,
hydronephrosis, local invasion, and distant metastasis (3).

Using improved SOI of PC-3 in the ventral portion of the prostate (6)
the take rate was 95% with only 1 of 20 mice having no orthotopic growth
upon autopsy. Within the 3-month period following implantation, ali tumors
in the prostate reached more than 2 cm in diameter and usually disfigured
the shape of the lower abdomen. The survival time of the animals ranged
from 9 to 12 weeks. At time of euthanization, severe signs of cachexia
could be observed in all the mice. Autopsy demonstrated that the orthotopi-
cally growing tumor usually protruded into the abdominal avity and very
frequently invaded the lower abdominal wall. Distended urinary bladder
and hydronephrosis due to blocked urethras were also frequently seen. The
seminal vesicles, the bladder, and the lower abdominal wall were often
invaded by the orthotopic primary tumors. Microscopic examination of the
tissue sections demonstrated that 5 of 19 animals had lung metastases and
13 of 19 had penaortic lymph node metastases (6). Histopathology of the
primary tumor showed sheets of densely packed, anaplastic epithelial cells
with abundant, foamy, eosinophilic cytoplasm. The nuclei were pleomorphic
and had varying amounts of unevenly dispersed chromatin. Many abnormal
mitoses could be seen. The prostate gland was almost replaced by tumor
cells and very few glandular structures could be seen (6). Microscopically,
lymph node metastases were characterized by widespread infiltration of
tumor cells in the subcapsular, the cortical and medullary area. In many
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of the lymph nodes analyzed, tumor cells occupied the whole node and
lymphatic cells could barely be seen.

Microscopic examination of lung specimens showed that the metastases
were disseminated. Small nests of tumor cells were observed in almost every
high power field. When large tumor nests were seen, they often resided
around the airway structures (6).

Intact tissue of the human prostate carcinoma cell line PC-3M was
prepared by growth of this cell line subcutaneously in a nude mouse. One
piece of 1.5mm’* intact tumor tissue was implanted by SOI in the ventral
lateral lobes of the prostate gland of 10 nude mice. All 10 mice had tumors
in the prostate gland and metastasis to periaortic lymph nodes. The time
when mice with implanted PC-3M become moribund was 28-32 days after
SOI (81).

23 Surgical Orthotopic Implantation of LNCaP
in the Nude Mouse Prostate

LNCaP grew extensively after SOI in the ventral portion of the prostate.
Eighteen of 20 implanted mice had orthotopic growth. Autopsy demon-
strated that the orthotopically-growing tumors usually protruded into the
abdominal cavity and very frequently invaded the lower abdominal wall.
Distended urinary bladder and hydronephrosis due to blocked urethra were
also frequently seen. The seminal vesicles, the bladder, and the lower
abdominal wall were often invaded by the orthotopic primary tumors.
Microscopic examination of the tissue sections demonstrated that 8 of 18
animals had lung metastases and 11 of 18 had periaortic lymph node
metastases. Histopathology of the primary tumor showed densely packed,
poorly differentiated cells. The prostate gland was almost replaced by tumor
cells and very few glandular structures could be seen. Microscopically,
lymph node metastases involved almost the whole node. Microscopic exami-
nation of lung specimens showed that the metastases were disseminated in
small nests of tumor cells. The mean survival time of the animals was 72
days (82).

SOI eliminated the need to select highly metastatic cells through complex
procedures from a parental tumor for the purpose of establishing metastatic
animal models of human cancer as was necessary for the orthotopic models
using cell suspensions, described above. Moreover, the SOI metastatic
models more closely mimic the clinical pattern, thus providing better tools to
study the biology of cancer metastasis and for evaluating novel therapeutics
for prostate cancer (6). )
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24 Bone Metastasis Models of Prostate Cancer

Thalmann et al. (36} injected a mixture of human fibroblasts and
LNCaP human prostate carcinoma cells into the dorsolateral lobe of the
prostate gland of athymic mice. Metastases were selected that were appar-
ently hybrids of the human fibroblasts and cancer cells. These variants
developed bone metastasis in 10% and 21.3% of intact and castrated hosts,
respectively.

A number of experimental bone metastasis models have also been
developed in the last several years (19-21, 73). To establish these models,
a high metastatic cell line was first selected and inoculated via the tail vein.
In one study, in order to detect bone marrow metastases, 1solation of total
RNA from the bone marrow and subsequent RT-PCR was necessary (73).
These types of models provide a useful tool for prostate cancer, but they do
not mimic the natural history of this disease.

Using GFP-expressing PC-3 transplanted by SOI to the dorsolateral lobes
of the nude mouse prostate, we established an imageable spontaneous bone
metastasis mouse model of non-selected human prostate cancer., In this
mode!, the GFP expression of the SOIl-implanted PC-3 cell line enabled
metastases to be visualized throughout the skeletal system and to other
important organs as well. Extensive and widespread skeletal metastases,
visualized by GFP expression, were found. The skeletal metastasis included
the skull, rib, pelvis, femur, and tibia.

Metastases in the transplanted animals were also found in the lung, pleural
membrane, liver, kidney, adrenal gland, brain and spinal cord. Thus, the
metastatic pattern of human prostate cancer PC-3-GFP accurately reproduces
the clinical course of advanced metastatic androgen-independent prostate
cancer (74). These data demonstrate the far-reaching malignancy of this
tumor {74).

Such a high incidence of skeletal and other metastases could not have
been previously visualized before the development of the GFP-SOI model
which provided the necessary tools. The bone microenvironment in the
mouse provides a highly fertile soil for human prostate cancer matching the
clinical situation (83). The PC-3-GFP model also revealed for the first time
the extensive spontaneous liver metastasis potential of this tumor. This new
metastatic model will be useful for studying the mechanism and developing
therapy of skeletal and other metastases in prostate cancer (74).

The green fluorescent protein (GFP) gene was introduced into LNCaP
cells by lipofection (84). Biological characteristics of a subline (LNCaP-
GFP) that expressed GFP at high level were compared to those of the
parental cells. LNCaP-GFEP cells were orthotopically inoculated to the SCID
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mouse, and metastases to distant organs were chronologically examined
under fluorescence microscopy. There was no difference in growth rates
and androgen-responsiveness in vitro between LNCaP-GFP and LNCaP
cells. LNCaP-GFP cells inoculated to SCID mice produced prostate specific
antigen. Colonies consisting of a few LNCaP-GFP cells were detected in
the lung under fluorescence microscopy as early as 4 weeks after orthotopic
inoculation (84).

3. GENE EXPRESSION AND PROSTATE
CANCER METASTASIS MODELS

A prostate cancer line (PC-3M) was engineered to overexpress
hyaluronidases (hyal-1). Although the in vitro properties of the hyal-1
overexpressing cell line was indistinguishable from the parental cells, the
orthotopic growth of hyal-1 expressing PC-3M cells in nu/nu mice resulted
in significantly increased numbers of metastases, suggesting a role for hyal-1
in extravasation and metastasis (85).

The nuclear factor (NF)-kappaB/relA transcription factor is constitutively
activated in human prostate cancer cells. It was determined that blocking
NF-kappaB/relA activity in human prostate cancer cells affected their angio-
genesis, growth, and metastasis in an orthotopic nude mouse model of
PC-3M. Transfection with a mutated IkappaBalpha (TkappaBalphaM) blocks
NF-kappaB activity. PC-3M control cells produced rapidly growing tumors
and regional lymph node metastasis, whereas PC-3M-lkappaBalphaM cells
produced slow-growing tumors with low metastatic potential. Inhibition of
NF-kappaB inhibited expression of three major proangiogenic molecules,
vascular endothelial growth factor (VEGF), interleukin (IL)-8, and matrix
metalloproteinase (MMP)-9, and decreased tumore angiogenesis (86).

Subclones of the PC-3M and LNCaP cell lines were selected for increased
metastatic potential after successive orthotopic implantation in the prostate
of nude mice. Comparative genomic hybridization (CGH) was used to
compare the chromosomal abnormalities between the parental cell lines
and variants to determine whether specific chromosomal abnormalities can
be associated with different growth properties. PC-3M-Pro4, a derivative
line that produced significantly larger tumors in the prostate, had a unique
gain of 3ql13. PC-3M-LN4, a derivative line that produced significantly
larger metastatic tumors in the lymph nodes and had higher incidences of
distant metastases, had a specific gain of 1q21-q22 and losses of 10q23-
gter and 18q12—q21. A derivative line of LNCaP that produced significantly
larger tumors in the prostate, LNCaP-Pro5, had a unique gain on 13q12-
q13. In comparison, LNCaP-LN3, a derivative line that had a significantly
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higher incidence of lymph node metastases and produced significantly larger
metastatic tumors in the lymph nodes, had specific losses of 16q23—gter and
21q (87).

To investigate the potential genetic changes underlying the progression
of human hormone-resistant prostate cancer, chromosomal alterations of the
DU-145 cell line and a subline isolated form a metastasis in an orthotopic
model were analyzed. DU-145 cells were injcted into the dorsal prostate.
From a resulting paraaortic lymph node metastasis, a subline {DU-145
MN1), was isolated. After orthotopic implantation of DU-145 cells tumori-
genicity was 100% but only 2 mice had lymphnode metastases. In contrast,
the take rate after implantation of DU-145 MNI1 was 100%, with frequent
lymphnode metastases. There was gain of a chromosome 8 and only two
copies of chromosome 17 in the DU-145 MN1 cells as compared to the
parental cell line. The emergence of an i(9)(q10) in addition to two normal
chromosome 9 homologues in the DU-145 MNI1 cell line was confirmed
by fluorescent in sifu hybridization (FISH) using a chromosome 9-specific
painting probe. Chromosomal changes, following repeated orthotopic implan-
tation, may enable location of the genes involved in the progression and
chemoresistance of human hormone-resistant prostate cancer (88).

After orthotopic intraprostatic injection of tumor cells into SCID mice,
the metastatic DU-145 prostate carcinoma cells expressed 12-lipoxygenase
(12-LOX) at a significantly higher level compared with the non-metastatic
counterparts. The functional involvement of 12-LOX in the metastatic
process was demonstrated when DU-145 cells were pretreated in vitro with
the 12-LOX inhibitors N-benzyl-N-hydroxy-5-phenylpentamide (BHPP) or
baicalein with subsequent inhibiticn of lung colonization in the orthotopic
model (89).

IL-8 expression by human prostate cancer growing within the prostate of
athymic nude mice regulates tumor angiogenesis, growth, and metastasis.
Poorly metastatic PC-3P cells were transfected with the full-length sense
IL.-8 cDNA, whereas highly metastatic PC-3M-LN4 cells were transfected
with the full-sequence antisense IL-8 cDNA. After orthotopic implantation,
the sense-transfected PC-3P cells were highly tumorigenic and metastatic,
with significantly increased neovascularity and IL-8 expression compared
with either PC-3P cells or controls. Antisense transfection significantly
reduced the expression of IL-8 and MMP-9 and tumor-induced neovascu-
larity, resulting in inhibition of tumorigenicity and metastasis, These results
demonstrate that IL-8 expression regulates angiogenesis and metastasis in
prostate cancer, in part by induction of MMP-9 expression (90).

Human prostate PC-3 ML tumor cells transfected with IL-10 were
examined for tumor growth and metastasis following orthotopic implantation
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in the prostate gland of SCID mice. Volume and extent of metastasis were
negatively correlated with the amount of IL-10 production. Controls showed
that parental PC-3 ML grew rapidly and metastasized when implanted
orthotopically and died by 14-16 weeks. In contrast, the PC-3 ML-
I1.10a or PC-3 ML-ILIOb clones induced only 10-20% death after 23-24
weeks (91).

Transfection of primary human prostate tumor cell lines (HPCA-10a,
10b, 10c, and 10d) with the transforming growth factor (TGF)-beta-1
gene promoted tumor growth, angiogenesis, and metastasis after orthotopic
implantation in SCID mice. In contrast, IL-10 transfected cells or cells co-
transfected with these two genes exhibited reduced growth rates and signif-
icantly reduced angiogenesis and metastasis. TGF-betal expression induced
MMP-2 expression, whereas 1L-10 down-regulated MMP-2 expression
while up regulating tissue inhibitor of matrix metalloproteinase (TIMP)-1
in the transfected cells. Mouse survival was zero after 4—6 months in mice
bearing transforming growth factor-betal (TGF-B1} and MMP-2-expressing
tumors. Survival increased significantly in mice implanted with IL-10- and
TIMP-1-expressing tumeors {92).

Prostate adenocarcinoma PC-3 and DU-145 cell lines express
alphall(b)beta3 integrin markers. Implantation in SCID mice determined that
alphall(b)beta3 mediates metastatasis. In DU-145 cells the integrin localizes
to focal contact sites, whereas it is predominantly intracellular in PC-3 cells.
Both tumor cell lines were tumorigenic when implanted subcutaneously or
intraprostatically in SCID mice, but only DU-145 celis injected intrapro-
statically metastasized. There was higher expression of alphall(b)beta3 in
DU-145 tumor cell suspensions isolated from the prostate when compared
to DU-145 tumor cells from the subcutis (93).

A nontumorigenic cell line isolated from the rat prostatic epithelium
(NbE) transfected with the activated oncogene pl85neu-T was used to
investigate the role of this oncogene in tumor progression. When clones
overexpressing pl85neu-T were injected orthotopically into the dorsal-
lateral prostates of nude mice, prostatic tumors were detected in all mice
injected and metastasis was detected to the skeletal muscle in the rib area in
60-80% of the mice injected. Control cell lines produced no prostatic tumors
or metastases. Clones overexpressing p1835neu-T demonstrated an increased
expression of epidermal growth factor receptor and pi80erbB4 (94).

The expression level of several metastasis-regulating genes correlated
with the metastatic potential of human prostate cancer cells implanted into
the prostate of nude mice. Human PC-3M cells and selected cell variants
with different metastatic potentials were evaluated. Human prostate cancer
cells implanted in nude mice at an ectopic site (S.C.) expressed lower levels
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of epidermal growth factor receptor (EGFR), multidrug resistance (mdr)-1,
basic fibroblast growth factor (bFGF), IL-8, and collagenase type IV than
those implanted in an orthotopic site, indicating that the expression of these
genes was dependent on the organ environment. Highly metastatic cells
growing in the prostate expressed higher levels of EGFR, bFGF, type 1V
collagenase, and mdr-1 mRNA than low metastatic parental cells in the
same site (95).

4. GENE THERAPY AND PROSTATE CANCER
METASTASIS MODELS

Angiogenin, a mediator of neovascularization was targeted by an
antisense oligodeoxynucleotide, designated JF2S, in human prostate tumors
in nude mice in an orthotopic medel. Systemic prophylactic administration
of JF2S prevented, in 47% of mice, formation of regional iliac lymph node
micrometastases arising from primary PC-3 tumors growing orthotopically
in the prostate. Total protection from regional metastasis occurred in those
mice in which JF2S diminished human angiogenin expression. Tumor angio-
genesis was also impaired by JF2S treatment. These findings demonstrate
that human prostate cancer metastasis in athymic mice is susceptible to
disruption of human angiogenin gene expression (96).

The effects of interferon-beta (IFN-beta) gene transfer on the growth
of PC-3MM2 human prostate cancer in nude mice were investigated.
Intratumoral delivery of an adenoviral vector encoding murine [FN-beta
(AdIFN-beta) suppressed orthotopic PC-3MM2 tumors and development of
metastasis by 80%, and eradicated the tumors in 20% of mice. Immunohis-
tochemical staining showed that AdIFN-beta-treated tumors contained fewer
microvessels, fewer proliferating cells, and more apoptotic cells than did
the control tumors. Compared with controls, tumors injected with AdIFN-
beta expressed higher levels of IFN-beta and inducible nitric oxide synthase
(iNOS8) and lower levels of basic bFGF and TGF-31 (86).

Highly metastatic PC-3M human prostate cancer cells were engineered to
constitutively produce murine IFN-beta with a retroviral vector containing
murine IFN-beta ¢cDNA. Parental (PC-3M-P), control vector-transduced
(PC-3M-Neo), and IFN-beta-transduced (PC-3M-IFN-beta) cells were
injected into the prostate or subcutis of nude mice. PC-3M-P and PC-
3M-Neo cells produced rapidly growing tumors and regional lymph node
metastases, whereas PC-3M-IFN-beta cells did not. PC-3M-IFN-beta cells
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also suppressed the tumorigenicity of bystander non-transduced prostate
cancer cells. PC-3M-IFN-beta tumors were homogeneously infiltrated by
macrophages, whereas control tumors contained fewer macrophages at their
periphery. PC-3M-IFN-beta tumors contained fewer proliferative cells and
more apoptotic cells than controls. Staining with antibody against CD31
showed that control tumors contained more blood vessels than PC-3M-IFN-
beta tumors. The data suggested that the suppression of tumorigenicity and
metastasis of PC-3M-IFN-beta cells was due to inhibition of angiogenesis
and activation of host effector cells (97).

The efficacy of a single injection of a recombinant adenovirus expressing
murine IL-12 (AdmlIL-12) was determined by direct injection into ortho-
topic mouse prostate carcinomas generated from a poorly immunogenic cell
line (RM-9) derived from the mouse prostate reconstitution system. Signif-
icant growth suppression and increased mean survival time were observed
compared with controls. Suppression of pre-established lung metastases was
also observed. Cytolytic natural killer cell activity was markedly enhanced
1-2 days after virus injection. Immunohistochemical analysis showed signif-
icantly elevated intratumoral infiltration of CD4+ and CD8+ T-cells.
Splenocyte-derived cytotoxic T-lymphocytes were also detected. Increased
numbers of nitric oxide synthase-positive macrophages were also seen in
the AdmIL-12 treated group. The antitumor efficacy of adenovirus-mediated
IL-12 depends on the activation of nitric oxide synthase in macrophages
and T-cell activation (98).

The effectiveness of an adenovirus that expresses both IL-12 and the
costimulatory molecule B7-1 (AdmIL12/B7) or one that expresses IL-12
alone (AdmlIL-12) were compared using the poorly immunogenic RM-
9 orthotopic murine model of prostate cancer. A significant reduction in
orthotopic tumor size and increased survival was demonstrated in mice
treated with a single orthotopic injection of AdmIL-12/B7 compared with
AdmlL-12 or controls. Orthotopic treatment of tumors with both vectors
led to an infiltration of both CD4+ and CD8+ immunoreactive cells, with
AdmlL-12/B7 treatment having a more prolonged infiltration of CD8+
cells. AdmlIL-12/B7 was also more effective than AdmIL-12 or controls at
suppression of pre-established metastases. A vaccine model based on s.c.
injection of infected, irradiated RM-9 cells demonstrated that both AdmIL-
12 and AdmIL-12/B7 were effective at suppressing the development and
growth of challenge orthotopic tumors (99).

Mutation of the p53 tumor suppressor gene has been associated with the
progression of prostate cancer. An orthotopic metastatic model for human
prostate cancer was used to determine efficacy of the wild-type p53 gene
using an adenoviral vector (rAd-p53). The human prostate cancer cell line
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PC-3 has a homozygous loss of p33 expression in nude mice following
orthotopic injection. A single injection of rAd-p53 into an established ortho-
topic prostate tumor resulted in primary tumor growth suppression and
reduced the frequency of metastasis (100).

An orthotopic mouse model of metastatic prostate cancer using a cell
line (RM-1) derived from the mouse prostate was developed. Adenovirus
(ADV)-mediated transduction of the herpes simplex virus thymidine kinase
(LISV-tk) gene in conjunction with ganciclovir (GCV) in this model
led to significant suppression of growth and of spontaneous metastasis
with a significant survival advantage and a continued suppression of
metastatic activity for treated animals despite regrowth of the primary
tumor (101).

Induction of potent antitumor natural killer (NK) cell activity by herpes
simplex virus-thymidine kinase and ganciclovir therapy was observed in
the orthotopic RM-1 mouse model of prostate cancer. {n vivo depletion
of NK cells resulted in a 20% reduction in growth suppression within
the primary tumor and complete abrogation of the inhibition of preestab-
lished lung metastases. Depletion of T-cells had no effect on either
response. NK cells within adenovirus/HSV-tk- and ganciclovir-treated
tumors, thus mediated both local and systemic antitumor activities in this
model (102).

5. OTHER TREATMENT OF PROSTATE
CANCER METASTASIS

Arsenic trioxide (As203) was administered to SCID mice inoculated
orthotopically with PC-3 cells. The orthotopic metastasis model showed
tumor growth inhibition in the primary and metastatic lesions with no signs
of toxicity (103).

Caveolin-1 plays important roles in signal transduction and lipid
transport. Injections of caveolin-1 antibody suppressed the orthotopic growth
and spontaneous metastasis of a highly metastatic, androgen-insensitive
caveolin-1-secreting mouse prostate cancer (104).

Prostate stem-cell antigen (PSCA) is a cell-surface antigen expressed in
normal prostate and overexpressed in prostate cancer tissues. Anti-PSCA
mAbs efficacy was evaluated on the androgen-dependent LAPC-9 and the
androgen-independent recombinant cell line PC-3-PSCA. Orthotopic tumors
were inhibited in a dose-dependent manner. Inhibition of metastasis to
distant sites also occurred resulting in a significant prolongation in the
survival of tumor-bearing mice (105).
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6. ORTHOTOPIC DOG MODEL

A new canine prostate cancer epithelial cell line designated DPC-1
has been isolated from a poorly differentiated canine prostatic adenocar-
cinoma {106). Tumorigenicity was assessed in nude mice and in one adult
immunodeficient dog. DPC-1 displays immunoreactivity to human PSA and
prostate-specific membrane antigen (PSMA). DPC-1 was found to be highly
tumorigenic not only in nude mice but also for the first time after orthotopic
seeding in an immunodeficient dog.

7. MATERIALS AND METHODS
IN THE AUTHOR’S LABORATORY

7.1 Animals

Outbred nu/nu mice, 4-6 weeks old, were used for s.c. and orthotopic
transplantation of DU-145, PC-3, and LNCaP. All the mice were maintained
mm a pathogen-free environment. Cages, bedding, food, and water were
autoclaved and changed regularly. All the mice were maintained in a daily
cycle of 12 hr light and 12 hr darkness (3). They were maintained in a specific
pathogen-free environment in compliance with USPHS guidelines governing
the care and maintenance of experimental animals under Assurance Number
A3873-01. Mice were fed with autoclaved laboratory rodent diet (Teklad
LM-485, Western Research Products, Orange, CA) (6).

7.2 Surgical Orthotopic Implantation

PC-3 DU-145 and LNCaP cells were obtained initially from the American
Tissue Type Culture Collection (Rockville, MD). Tumor tissue used for
surgical orthotopic implantation was derived from a tumor growing subcu-
taneously after injection of prostate cancer cells in a nude mouse. Tissue
from the periphery of the tumor was harvested in log phase and necrotic
tissue was carefully removed under a dissecting microscope to minimize the
amount of viable tissue for implantation. The viable tissue was then cut into
small cubes of 1 mm? in standard tissue culture medium under sterile condi-
tions. To minimize variation in subsequent tumor growth and metastasis,
these tumor pieces were randomly mixed and an equa! amount of pieces
was implanted in each mouse as described below.
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7.2.1 SOI to Ventral Lateral Lobes of Prostate

Mice were anesthetized by isoflurane (Ohmeda Caribe Inc., Guayama,
PR) and positioned supinely. An opening was made right above the pubis
symphysis to expose the prostate gland. The fascia surrounding the ventral
portion of the prostate was carefully isolated and the two ventral lateral lobes
of the gland were separated by a small incision using a pair of fine surgical
scissors. Five of the above tissue pieces were sutured into the incision using
an 8-0 nylon suture. The two parts of the separated lobes were then sutured
together with the tumor pieces wrapped within. The surrounding fascia was
then used to wrap this portion of the gland to consolidate the incision. The
abdomen was closed using a 6-0 suture (6).

7.2.2 SOI to Dorsal Lateral Lobe of Prostate

Two tumor fragments (1 mm?) from a $.C. tumor from a single animal
were implanted by SOI in the dorsolateral lobe of the prostate in nude
mice. After proper exposure of the bladder and prostate following a lower
midline abdominal incision, the capsule of the prostate was opened and
the two tumor fragments were inserted into the capsule. The capsule was
then closed with an 8-0 surgical suture. The incision in the abdominal wall
was closed with a 6-0 surgical suture in one layer (7, 8). The animals
were kept under isoflurane anesthesia during surgery. All procedures of
the operation described above were performed with a 7 x magnification
microscope {Olympus) (74).

To confirm the human origin of the tumors growing in the nude mice,
the Oncor total-human-genome probe (Oncor, Gaithersburg, MD) was used.
Briefly, paraffin-embedded blocks of the nude-mouse tumor, both local
and metastatic, were cut into 4-pm-thick sections and applied to silanized
slides. After deparaffinization, protein digestion and dehydration, the Oncor
biotinylated “Total-human DNA painting probe” was used for in situ
hybridization. Avidin, anti-avidin antibody and horse-radish peroxidase-
avidin complex with 3-3’-diaminobenzidine tetrahydrochloride (DAB) as
the substrate was subsequently applied for the detection system according
to the specifications supplied by Oncor. Hematoxylin was used in counter-
staining. The nuclei of positive cells stained brown, indicating their human
origin. Negative controls utilized the total procedure but without the human-
genome-specific DNA probe. The human genomic probe was used to
determine the human origin of the prostate tumors in the nude mice since
neither DU-145 nor PC-3 produce PSA (3).
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7.3 Histological and GFP Evaluation of Tumor
Growth and Metastasis

Mice were euthanized if found moribund during the observation period.
All mice were humanely sacrificed using CO, inhalation three months after
tumor implantation and then immersed in 10% formalin for subsequent
autopsy and microscopic examination. Regional and distant lymph nodes,
the lung, the liver as well as other organs suspected of metastasis were
routinely embedded, sectioned, and stained with hematoxylin and eosin
using standard techniques for microscopic examination. The skeletal system
was carefully examined grossly under a dissecting microscope (7x) with
the removal of the soft tissue for possible bone metastasis (6).

7.3.1 GFP DNA Expression Vector

The RetroXpress vector pLEIN was purchased from Clontech Labora-
tories, Inc. (Palo Alto, CA). The pLEIN vector expresses enhanced green
fluorescent protein (EGFP) and the neomycin resistance gene on the same
bicistronic message which contains an IRES site (72).

7.3.2 Production of GFP Retrovirus

PT67, an NIH3T3-derived packaging cell line, expressing the 10 Al viral
envelope, was purchased from Clontech Laboratories, Inc. PT67 cells were
cultured in DME medium (Irvine Scientific, Santa Ana, CA) supplemented
with 10% heat-inactivated fetal bovine serum (FBS) (Gemini Bio-products,
Calabasas, CA). For vector production, packaging cells (PT67), at 70%
confluence, were incubated with a precipitated mixture of DOTAP™ reagent
(Boehringer Mannheim), and saturating amounts of pLEIN plasmid for 18
hours. Fresh medium was replenished at this time. The cells were examined
by fluorescence microscopy 48 hours post-transfection. For selection, the
cells were cultured in the presence of 500 — 2000 pwg/ml of G418 (Life
Technologies, Grand Island, NY) for seven days (72).

7.3.3 GFP Gene Transfection of Prostate Carcinoma Cells

For GFP gene transfection, 20%-confluent PC-3 cells were incubated
with a 1:1 precipitated mixture of retroviral supernatants of PT67 cells and
Ham'’s F-12 K (GIBCO) containing 7% fetal bovine serum {FBS) (Gemini
Bio-products, Calabasas, CA) for 72 hours. Fresh medium was replen-
ished at this time. PC-3 cells were harvested by trypsin/EDTA 72 hours
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post-transfection, and subcultured at a ratio of 1:15 inte selective medium
which contained 200 ug/ml of G418. The level of G418 was increased
to 1000 pg/ml stepwise. PC-3 clones expressing GFP (PC-3-GFP) were
isolated with cloning cylinders (Bel-Art Products, Pequannock, NJ) with
trypsin/EDTA and were then amplified and transferred by conventional
culture methods (74).

7.3.4 Doubling Time of Stable GFP Clones

PC-3-GFP or non-transfected cells were seeded at 1.5 x 10" in 35mm
culture dishes. The cells were harvested and counted every 24 hours using a
hemocytometer (Reichert Scientific Instruments, Buffalo, NY). The doubling
time was calculated from the cell-growth curve over a period of ten days (74).

74  Fluorescence Imaging

A Leica fluorescence stereo microscope model LZ12 equipped with a
mercury SOW lamp power supply was used (107-109). To visualize both
GFP and RFP fluorescence at the same time, excitation was produced
through a D425/60 band pass filter and 470 DCXR dichroic mirror (110).
Emitted fluorescence was collected through a long pass filter GG475
(Chroma Technology, Brattleboro, VT). Macroimaging was carried out in
a light box (Lightools Research, Encinitas, CA). Fluorescence excitation
of both GFP and RFP tumors was produced through an interference filter
440+4/—20 nm using slit fiber optics for animal illumination. Fluorescence
was observed through a 520 nm long pass filter (110). Images from the
microscope and light box were captured on a Hamamatsu C5810 3-chip
cool color CCR camera (Hamamatsu Photonics Systems, Bridgewater, NJ).

Images were processed for contrast and brightness and analyzed with
the use of Image Pro Plus 4.0 software (Media Cybernetics, Silver Springs,
MD). High resolution images of 1024 x 724 pixels were captured directly
on an IBM PC or continuously through video output on a high resolution
Sony VCR model SL.V-R1000 (Sony Corp., Tokyo Japan) (107-109).

8. CONCLUSIONS AND PERSPECTIVES

Intraprostatic implantation of PC-3 cell suspensions in nude mice resulted
in paraaortic lymph node metastases in 10 of 10 mice with prostatic tumors,
whereas metastases were present in only 2 of 9 mice after S.C. implantation.
Tumorigenesis and metastasis were also 100% after subserosal implantation
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of PC-3 cells within the wall of the urinary bladder. Subserosal implantation
of PC-3 cells into the stomach wall also resulted in tumor formation and
metastasis as well to regional lymph nodes in 100% of mice. In all exper-
iments, regional lymph nodes were the most frequent site of metastasis,
regardless of implantation site. The loss of organ specificity may have been
due to use of cell suspensions instead of tumor fragments for orthotopic
implantation (78, 111).

The invasive and metastatic behavior of metalloproteinase matrilysin
transfected DU-145 cell lines injected into the dorsal lateral lobe of the
prostate in SCID mice was compared to that observed when they are injected
intraperitoneaily. The results demonstrate that the level of mRNA expression
of the matrilysin, stromelysin, TIMP-1, and TIMP-2 genes was similar at
the two sites of injection. The invasive properties of DU-145 cells following
orthotopic implantation were comparable to that observed on the diaphragm
following intraperitoneal injection (112). Again this loss of host tissue speci-
ficity may have been due to use of cell suspensions instead of intact tissue
fragments for orthotopic implantation. Further comparative experiments are
necessary using the two techniques.

The use of GFP and now RFP allow unprecidented visualization of tumor
growth in vive including prostate cancer (74, 110). New techniques of in vivo
imaging with these multicolor fluorescent reporters will enable important
insight into the mechanisms of prostate cancer metastasis (110).

Recently transgenic models of prostate cancer have been developed,
Gupta et al. (113) described the transgenic adenocarcinoma of the mouse
prostate (TRAMP). In this model, expression of the SV40 early genes (T
and t antigen, Tag) are driven by the prostate-specific promoter probasin
which leads to cell transformation within the prostate. TRAMP mice develop
prostate cancer without any chemical or hormonal treatment and metastasis
to lymph nodes, lungs, liver, and bone occur over 12-28 weeks with median
survival of 42 weeks. The potential question with these models is “what
do they represent” since all cells express as an artifical transgene such as
the SV40 T-antigens in the TRAMP model which is not the case in human
prostate cancer.
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