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ABSTRACT A transgenic mouse model of metastatic pros-
tate cancer has been developed that is 100% penetrant in multiple
pedigrees. Nucleotides 26500 to 134 of the mouse cryptdin-2
gene were used to direct expression of simian virus 40 T antigen
to a subset of neuroendocrine cells in all lobes of the FVByN
mouse prostate. Transgene expression is initiated between 7 and
8 weeks of age and leads to development of prostatic intraepi-
thelial neoplasia within a week. Prostatic intraepithelial neopla-
sia progresses rapidly to local invasion. Metastases to lymph
nodes, liver, lung, and bone are common by 6 months. Tumor-
igenesis is not dependent on androgens. This model indicates
that the neuroendocrine cell lineage of the prostate is exquisitely
sensitive to transformation and provides insights about the
significance of neuroendocrine differentiation in human pros-
tate cancer.

Cancer of the prostate (CaP) is currently the second leading cause
of cancer deaths in men (1). Diagnosis of CaP has become
common because of the availability of a rapid and sensitive
screening test for prostate-specific antigen (PSA, ref. 2). This has
produced a dilemma: how to accurately stratify patients into risk
categories for development of aggressive disease. This poor
prognostic capability reflects, in part, our lack of understanding
of the molecular mediators of tumor progression.

The prostate is a tubuloalveolar gland that contains a simple,
slowly renewing epithelium composed of three cell types (3).
Secretory (luminal) cells predominate. Basal cells are interposed
between luminal cells and the basement membrane and form the
principal proliferating epithelial population in mature glands (4,
5). Neuroendocrine cells are rare and scattered throughout acini
and ducts (6, 7). Neuroendocrine cells secrete a variety of growth
factors that may affect development and maintenance of this
tissue (e.g., calcitonin, bombesin, and parathyroid hormone-
related protein; refs. 8–10).

Conventional adenocarcinoma of the prostate often displays
focal neuroendocrine differentiation (NED): estimates of the
frequency of NED vary depending on the detection methods
employed but have been reported to be as high as 100% (reviewed
in ref. 6). Studies suggest that NED is associated with an
unfavorable prognosis (11–13) and androgen-independent pro-
gression (11, 14, 15). Several factors may contribute to this
association. Some workers have noted that cells next to foci of
NED exhibit increased proliferation and augmented expression
of the antiapoptotic regulator Bcl-2 (e.g., ref. 16; reviewed in ref.
7). In addition, neuroendocrine cells in humans do not contain
detectable levels of the androgen receptor (17).

Experimental models to explore the role of neuroendocrine
cells in CaP are not available. The majority of research on CaP
has been conducted by using human tissue samples, human cell

lines, and animal models of sporadic, naturally occurring disease.
In the interest of producing a reliable and relevant animal model
of human CaP, several groups have expressed simian virus 40
large tumor antigen (SV40 T-Ag) in the secretory cells of
transgenic mouse prostates. Expression results in neoplastic
transformation of a subset of these cells and progression to
invasive cancer (18–22). We now have developed a new trans-
genic mouse model in which SV40 T-Ag is produced in members
of the neuroendocrine cell lineage, resulting in metastatic CaP.

MATERIALS AND METHODS

Generation of Transgenic Mice and Maintenance of Animals.
Transgenic mice containing SV40 T-Ag, or nucleotides 13 to
12150 of the human growth hormone (hGH) gene, under the
control of nucleotides 26500 to 134 of the mouse cryptdin-2
gene (CR2) were generated on an FVByN background as de-
scribed (23). Pedigrees were maintained as heterozygotes by
crosses to normal FVByN littermates. Mice containing CR2-
T-Ag and CR2-hGH transgenes were identified by PCR (23). All
animals were housed in microisolater cages and fed a standard
irradiated chow diet ad libitum (Pico Rodent Chow 20, Purina).

Immunohistochemistry. Specified pathogen-free transgenic
animals and nontransgenic littermate controls were sacrificed at
6, 7, 8, 10, 12, 16, or 24 weeks of age. Some animals were given
an i.p. injection of an aqueous solution of BrdUrd (120 mgykg)
and 5-fluoro-29-deoxyuridine (12 mgykg) 90 min before sacrifice.
Other cohorts of mice were castrated at 28 days of age.

After sacrifice, all pelvic, abdominal, and thoracic organs were
examined for signs of metastasis or other gross pathology.
Tissues, including pelvic and abdominal lymph nodes, liver, lung,
brain, and femur, were then fixed by immersion in 10% buffered
formalin (Fisher Scientific) or fresh periodateylysineyparafor-
maldehyde solution for 6 h or 45 min, respectively. Dorsal,
ventral, anterior, and lateral lobes of the prostate were removed
en bloc, weighed, and measured with calipers before fixation.
After fixation, all tissues were washed in 70% ethanol overnight
and embedded in paraffin.

Paraffin-embedded sections were deparaffinized, rehydrated,
and microwaved in 10 mM sodium citrate buffer, pH 6.0. After
antigen retrieval, slides were washed in distilled water, placed in
PBS-blocking buffer (1% BSAy0.2% nonfat dry milky0.3% Tri-
ton X-100 in PBS) for at least 20 min, and then incubated at 4°C
overnight with one or more of the following primary antibodies:
(i) goat anti-BrdUrd (final dilution in PBS-blocking buffer,
1:1,000; ref. 24); (ii) rabbit anti-SV40 T-Ag (1:2,000; a generous
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gift of Doug Hanahan, University of California, San Francisco);
(iii) rabbit anti-human synaptophysin (1:200; Dako); (iv) rabbit
anti-bovine SP-1 chromogranin A (1:500; Incstar, Stillwater,
MN); (v) sheep anti-human growth hormone (1:2,000; Cortex
Biochem, San Leandro, CA); (vi) mouse anti-human high mo-
lecular weight cytokeratin (1:200; clone 34bE12; Dako); and (vii)
rabbit anti-human androgen receptor (1:100; N20 from Santa
Cruz Biotechnology; recognizes an epitope at the N terminus of
the orthologous human and mouse proteins).

Antigen–antibody complexes were detected with fluorescein
isothiocyanate (FITC)-, indocarbocyanine (Cy3)-, or indodicar-
bocyanine-conjugated donkey anti-rabbit or anti-goat IgG (di-
luted 1:200 and 1:500, respectively; Jackson ImmunoResearch).
Mouse anti-high molecular weight cytokeratin was detected by
using the tyramide signal amplification direct FITC kit (NEN).
Slides were counterstained with bis-benzimide (Sigma) and
viewed and photographed with a Zeiss Axioscope or a Molecular
Dynamics Multiprobe 2001 inverted confocal microscope (1-mm
section scans). Alternatively, bound primary rabbit antibodies
were visualized with horseradish peroxidase-conjugated donkey
anti-rabbit IgG (1:100; Jackson ImmunoResearch) and 3,39-
diaminobenzidineymetal substrate (Pierce).

Morphometric Studies. Prostates fixed in 10% formalin and
embedded in paraffin were serially sectioned (5 mm) in their
entirety. Every 10th section was stained with hematoxylin and
eosin and evaluated by light microscopy for the presence of
high-grade prostatic intraepithelial neoplasia (PIN) and invasive
carcinoma. The extent of high-grade PIN was quantitated by
recording the number of separate foci of PIN (25) per section.
The size of carcinomas was determined with an ocular microme-
ter (microscopic tumors) or calipers (macroscopically evident
tumors). Tumor volume (cm3) was calculated by using the for-
mula for spheres.

RESULTS

CR2-T-Ag Transgenic Mice Develop CaP with a Pattern of
Progression That Resembles Human Prostate Cancer. FVByN
transgenic mice expressing SV40 T-Ag under the control of
nucleotides 26500 to 134 of the mouse CR2 gene originally were
created to study the function of Paneth cells, one of the four
epithelial lineages in the small intestine (23). Paneth cells secrete
growth factors and antimicrobial peptides (cryptdins) (26). Ma-
ture Paneth cells are absent in CR2-T-Ag mice because SV40
T-Ag blocks their terminal differentiation and induces cell death.
Their absence produces no discernible effect on overall intestinal
physiology or mucosal barrier function and does not lead to
development of intestinal neoplasms (23).

CR2 is undetectable in the prostate of normal adult FVByN
mice, as defined by reverse transcriptase–PCR (RT-PCR) or
immunohistochemistry (data not shown). CR2 promoter-
directed expression of SV40 T-Ag in the prostate first came to our
attention when male CR2-T-Ag transgenic mice belonging to four
different pedigrees died at 5–7 months of age with large prostate
tumors. Prostate cancer was observed in 100% of male transgen-
ics from these pedigrees (n 5 77 animals surveyed at 5–6
months). Two pedigrees were expanded for further analysis. Both
lines of mice displayed 100% penetrance and similar histopatho-
logic and temporal patterns of progression of their CaP.

Transgenic animals and their normal (nontransgenic) litter-
mates were sacrificed at 7, 8, 10, 12, 16, and 24 weeks of age, and
their prostates were subjected to morphometric analysis (n 5
6–21 miceygenotypeytime point). No abnormalities were seen in
the prostates of any normal controls (n 5 44; e.g., Fig. 1A).

The earliest histologic abnormalities in transgenic mice were
detected at 8 weeks of age. This coincides with the initiation of
SV40 T-Ag expression in the prostatic epithelium (see below). At
8 and 10 weeks, all glands had scattered foci of increased
cellularity with multiple mitotic and apoptotic figures (Table 1
and Fig. 1B). Cells in these foci had enlarged nuclei of variable

size and shape, increased chromatin density and clumping, mul-
tiple enlarged nucleoli, as well as attenuation of cytoplasmic
volume and features (Fig. 1C). These foci resemble PIN, postu-
lated to be a precursor to CaP in humans (27). The average
frequency of PIN at 8 and 10 weeks was 1.3 and 2.8 foci per
5-mm-thick section of prostate (Fig. 2).

By 12 weeks of age, all transgenic prostates contained multi-
focal PIN (Table 1 and Fig. 2). In 70% of mice surveyed, local
invasion of neoplastic cells through the basement membrane and
into the surrounding stroma was observed (Fig. 1D) These

FIG. 1. Progression of lesions in CR2-T-Ag mouse prostates reca-
pitulates the proposed histologic progression of human prostate
cancer. (A) Hematoxylin- and eosin-stained section from a nontrans-
genic 8-week-old mouse, demonstrating the appearance of normal
prostatic epithelium. (B) Prostatic intraepithelial neoplasia (PIN) in
an 8-week-old CR2-T-Ag mouse. Borders between normal-appearing
epithelium and clusters of dysplastic cells contained in foci of PIN are
indicated by arrows. (C) Transmission electron microscopy of a
border, such as that shown in B. In contrast to normal nuclei (e.g.,
closed arrow), dysplastic nuclei (e.g., open arrow) have irregular size
and shape, clumps of condensed chromatin, and multiple nucleoli. (D)
By 12 weeks of age, invasion through the basement membrane into the
surrounding stroma has begun (e.g., arrow). (E) At 16 weeks, stromal
invasion is extensive, with glandular structures being replaced by
tumor. (F) A 24-week-old transgenic mouse prostate consisting of
sheets of neoplastic cells. High rates of mitosis (solid arrow) and
apoptosis (open arrow) are evident. Spindle-shaped cells (e.g., solid
arrowhead) are consistent with neuroendocrine differentiation. (G)
Liver from a 24-week-old animal with evidence of metastases (e.g.,
arrows). Inset is a high-power view of the boxed region showing
hematogenous spread of the cancer. (H) At 24 weeks, the femoral
marrow space is filled with tumor cells. The tibia (located on the left)
is included to show the appearance of unaffected marrow. [Bars 5 50
mm (A, B, and E); 10 mm (C); 20 mm (D and F); 500 mm (G and H).]
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observations support the hypothesis that PIN represents a pre-
cursor to cancer.

At 16 weeks, 90% of transgenic prostates had invasion of cells
through the basement membrane into the surrounding stroma
(Fig. 2). Frequently, a single section would contain multiple
neoplastic lesions at different stages of evolution. Twenty-five
percent of animals surveyed had prostatic nodules $3 mm in
diameter that were composed of sheets of malignant cells with
little or no glandular features (Fig. 1E). Examples of vascular,
lymphatic, and perineural invasion also were found within these
glands (Table 1).

By 24 weeks, 100% of prostates contained large tumor nodules
composed of solid masses of neoplastic cells (Fig. 1F). At this age,
adenocarcinomas in 40% of CR2-T-Ag males surveyed had
metastasized to abdominal lymph nodes, liver, lung, and bone
marrow (Table 1, Fig. 1 G and H).

Male mice from both pedigrees of mice typically died
between 5 and 7 months of age. In contrast, CR2-T-Ag females
(n 5 50) developed normally and had a normal lifespan when
compared with their nontransgenic female (or male) litter-
mates.

Studies of CR2-T-Ag, CR2-hGH, and Bitransgenic Mice Es-
tablish that Neuroendocrine Cells Are Very Sensitive to Trans-
formation by SV40 T-Ag. Hematoxylin- and eosin-stained sec-
tions of the prostate tumors revealed a number of features
suggestive of neuroendocrine differentiation, e.g., spindle-shaped
cells and occasional rosette-like structures (Fig. 1F). This raised
the question of whether CaP in these mice was initiated in
members of the neuroendocrine cell lineage.

At 6 and 7 weeks of age, transgene expression was undetectable
by RT-PCR or Western blot assays or by immunohistochemical
analysis of prostates that had been serially sectioned in their
entirety (n 5 6 miceytime point; data not shown). One week later,
SV40 T-Ag was present in six of six serially sectioned transgenic
prostates and confined to epithelial cells located in foci of PIN
(Fig. 3A). These SV40 T-Ag-expressing cells invariably stained
positive for two neuroendocrine markers—synaptophysin and
chromogranin A (Fig. 3B). They were found only in clusters (i.e.,
never as single, isolated cells), and they never had normal
morphology. Multilabel immunohistochemical surveys of pros-
tates obtained from mice given an i.p. injection of 5-bromo-29-
deoxyuridine 90 min before sacrifice established that the dysplas-
tic, SV40 T-Ag-positive neuroendocrine cells were actively pro-
liferating (Fig. 3C).

In 8-week-old mice, these neuroendocrine cells typically were
located between the basement membrane and an overlying layer
of SV40 T-Ag-negative secretory cells with normal morphology.
In foci of more advanced PIN, SV40 T-Ag-positive neuroendo-
crine cells appeared to ‘‘erupt’’ through this layer of normal
secretory cells, producing cellular tufts that protrude into the
lumen of acini. As animals aged, coexpression of SV40 T-Ag and
these neuroendocrine markers was maintained, even as cells
invaded surrounding stroma, and metastasized to regional lymph
nodes. Electron microscopy studies of prostate tumors and of
organ metastases from 24-week-old mice revealed neuroendo-
crine granules (data not shown).

These results indicate that tumorigenesis is fully penetrant in
several pedigrees of FVByN CR2-T-Ag mice and is initiated in a
neuroendocrine cell population that is exquisitely sensitive to
neoplastic transformation. The latter conclusion is based on the
observation that dysplasia is manifest in all cells that express the
transgene from the very first time that the viral oncoprotein
becomes detectable.

To further validate this proposed pathogenetic scheme, and to
test whether nucleotides 26400 to 134 of the mouse CR2 gene
are sufficient to restrict expression of other foreign gene products
to neuroendocrine cells, we analyzed the cellular patterns of
expression of another, more neutral reporter, hGH, in three
pedigrees of FVByN CR2-hGH mice. At 12 weeks of age, hGH
was detectable in a small number (,0.3%) of scattered cells in the
prostatic epithelium. The hGH-producing cells had prominent
cytoplasmic processes that contacted neighboring epithelial cells
(Fig. 4A). These processes are a known morphologic feature of

FIG. 2. Morphometric analysis of the number of foci of PIN and
invasion in the prostates of 7- to 16-week-old CR2-T-Ag mice. Mean
values 6 SE are shown.

Table 1. Temporal pattern of progression of prostate cancer in CR2-T-Ag transgenic mice

Age of
sacrifice PIN

Local
invasion

Grossly evident
nodules

($3 mm)

Lymphatic or vascular
invasion or

micrometastases in liver
Grossly evident

metastases

7 weeks 0y6 0y6 0y6 0y6 0y6
8 weeks 6y6 0y6 0y6 0y6 0y6

10 weeks 17y18 1y18 0y18 0y18 0y18
12 weeks 7y7 5y7 0y7 0y7 0y7
16 weeks 12y12 11y12 3y12 3y12 1y12
24 weeks 21y21 21y21 21y21 18y21 8y21
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neuroendocrine cells (28). Multilabel immunohistochemistry and
confocal microscopy demonstrated coexpression of hGH and
synaptophysin or chromogranin A as well as the absence of high

molecular weight cytokeratin, a marker of basal cells (29) (Fig. 4
B–F).

Multilabel immunohistochemistry indicated that not all syn-
aptophysin or chromogranin A immunoreactive cells in the
prostates of CR2-hGH mice were hGH-positive. Serial sectioning
of the prostate in its entirety established that the CR2 promoter
is active in a subset of neuroendocrine cells located in the
proximal ducts and distal acini of all lobes of the prostate,
including the coagulating glands (n 5 4 animals). hGH was not
detectable in intestinal enteroendocrine cells or in any part of the
female urogenital system of CR2-hGH mice (n 5 3; data not
shown).

FVByN CR2-hGH transgenics subsequently were crossed to
FVByN CR2-T-Ag mice to generate bitransgenic animals. At 12
weeks of age, multilabel immunohistochemical surveys of the
serially sectioned prostate revealed that hGH-positive cells in

FIG. 3. Foci of PIN are composed of SV40 T-Ag-expressing
neuroendocrine cells. (A) Section from an 8-week-old CR2-T-Ag
mouse prostate stained with rabbit anti-SV40 T-Ag, horseradish
peroxidase-conjugated donkey anti-rabbit IgG, and diaminobenzidine,
then counterstained with hematoxylin and eosin. SV40 T-Ag appears
brown. The arrow points to a cluster of SV40 T-Ag-positive cells,
whose morphology is distinct from their normal, SV40 T-Ag-negative
epithelial neighbors (e.g., arrowheads). (B) Section from an 8-week-
old CR2-T-Ag mouse showing a focus of PIN containing amplified
neuroendocrine cells. The section was stained with rabbit anti-
synaptophysin and Cy3-donkey anti-rabbit IgG. (C) Section from the
prostate of an 8-week-old CR2-T-Ag transgenic mouse that received
an injection of BrdUrd 90 min before sacrifice. The section was
incubated with goat anti-BrdUrd (detected with Cy3-donkey anti-goat
IgG) and rabbit anti-SV40 T-Ag (detected with FITC-donkey anti-
rabbit IgG). Proliferating epithelial cells (yellow nuclei) are restricted
to the cluster of SV40 T-Ag-positive cells. (Bars 5 20 mm.)

FIG. 4. Evidence that prostate cancer is initiated in a subset of
neuroendocrine cells where nucleotides 26400 to 134 of the mouse
cryptdin gene are active. (A) hGH-positive cell with prominent
cytoplastic processes, in the prostate of a 12-week-old CR2-hGH
transgenic mouse. The section was stained with sheep anti-hGH and
Cy3-donkey anti-sheep IgG. (B–F) Multilabel confocal photomicro-
graphs, taken in the same 1-mm-thick focal plane, of a prostate section
from a 12-week-old CR2-hGH animal. The section was stained with
sheep anti-hGH (detected with Cy3-donkey anti-sheep IgG), mouse
anti-high molecular weight cytokeratin (detected with horseradish
peroxidase-donkey anti-mouse IgG and FITC-tyramide), and rabbit
antisynaptophysin (detected with indodicarbocyanine-donkey anti-
rabbit IgG). (B) A single wedge-shaped hGH-positive cell is detected
as red. (C) When cytokeratin is visualized (green), this cell is not
evident. (D) Combined images from A and B show that the hGH-
positive cell does not express cytokeratin, indicating that it does not
belong to the basal cell lineage. (E) Indodicarbocyanine is assigned a
green color to show synaptophysin immunoreactivity. (F) Combining
the images shown in B and E reveals that the hGH-positive cell
coexpresses synaptophysin, i.e., it is a member of the neuroendocrine
lineage. (G) Conventional light microscopy of a 5-mm-thick section
prepared from a 12-week-old bitransgenic mouse containing both
CR2-hGH and CR2-T-Ag. The section was stained with sheep anti-
hGH (detected with FITC-donkey anti-sheep IgG) and rabbit anti-
SV40 T-Ag (detected with Cy3-donkey anti-rabbit IgG). Cells in a
focus of PIN coexpress SV40 T-Ag (red-orange nuclei) and hGH
(green cytoplasm). (Bars 5 20 mm.)
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areas of PIN coexpressed SV40 T-Ag and that all SV40 T-Ag-
positive cells produced hGH (e.g., Fig. 4G). These findings
confirm that the CR2-transcriptional regulatory elements are
active only in a subset of prostatic neuroendocrine cells and that
SV40 T-Ag expression in this population is sufficient to initiate
tumorigenesis.

CR2-T-Ag Prostate Tumors Are Not Sensitive to Androgens.
As noted in the Introduction, neuroendocrine cells in humans
lack detectable levels of the androgen receptor and neuroendo-
crine differentiation in human CaP is associated with androgen-
independent growth. We used our CR2-T-Ag transgenic mouse
model to explore whether androgens are required for initiation
andyor progression of a neuroendocrine cell-derived CaP.

Mice from each pedigree were sacrificed at 8–24 weeks of age,
and androgen receptor expression in their prostates was defined
by using immunohistochemistry. In 8-week-old CR2-T-Ag ani-
mals, androgen receptor is detectable in stromal and normal
secretory epithelial cells but not in SV40 T-Ag-positive neuroen-
docrine cells present in foci of early PIN (Fig. 5A). Analysis of 10-

and 24-week-old mice established that neoplastic cells remain
androgen receptor-negative during subsequent progression.

Transgenic mice were castrated at 4 weeks of age and then
sacrificed at 10, 16, or 24 weeks of age (n 5 12 mice per time
point). At 10 weeks, castration produced a statistically significant
reduction in both the weight and volume of the prostate. How-
ever, morphometric studies revealed that this was because of
atrophy of normal glandular tissue: the number of foci of PIN and
the histopathologic character of the lesions were indistinguishable
from those of age-matched, noncastrated CR2-T-Ag controls. By
16 and 24 weeks of age, the weight and volume of tumors from
castrated CR2-T-Ag animals were not significantly different (P .
0.05) from those of age-matched, noncastrated transgenic litter-
mates (e.g., Fig. 5 B and C). These findings indicate that pro-
gression of CaP produced by SV40 T-Ag production in mouse
neuroendocrine cells does not require androgens.

DISCUSSION

The occurrence of neuroendocrine differentiation in human
prostate cancer is well documented, but not well understood.
Explanations for the presence of neuroendocrine cells in adeno-
carcinoma of the human prostate include: (i) entrapment of
normal neuroendocrine cells in an expanding tumor; (ii) prolif-
eration of nontransformed neuroendocrine cells in response to
paracrine factors released by neoplastic cells derived from an-
other lineage; (iii) tumorigenesis is multifocal and initiation
occurs in the neuroendocrine as well as other cell lineages; or (iv)
initiation of tumorigenesis occurs in a multipotent stem cell that
can give rise to neuroendocrine and secretory cell lineages.
Although evidence supporting any one of these explanations is
scarce, most investigators favor the last explanation (30).

Much of the uncertainty about the pathogenetic significance of
NED derives from a lack of knowledge of neuroendocrine cell
biology. These cells are rare in the normal human prostatic
epithelium (28, 31) and even rarer in the mouse prostate. There
is no reported cell line that fully recapitulates a differentiated
prostate neuroendocrine phenotype. The normal contributions of
members of this lineage in the development and maintenance of
prostatic epithelial and stromal cell populations are unknown.
Moreover, their susceptibility to malignant transformation and
role in promoting progression of tumorigenesis are untested. We
now have developed a transgenic mouse model of rapidly evolv-
ing prostate cancer that is initiated in neuroendocrine cells. This
model establishes that neuroendocrine cells are extremely sensi-
tive to transformation, that initiation of tumorigenesis in this
lineage recapitulates many of the histopathologic features of
human CaP, and that the neuroendocrine-derived prostate can-
cer is not dependent on androgens for its evolution.

The exquisite sensitivity of neuroendocrine cells to transfor-
mation is underscored by our finding that initiation of SV40 T-Ag
expression coincides with immediate development of a dysplastic
cellular phenotype and progression to PIN over the course of just
1–2 weeks in all lobes of the mouse prostate. This response is quite
different from the response of secretory cells to SV40 T-Ag.
Several different promoters have been used to express the viral
oncoprotein in these cells (18–22). In the transgenic adenocar-
cinoma mouse prostate (TRAMP) model, the rat probasin gene
promoter was used to restrict expression of SV40 T-Ag to
secretory cells in the dorsal and lateral lobes of the prostate (18,
19). In this and the other transgenic models, the onset of
neoplasia is delayed as much as several months after transgene
expression begins. Moreover, only a subset of SV40 T-Ag-positive
secretory cells is transformed.

The rapid, stereotyped progression from PIN to locally invasive
cancer observed in several pedigrees of FVByN CR2-T-Ag mice
strongly supports the notion that PIN is a precursor to prostate
cancer. Early lesions in CR2-T-Ag prostates resemble typical
tufted, micropapillary, and flat patterns of PIN seen humans,

FIG. 5. Castration does not affect the growth of prostate cancers
in CR2-T-Ag mice. (A) Section from a 10-week-old CR2-T-Ag pros-
tate was stained with rabbit anti-androgen receptor, horseradish
peroxidase-donkey anti-rabbit IgG, and diaminobenzidine, and then
counterstained with hematoxylin and eosin. Immunoreactive andro-
gen receptor (brown) is located in the normal glandular epithelium
(e.g., open arrows) and stroma, but not in cells contained within a focus
of PIN (e.g., solid arrow). (B) Hematoxylin- and eosin-stained section
of prostate from a noncastrated 16-week-old CR2-T-Ag mouse. Ar-
rows point to normal glandular epithelium. (C) Section from a
CR2-T-Ag mouse castrated at 4 weeks and then sacrificed at 16 weeks
of age. Comparison with B reveals that while the nonneoplastic
epithelium has undergone atrophy (arrow), the histopathologic fea-
tures of neoplastic foci are unaffected by castration. [Bars 5 20 mm (A)
and 500 mm (B and C).]
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raising the possibility that some human prostate cancers may also
originate in the neuroendocrine cell.

Our morphometric analysis revealed that the number of foci of
PIN per section of CR2-T-Ag prostate increases over time. Since
studies of CR2-hGH mice established that CR2 transcriptional
regulatory elements are activated in scattered neuroendocrine
cells, it is not surprising that early PIN is multifocal. However, the
subsequent increase in the number of foci of PIN per section
should not be considered as proof that the number of initiation
events increases with time: expansion of PIN from a fixed number
of sites of initiation would increase the number of locations in
which PIN is encountered per section of this tubuloalveolar gland.

In older CR2-T-Ag mice, there are multiple lesions at various
stages of progression in the same section. Since invasion appears
to develop exclusively from PIN, this finding could indicate that
neoplasia is initiated at multiple sites during a limited period of
time, and only some sites of PIN undergo progression. Alterna-
tively, neoplasia may be initiated at multiple sites continuously
throughout adulthood, and the probability of progression is
equivalent at each site so that the areas of PIN adjacent to more
advanced disease represent more recent sites of initiation. Since
the onset of transgene expression in neuroendocrine cells at 8
weeks of age is associated with their very rapid transformation, we
assume that for new sites of initiation to occur at subsequent ages,
new populations of neuroendocrine cells must be generated that
support transgene expression, or preexisting subpopulations must
acquire the ability to support production of SV40 T-Ag.

In 35% of TRAMP mice, castration prevents tumorigenesis
entirely (32). In the remaining 65%, androgen-independent
growth of their secretory cell-derived tumors occurs after castra-
tion. These tumors have been characterized as being more
frequently metastatic and less differentiated than tumors in
noncastrated, age-matched transgenics, suggesting that androgen
ablation therapy results in selection of more malignant tumors
(32). In contrast, rapid progression to metastatic disease in the
presence or absence of androgens is a notable feature of CaP in
CR2-T-Ag mice. Our castration studies indicate that their neu-
roendocrine-derived tumors are either capable of rapidly becom-
ing androgen-independent or are derived from a preexisting,
androgen-independent cell population. The lack of detectable
androgen receptor in neuroendocrine-derived foci of PIN sup-
ports the latter possibility. Our castration results also suggest that
neuroendocrine cells are unresponsive to signals that may be
derived from neighboring androgen receptor-positive stromal (or
epithelial) cells.

Bonkhoff et al. (17) reported that neuroendocrine cells in
humans do not contain detectable levels of androgen receptor. A
number of workers have noted that NED is more extensive in
androgen-independent human CaP. These observations suggest
that human neuroendocrine cells (like mouse neuroendocrine
cells) do not require androgens for their growth or survival, and
therefore their fractional representation in CaP increases in
response to the selective pressure of androgen ablation therapy
(reviewed in ref. 3). Alternatively, the number of neuroendocrine
cells may not change in response to androgen ablation therapy;
rather, tumors with more NED may exhibit androgen-
independent growth because their cellular populations manifest-
ing NED are able to elaborate paracrine factors that influence the
androgen responsiveness of neighboring populations of neoplas-
tic cells without NED.

In summary, FVByN CR2-T-Ag mice provide a model of a
neuroendocrine cancer whose progression can be followed from
the earliest stages of initiation to advanced metastatic disease.
These animals offer an opportunity to recover the normally rare
neuroendocrine cell, to study its biology, and to identify gene
products whose expression or silencing contributes to initiation
andyor progression of CaP. Some of these gene products also may
be useful molecular markers for identifying individuals with a
positive PSA who are at risk for, or are already developing, more

aggressive disease. The highly reproducible and rapid evolution of
CaP in these mice also makes them suitable for conducting
crosses to other inbred strains to identify possible modifiers of
their CaP, for genetic tests of the contribution of specified
proteins to tumorigenesis, and for pharmacologic studies of
potential therapeutic agents.
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