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Abstract

We have previously reported the development of a transgenic mouse
model for prostate cancer derived from PB-Tag transgenic line 8247,
henceforth designated the TRAMP (transgenic adenocarcinoma mouse
prostate) model. We now describe the temporal and spatial consequences
of transgene expression and report the identification and characterization
of metastatic disease in the TRAMP model. TRAMP mice characteristi-
cally express the T antigen oncoprotein by 8 weeks of age and develop
distinct pathology in the epithelium of the dorsolateral prostate by 10
weeks of age. Distant site metastases can be detected as early as 12 weeks
of age. The common sites of metastases are the periaortic lymph nodes and
lungs, with occasional metastases to the kidney, adrenal gland, and bone.
By 28 weeks of age, 100% harbor metastatic prostate cancer in the lymph
nodes or lungs. We have also demonstrated the loss of normal E-cadherin
expression, as observed in human prostate cancer, as primary tumors
become less differentiated and metastasize. The TRAMP model provides
a consistent source of primary and metastatic tumors for histopathebio-
logical and molecular analysis to further define the earliest molecular
events involved in the genesis, progression, and metastasis of prostate
cancer.

Introduction

The proportion of patients with clinically and pathologically local-
ized prostate cancer at the time of detection has increased dramatically
during the last several years. This has been primarily attributed to an
increased public awareness of prostate cancer and prostate cancer
screening programs using digital rectal exam, serum testing for pros-
tate-specific antigen, and ultrasound guided transrectal prostatic nee-
dle biopsies. Yet despite earlier detection, the number of American
men whose deaths will be attributed to prostate cancer continues to
increase annually and is estimated to reach more than 41,000 in 1996
(1). Although in younger men with clinically localized prostate cancer
and no significant comorbidity the current treatment rationale is for
aggressive therapy, a recent report from our institution demonstrated
that 23% of patients undergoing radical prostatectomy will still show
evidence of disease progression 10 years following surgical interven-
tion (2). If left untreated, prostate cancer will tend to progress at an
unpredictably variable but inevitable rate toward an obstructive and
metastatic state. To reduce the significant morbidity and mortality,
new strategies for the prevention, diagnosis, and treatment of prostate
cancer depend on the determination of specific molecular mechanisms
involved in the genesis and progression of this disease.

Prostate cancer is essentially unique to humans. The multifocality,
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heterogeneity, variable clinical progression, propensity to metastasize
to bone, and emergence of androgen-independent forms of this disease
have exhausted previous attempts to comprehensively study prostate
cancer in any single available experimental system. To this end, we
have initiated a research program to establish portable inbred trans-
genic animal models that temporally and spatially develop the pro-
gressive stages associated with clinical prostate cancer.

The ability to effectively perturb gene expression in a tissue-
specific fashion has generated transgenic mouse models for various
human diseases including malignancies of the lymphoid system, skin,
mammary gland, liver, and pancreas (for review, see Ref. 3). These
studies have demonstrated how well-defined genetic expression sys-
tems based on the regulatory elements of genes, viral or cellular in
nature, such as the long terminal repeat of the mouse mammary tumor
virus, the Ep immunoglobulin heavy chain enhancer-promoter, and
rat insulin promoter, can be exploited to generate transgenic models
generally suitable for cancer research.

A prerequisite to establishing a mouse model for prostate cancer
was the establishment of a genetic system to target heterologous gene
expression specifically to the prostate epithelium. To this end, a
minimal regulatory element carrying 426 bp of 5’ flanking sequence
and 28 bp of 5’ untranslated sequence of the rat probasin gene
(—426/+28 PB) was previously determined to direct expression of the
heterologous bacterial CAT® gene specifically to the secretory epithe-
lial cells of the dorsal, lateral, and ventral lobes of the murine prostate
(4). In these studies, expression of the PB-CAT transgene was repro-
ducibly observed to be male-specific and developmentally regulated.
Consistent with the previous identification and characterization of two
distinct androgen response elements within the —426/+28 PB frag-
ment (5), expression of the PB-CAT transgene was found to be
hormonally regulated in an androgen-specific fashion in vivo.

The establishment of the probasin system to target heterologous
gene expression specifically to the prostate epithelium facilitated
development of an autochtonous inbred transgenic mouse model for
prostate cancer (6). In this model, henceforth referred to as the
TRAMP model, the PB-SV40 T antigen (PB-Tag) transgene was
found to be spatially restricted to the dorsolateral and ventral lobes of
the prostate and these mice were found to develop progressive forms
of prostatic neoplasia. Mild to severe epithelial hyperplasia was ob-
served as early as 10 weeks of age, and invasive adenocarcinoma was
observed as early as 18 weeks of age in these mice. PB-Tag transgene
expression corresponds with sexual maturity, consistent with obser-
vations of PB-CAT transgenic mice (4). Since hallmarks of human
prostate cancer include the progressive appearance of adenocarcinoma
with extracapsular extension, seminal vesicle invasion, and metastasis
to lymph nodes, lung, and bone, we have undertaken a careful tem-
poral and spatial histopathological evaluation of the TRAMP model.
We now report that these mice develop metastatic prostate cancer and

3 The abbreviations used are: CAT, chloramphenicol acetyltransferase; TRAMP, trans-
genic adenocarcinoma mouse prostate.
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that the pattern of metastatic spread closely reflects that observed in
human prostate cancer.

Materials and Methods

Transgenic Animals. Previously described male and female TRAMP
mice, heterozygous for the PB-Tag transgene, were maintained in a pure
C57BL/6 background (Harlan Sprague Dawley, Inc., Indianapolis, IN; Ref. 6).
Transgenic males for these studies were routinely obtained as
[TRAMP X C57BL/6]F1 or as [TRAMP X FVBJF1 offspring. The isolation
of mouse-tail DNA and PCR-based screening assay were performed as de-
scribed previously (4, 6). All experiments were conducted using the highest
standards for humane care in accordance with the NIH Guide for the Care and
Use of Laboratory Animals.

Preparation and Analysis of Tissues. Tissues collected at necropsy were
routinely fixed in 10% (v/v) phosphate-buffered formalin for 6 h and then
transferred to 70% ethanol. Sections (5 wm) were cut from paraffin-embedded
tissues and mounted on ProbeOn-Plus slides (Fisher, Houston, TX). Routine
sections were stained with H&E. For analysis of bone tissue, including fore-
limbs, hind limbs, pelvis, ribs, and thoracic and lumbar vertebrae, samples
were fixed in 10% (v/v) phosphate-buffered formalin for 48 h, decalcified in
14% EDTA for 14 days, processed through graded alcohols, and embedded in
paraffin wax. Sections (4 um thick) were stained with H&E, orange G, and
phloxine.

Immunohistochemical analysis of primary and metastatic sites to detect Tag
oncoprotein was performed as described previously (6). Sections were coun-
terstained with eosin. Prostate tissues and metastatic disease sites were sub-
jected to heat-based antigen retrieval (95°C in 10 mm citric acid for 20 min).
Immunohistochemical analysis of E-cadherin expression was performed using
the HistoMouse kit (Zymed Laboratories, Inc., San Francisco, CA) and a
mouse monoclonal antibody to human E-cadherin (Transduction Laboratories,
Lexington, KY) with a hematoxylin counterstain. Immunodetection of E-
cadherin was graded as normal (uniform cell-cell contact staining) or abnormal
(absent or nonspecific staining, not restricted to cell-cell borders; Refs. 7 and
8).

Results and Discussion

Transgene Expression Precedes Prostate Cancer. To correlate
the temporal and spatial pattern of transgene expression with the
development of prostate cancer in the TRAMP model, histopatholog-
ical and immunohistochemical analysis was performed on samples
obtained at necropsy from 26 transgenic male mice between 8 and 52
weeks of age. Samples of the dorsal, lateral, and ventral lobes of the
mouse prostate, as well as the testes, lymph nodes, kidney, spleen,
adrenal gland, liver, lung, thymus, brain, and bone, were evaluated
and compared to samples procured from nontransgenic littermates. As
shown in Fig. 1A, a typical dorsolateral prostate from a nontransgenic
sexually mature mouse is histologically composed of acini with abun-
dant eosinophilic intralumenal secretions. The acini are lined by a
layer of well-organized, columnar secretory epithelium possessing
round (basolaterally positioned) nuclei with inconspicuous nucleoli. A
single layer of thin, flat, basal epithelial cells with elongated nuclei
typically surrounds the columnar epithelium, and a fibromuscular
stroma containing 3-4 cell layers of stratified smooth muscle sur-
rounds the acinus. As shown in Fig. 1B, the dorsolateral prostate of a
TRAMP mouse at 9 weeks of age is entirely similar to that of a
nontransgenic mouse except that immunohistochemistry demonstrates
abundant nuclear Tag oncoprotein in many epithelial cells. It is
interesting to note that these acini still maintain a single regular layer
of tall columnar epithelium despite expression of the oncoprotein,
demonstrating that transgene expression precedes transformation.

By the time TRAMP mice reach 10-12 weeks of age, dorsolateral
prostatic acini display epithelial stratification with some cribriform
structures (Fig. 1C). In these acini, many epithelial nuclei are elon-
gated and hyperchromatic, with clumping of the chromatin and an
increased nuclear to cytoplasmic ratio. Occasional apoptotic bodies

and mitotic figures are present at this time. Furthermore, thickening
and remodeling of the fibromuscular stroma underlying the abnormal
prostatic epithelium are frequently observed. This latter observation is
most striking when directly compared to the more normal architecture
of an adjacent acinus (Fig. 1C). All TRAMP mice examined between
18 and 24 weeks of age (17 of 17) displayed prostatic neoplasia
characterized by profound cribriform structures and numerous apop-
totic bodies accompanied by marked thickening, remodeling, and
hypercellularity of the fibromuscular stroma, as shown in Fig. 1D.
Although small focal regions of nuclear immunopositive epithelia
have occasionally been observed within the anterior prostate gland
(data not shown), we have not detected pathology or Tag expression
in other tissues.

As demonstrated in this report, TRAMP mice are first observed to
develop mild epithelial hyperplasias between 8 and 12 weeks of age,
a time corresponding to sexual maturity. It is important to note that
expression of Tag has been shown to precede the histological appear-
ance of carcinomas in the TRAMP model, as in other transgenic
models (9), suggesting that the proliferative response as a conse-
quence of Tag oncoprotein expression is prerequisite but not sufficient
for neoplastic transformation. These observations support the hypoth-
esis that cells expressing the transgene are initially in a preneoplastic
state and that other stochastic events are required to confer prolifer-
ative advantage and ultimately a malignant state. It is also interesting
that transgene expression, as determined by immunohistochemical
analysis, is observed to vary both within an individual acinus and
between acini within a single gland in the younger mice. Similar
observations have been reported in the C3(1)-Tag model (9). How-
ever, a uniform pattern of transgene expression is observed in prostate
samples procured from mature mice, suggesting that the epithelial
cells within a single gland may mature in a fashion that is temporally
heterogeneous or that cells expressing the transgene have a growth
advantage and replace adjacent cells. It should be interesting to
determine whether the mechanisms leading to this temporal hetero-
geneity contribute to similar temporal heterogeneity observed in hu-
man prostate cancer.

Metastatic Prostate Cancer in the TRAMP Model. Metastatic
deposits were identified in the lymph node sinuses of 31% (5 of 16)
of TRAMP mice between 18 and 24 weeks of age (Fig. 24). To
demonstrate that the metastatic cells in the lymph nodes were of
prostatic origin, immunohistochemical analysis to detect the T antigen
oncoprotein was performed on serial sections. As shown in Fig. 2B,
immunohistochemistry demonstrates uniform expression of the T
antigen oncoprotein confined to the metastatic deposits. The T antigen
oncoprotein is clearly not expressed in lymphoid tissue. These obser-
vations are in agreement with the tissue-specific pattern of PB-
directed transgene expression, as reported previously (4, 6).

Pulmonary metastases were frequently (4 of 11; 36%) identified in
the TRAMP mice by 24 weeks of age. These metastases were com-
monly found in the peribronchiole arteries or in alveolar septae (Fig.
2C). Immunohistochemical analysis also demonstrated that the pul-
monary metastases expressed the Tag oncoprotein (Fig. 2D). Of the
TRAMP mice that were over 28 weeks of age, 100% (4 of 4) harbored
lymphatic metastases, and 67% (2 of 3) harbored pulmonary metas-
tases. In addition to the metastatic deposits detected in the lymph
nodes and lungs, a metastasis displacing the normal upper pole kidney
parenchyma has been detected in one mouse at 12 weeks of age (Fig.
2E). This metastatic deposit also expressed the T antigen oncoprotein
(Fig. 2F). Finally, two metastases to the adrenal gland have also been
observed (not shown). These observations demonstrate that prostate
disease in the TRAMP model predictably progresses from mild to
severe hyperplasia, to focal carcinoma, and then to adenocarcinoma
that metastasizes beyond the autochtonous site of mice as young as 12
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Fig. 1. Histological analysis of prostate cancer in TRAMP mice. A, histological section of a dorsolateral prostate from a nontransgenic mouse at 9 weeks of age. The glands are
composed of a columnar epithelium with round to oval nuclei. Homogeneous eosinophilic secretion is evident. The stroma is formed by two to three layers of smooth muscle with loose
connective tissue found between the glands. H&E; X40. B, immunohistochemical localization of the T antigen oncoprotein in a 9-week TRAMP mouse. Dark regions indicate
immunoreactive epithelial nuclear staining in the absence of malignant transformation; 40X. C, histological section of a 10-week TRAMP mouse demonstrates epithelial proliferation
in a cribriform pattern. Nuclei are hyperchromatic with some apoptotic bodies, and there is minimal stromal hypercellularity. Part of an adjacent normal gland is shown. H&E; 40X.
D, histological section of a 19-week TRAMP mouse displays major epithelial changes that consist of more solid epithelial neoplastic proliferation although several lumenae are
preserved. Marked stromal hypercellularity is noted. H&E; 40X.

weeks of age and that the incidence of metastatic disease progres-
sively increases with time (Fig. 2G).

Bone Metastasis and Paraplegia in the TRAMP Model. Inter-
estingly, we have observed hind limb paraplegia in a
[TRAMP X FVBIF! mouse at the age of 22 weeks. Although the
primary prostate tumor was not grossly palpable at the time of
sacrifice, histological analysis revealed a relatively well differentiated
carcinoma with numerous cribriform structures, marked stromal thick-
ening, and hypercellularity (Fig. 34). Immunohistochemical analysis
demonstrated uniform epithelial expression of the T antigen oncop-
rotein in this tumor (Fig. 3B). The periaortic lymph nodes of this
animal were found to be grossly enlarged and harbored poorly differ-
entiated microscopic metastatic disease in the nodal sinuses (Fig. 3C).
Again, immunohistochemical analysis demonstrated uniform epithe-
lial expression of the T antigen oncoprotein in the metastatic deposit
(Fig. 3D). To determine whether the hind limb paraplegia was a
consequence of metastatic prostate cancer, a complete skeletal anal-
ysis was performed. As shown in Fig. 3E, histological examination of
decalcified sections of the spine at the level of the thoracolumbar
vertebrae revealed that the spinal canal was filled with metastatic

tumor. The tumor appeared to have destroyed the spinal cord through
pressure atrophy rather than invasion and destruction of the adjacent
vertebral bone as typically seen with osteolytic metastatic tumors.
Upon closer examination of the interface between the tumor and the
bone, an osteoblastic response associated with tumor was detected. At
this level, the inner cortical surfaces of the vertebrae were observed to
be composed of newly formed woven bone (Fig. 3, F and G), rather
than the lamellar matrix of which this bone and the bone of the
posterior spine are typically composed (Fig. 3G). As shown in Fig.
3H, osteoclasts appear to have resorbed the lamellar matrix adjacent
to the tumor cells while osteoblasts were laying down new woven
matrix (Fig. 3G) in an apparent reparative response. The tumor cells
were poorly differentiated and showed no evidence of gland forma-
tion. It is also interesting that a similar skeletal analysis of a 34-week-
old [TRAMP X C57BL/6]F1 mouse did not reveal any bone pathol-
ogy (data not shown), suggesting that strain-specific responses as a
consequence of transformation may influence frequency of metastasis
to distant sites. Additional studies are under way to establish recom-
binant inbred strains of TRAMP mice to further characterize this
potential genetic predisposition to metastatic disease.
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Fig. 2. Histological analysis of metastatic pros-
tate cancer in TRAMP mice. A, histological sec-
tion of a lymph node from a 24-week TRAMP
mousc demonstrates partial replacement of the
cortex by poorly differentiated epithelial cells.
H&E; 40X. B, immunohistochemical detection of
the T antigen oncoprotein in a step section of A
demonstrates that the majority of the metastatic
cells stain positively; 40X. C, histological section
of a 24-week TRAMP mouse shows pulmonary
parenchyma in which there is blood vessel inva-
sion by malignant cells. H&E; 40X. D, immuno-
histochemical detection of the T antigen onco-
protein in a step section of C shows uniform
nuclear staining of malignant cells; 40X. E, his-
tological section of the kidney in a 12-week
TRAMP mouse demonstrates metastatic tumor.
H&E; 40X. F, immunohistochemical detection of
the T antigen oncoprotein in a step section of E;
40X. G, diagrammatic representation of the tem-
poral development of progressive prostate cancer
in the TRAMP model. ----- , incidence of meta-
static disease.
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The fact that metastasis to the spinal column was observed in a
relatively young (23-week-old) mouse with moderately well differen-
tiated primary prostate cancer supports the hypothesis that the molec-
ular mechanisms leading to metastasis can occur quite early in the
progression of the disease and that the incidence and frequency of
metastasis may not necessarily correlate with primary tumor volume.
In fact, a recent study using fluorescent in situ hybridization analysis
demonstrated that the chromosomal anomalies in metastatic foci in
human samples did not necessarily correspond to the chromosomal
anomalies contained in the largest or highest grade primary prostate
tumor (10). Hence, these observations predict that the chance of any
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single primary cancer focus acquiring metastatic potential, in either
the TRAMP model or human disease, is the stochastic probability that
specific mutations will occur to provide survival advantage, a function
that is independent of the size or volume of the primary tumor.
E-Cadherin as a Marker of Progression in the TRAMP Model.
Various molecular markers of human prostate cancer progression
have been reported to have prognostic value. These include the
epithelial cell-adhesion molecule E-cadherin (7, 11, 12), Ki-67 (13),
and GSTm (14). Because the loss of functional expression of E-
cadherin is consistently associated with the progression of human
prostate cancer (7, 8), immunohistochemical analysis was performed
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Fig. 3. Histological analysis of metastatic pros-
tate cancer in a paraplegic TRAMP mouse. A, his-
tological section of primary prostate tumor shows
papillary projections of a well-differentiated tumor
lined by columnar epithelium; 10X. B, serial his-
tological section of A demonstrates immunoreac-
tive oncoprotein in epithelium; 10X. C, histologi-
cal section of lymph node demonstrates a
metastatic lesion occupying upper periphery of the
node. H&E; 10X. D, immunohistochemical analy-
sis of serial section of C demonstrates the T antigen
oncoprotein; 10X. E, a large deposit of metastatic
tumor (7) is present within the spinal canal at the
level of the lower thoracic/lumbar vertebrae (V),
where it has destroyed most of the spinal cord, only
a small fragment of which remains (arrow). F,
higher magnification of the interface between the
tumor (7) and the adjacent vertebral body shows
that the inner surface of the vertebra is composed of
irregularly shaped interconnected islands of woven
bone (WB), rather than a plate of normal lamellar
bone. G, new woven bone (WB) is also being laid
down by osteoblasts adjacent to the tumor (7) and
to preexisting lamellar bone in a posterior spinal
process where it abuts striated muscle (M). H,
plump osteoblasts (large arrows) are actively lay-
ing down bone matrix on the inner cortical surface
of a lumbar vertebra adjacent to normal bone mar-
row (BM). Osteoclasts (small arrows) are resorbing
the bone on the other side of the cortex adjacent to
the tumor (T), which is composed of sheets of
poorly differentiated mononuclear cells with high
mitotic and apoptotic rates, but no gland formation.

to characterize the localization of E-cadherin during the development
and progression of prostate cancer in the TRAMP model. In these
studies, hyperplastic, neoplastic, and metastatic prostate cancer tissue
samples procured from TRAMP mice and nontransgenic littermates
were analyzed. As shown in Fig. 4B, expression of E-cadherin was
normally localized to areas of basolateral cell-cell contact in lumenal
epithelium of the normal dorsolateral prostate. This is in contrast to
the pattern of E-cadherin expression observed in an 18-week-old
TRAMP mouse (Fig. 4C), where although expression is localized to
areas of basolateral cell-cell contact in regions of epithelial hyperpla-
sia and stratification, expression is dramatically reduced in areas with
severe hyperplasia and cribriform structures. Furthermore, analysis of

metastatic deposits within the lymph nodes demonstrated that E-
cadherin expression was very diffuse or absent (Fig. 4D). Taken
together, these findings demonstrate that a normal pattern of E-
cadherin expression is lost during progression of prostate cancer in the
TRAMP model in a fashion that parallels observations in human
prostate cancer. Because DNA hypermethylation of the E-cadherin 5’
flanking region has been implicated as a molecular mechanism down-
regulating E-cadherin expression in human prostate cancer (15), stud-
ies are under way to determine whether similar events account for the
loss of E-cadherin expression in the TRAMP model (16).
Perspective. Before the development of transgenic models for
prostate cancer, the most widely exploited models in prostate cancer
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Fig. 4. Immunohistological analysis of E-cadherin expression in metastatic prostate cancer in TRAMP mice. A, normal 8-week nontransgenic dorsolateral prostatic acinus. H&E;

40, B, E-cadherin staining at the basolateral cell-cell borders of the epithelia of a 24-week nontransgenic mouse; 40X. C, an 18-week TRAMP mouse prostatic acinus displays
profound cribriform structures and neoplastic changes. Normal E-cadherin expression is maintained in the relatively normal epithelium basolaterally and on the right portion of the
acinus, in contrast to the more hyperplastic areas and cells forming the cribriform structures (arrow). D, immunohistochemistry of a metastatic lymph node deposit of tumor

demonstrates abnormal, poorly localized expression of E-cadherin.

metastasis research were the three human prostate cancer cell lines
PC-3, DU-145, and LNCaP. These cells or their derivatives have been
shown to metastasize in vivo after s.c., i.v., or orthotopic injection in
immunodeficient mice (17-19). In addition, the mouse prostate re-
constitution model using urogenital sinus cells derived from heterozy-
gous or nullizygous p53 mice has recently been shown to generate
prostatic tumors that can metastasize to the lungs, liver, lymph nodes,
and bone (20). Whereas each of these model systems has made
significant contributions to translational prostate cancer research,
transgenic systems, such as TRAMP, in which PB-Tag transgene is
expressed specifically in the epithelial cells of the murine prostate
present a number of distinct advantages over existing models. For
example, TRAMP mice develop spontaneous autochtonous disease,
whereas human cell lines derived from later metastatic stages of
prostate cancer have been subject to potential in vitro mutation and
selection during passage in tissue culture. Also, TRAMP mice have an
intact immune system, whereas human cell lines must be grafted into
immunodeficient animals, precluding investigation of the immunobi-
ology related to tumorigenesis and metastasis. Furthermore, TRAMP
mice can be used to evaluate therapeutic modalities designed to
augment the host immune system surveillance and response to cancer.

Primary pathologies in the TRAMP model that range from mild to
severe epithelial hyperplasia with cribriform structures and adenocar-
cinoma arise with 100% frequency within a 10—-24-week period and
progress to metastatic stages of prostate cancer, including frequent
metastases to the lymph nodes, lung, and occasionally bone. Although
each mouse begins with the identical genetic background, stochastic
variability in the timing of tumor development and progression can be
observed within the population, as is characteristically observed in
human prostate cancer. Transgenic systems require very little main-
tenance other than conventional animal husbandry and can be ex-
panded as needed. Due to their generation in inbred strains of mice,
transgenic models can facilitate the establishment of immortalized
tissue culture cell lines, which can be studied and manipulated in vitro
and then reintroduced into syngeneic mice. Finally, primary or met-
astatic tumors may undergo serial s.c. transplantation studies between
syngeneic hosts, providing an expanded source of similar tumor
samples. Both cell lines and a transplantable tumor model are cur-
rently being characterized in our laboratory.*

4 B. Foster and J. Gingrich, manuscripts in preparation.
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The TRAMP model will provide the research community with a
replenishable source of primary and metastatic tumors for histopatho-
biological and molecular analysis. It is anticipated that such studies
will further define the molecular mechanisms underlying the initia-
tion, development, and progression of prostate cancer. Lastly,
TRAMP mice provide a suitable animal model to identify and test
promising new chemopreventive and therapeutic strategies for the
prevention and treatment of human prostate cancer.
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