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Cell cultures representing different stages of prostatic carcinoma will be a useful tool allowing a more complete
understanding of the role of individual genes in tumorigenesis. We used the androgen-regulated probasin
promoter linked to the neomycin phosphotransferase (Neo) gene, to generate the ARR2PBneo transgenic
mouse model. Development was normal and all six ARR2PBneo transgenic founder lines expressed the Neo
gene in a prostate-specific manner. Line C, which expressed high levels of neo, was crossbred to LPB-Tag 12T-
7f transgenic mice (in which the SV40 large T antigen (Tag) was targeted to the prostate by the large probasin
(LPB) promoter). Three bigenic males (carrying both Neo and Tag transgenes) were identified. Prostatic lesions
developed in these mice in a predictable and heritable manner, indicating that Neo did not alter Tag-induced
prostate tumor development and progression. Three separate NeoTag epithelial cell strains were established
from three bigenic mice. G418 selection was used to obtain immortalized epithelial cells in culture. Selected
cells expressed the Neo and Tag transgenes, cytokeratins 8 and 18, and were androgen responsive for growth.
To determine if these NeoTag cells maintained a similar in vivo phenotype to the 12T–7f transgenic line, tissue
recombinations were made with rat urogenital sinus mesenchyme (rUGM) and grafted under the renal capsule
of male nude mouse hosts. In recombinants, the three NeoTag strains developed PIN lesions and/or more
extensive adenocarcinoma than seen in the 12T–7f mouse. Androgen ablation demonstrated that the grafts
were androgen responsive. NeoTag cells grafted without rUGM developed undifferentiated adenocarcinoma
demonstrating that prostatic stroma dictates the glandular architecture seen in the well-differentiated
adenocarcinoma.
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Establishing cultures of androgen-dependent pros-
tate epithelial cells from mouse models or human
prostate cancer tissue has proved difficult. Our goal
was to develop a simple technique to establish

prostatic epithelial cells in culture, which could
then be utilized to study the development, progres-
sion, and metastasis of androgen-dependent prostate
cancer.

Our strategy was to target the neomycin phospho-
transferase (neo) specifically to the prostate utilizing
the androgen-regulated, prostate-specific probasin
(PB) promoter.1–4 Various lengths of the 50-flanking
region of PB have been tested in transgenic mice,
each targeting transgene expression to the epithelial
cells of the transgenic mouse prostate.3,5–8 The large
(L) PB fragment (�10 800 base pair (bp)) targeted
reporter activity that increased rapidly in concert
with increasing serum androgen levels during
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development, peaked by 6 weeks of age and
reaching a plateau after sexually maturity.9 Upon
castration, reporter activity dropped to baseline
levels. Treatment with androgens restored gene
expression to precastration levels, indicating that
transgene expression was primarily regulated by
androgens in vivo.3 The �426 bp of the 50-flanking
region of PB was sufficient for prostate-specific
epithelial cell expression in transgenic mouse
models;3 however, levels of transgene expression
were low compared to the large PB fragment.9 As
making DNA constructs with the large PB fragment
is difficult, a small, 495 bp, composite ARR2PB
promoter containing two copies of the androgen
response regions (ARR) was developed. This con-
struct targets high levels of androgen-regulated
expression to prostatic luminal epithelial cells in
the mouse.7 Thus, the ARR2PB promoter was chosen
to develop ARR2PBneo expressing mice which
could subsequently be cross-bred with other trans-
genic mouse lines for the purpose of selecting
neo-resistant, androgen-regulated prostate-epithelial
cells in culture.

Mesenchymal–epithelial interactions play a cru-
cial role during the fetal period for prostate deve-
lopment.10 The urogenital sinus mesenchyme
(UGM) induces ductal morphogenesis, the expres-
sion of epithelial cell androgen receptor, epithelial
cell proliferation, and specifies the expression of
lobe-specific prostatic secretory proteins10–14 while
prostatic epithelium induces mesenchymal differen-
tiation into smooth muscle.15 This process of
prostatic development can be duplicated by grafting
a tissue recombination of UGM with either prostatic
or bladder epithelium under the kidney capsule of
adult male immunocompromised mice.16 We have
used this approach to study interactions between
stromal and epithelial cells in organogenesis and
carcinogenesis17,18

We demonstrate that ARR2PBneo expression (i) is
prostate epithelial cell specific in transgenic mice,
(ii) allows for selection, by neo resistance, of
prostatic epithelial cells in culture, (iii) can be
introduced into another transgenic line by cross-
breeding ARR2PBneo mice with 12T–7f LPB-Tag
transgenic mice (where SV40 large T antigen but not
the small T antigen was targeted to the prostate)
such that the prostate epithelial cells express both
transgenes (Neo and Tag or NeoTag), and (iv) will
allow selection for androgen receptor positive and
androgen responsive cells in culture. Thus, the
ARR2PBneo transgenic mouse becomes a powerful
tool to facilitate the selection and culture of primary
prostatic epithelial cells carrying multiple genetic
alterations. Further, tissue recombination of rat
UGM and NeoTag cells results in the development
of androgen-dependent PIN and prostate adeno-
carcinoma under the kidney capsule grafts that are
similar to, but more advanced than, the phenotype
of the 12T–7f transgenic line. The NeoTag cells
provide an in vitro model that can be genetically

altered and then studied in a relevant in vivo
microenvironment.

Materials and methods

Construction of ARR2PBneo Transgene

The 50-flanking region of the rat probasin gene
designated ARR2PB (�244/96 linked to �286/
þ 28bp)7 was fused to the neomycin phosphotrans-
ferase (neo) gene.19 This construct was subcloned
into the multiple cloning site of pBS-SKþ (Strata-
gene) for propagation. The inserted DNA was
released by restriction digestion and purified for
microinjection as previously described.9

Establishment of ARR2PBneo and ARR2PBneo�
LPB-Tag Transgenic Mouse Lines

All animal studies were conducted in accordance
with the principles and procedures outlined by the
US Animal Welfare Act. The transgenic mice were
generated by microinjection of the ARR2PBneo DNA
construct into the male pronucleus of a fertilized
oocyte (B6D2 strain) and the resulting founders were
identified by a polymerase chain reaction (PCR)-
based screening assay using isolated tail DNA as
described elsewhere.9 The lines were maintained in
the B6D2 mouse strain. The primers used to identify
the neo transgene by PCR analysis were the PB
forward primer 50-TAGCATCTTGTTCTTAGTCTT-30

and the neo reverse primers 50-ATGTTTCGCTT
GGTGGTCGAA-30 or 50-TGTGCCAGTCATAGCCGA
AT-30. Exon 7 of the endogenous mouse casein gene
served as an internal control for the PCR reaction
(forward primer 50-GATGTGCTCCAGGCTAAAGTT-
30), reverse primer 50-AGAAACGGAATGTTGTGG
AGT-30).9

The ARR2PBneo transgenic mouse line C was
cross-bred with the LPB-Tag transgenic mouse line
12T-7f9 to obtain ARR2PBneo�LPB-Tag biogenic
mice. The primers used to identify the Tag transgene
by PCR analysis were the PB forward primer
50-TAGCATCTTGTTCTTAGTCTT-30 and the T-anti-
gen reverse primers 50-CTCCTTTCAAGACCTAGAA
GGTCCA-30.

Primary Cell Culture

ARR2PBneo male mice (4-week-old) anterior (AP),
dorsolateral (DLP), and ventral (VP) prostatic lobes
were dissected for tissue culture. Three 17-week-
old ARR2PBneo�LPB-Tag male mice (numbered:
A1736, A1763, and A1582) were dissected sepa-
rately. The primary cultures of these lines are
designated NeoTag1 from mouse A1736, NeoTag2
from mouse A1763, and NeoTag3 from mouse
A1582. One 17-week-old 12T–7f male transgenic
mouse (A5109) was dissected as an age-matched
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control to establish Tag cells that would not be neo
resistant.

The dorsolateral (DLP) prostatic lobes were col-
lected from ARR2PBneo�LPB-Tag and 12T–7F mice
for tissue culture. Tissue culture was performed as
described by Day et al.20 Prostatic lobes were
chopped into small fragments, 1–2mm in size, with
a sterile blade. The small cell clumps were placed
into 100� 20mm Primaria tissue culture dishes
(Becton Dickinson Labware, Franklin Lakes, NJ,
USA), cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM, GIBCO Laboratories, USA) which
containing 2.5% heat-inactivated fetal calf serum
(FCS, Sigma Chemical Co., St Louis, MO, USA), 1%
antibiotic-antimycotic (Gibco), 50mg/ml gentamicin
(Gibco), 4mg/ml bovine pituitary extract (Hammond
Cell Tech, Windsor, CA, USA), 1% insulin-transfer-
rin-selenium-X (Gibco), 50 ng/ml cholera toxin
(Sigma), 10ng/ml EGF (Sigma) at 371C in an atmo-
sphere containing 5% CO2. The cells were main-
tained with 10�8M dihydrotestosterone (DHT) to
ensure that the transgene was expressed during the
selection process. The culture medium was changed
every 2 or 3 days. Cells were split when they
reached confluency by rinsing in Caþ þ , Mgþ þ -free
Hank’s balanced salt solution (Cellgro) for 2min
followed by treatment with 0.25% trypsin, 1mM
EDTA (Invitrogen Corporation). From the third
passage, NeoTag cells were treated 400 mg/ml G418
for at least 1 month to select cells expressing the neo
transgene.

Prostate Epithelial Cells Selection

The third and 10th passage NeoTag2 cells and 12T–
7f cells (mouse number A1763 and negative control,
respectively) were plated in 96-well plates (3� 103

cells per well) overnight. The cells were treated with
0–600 mg/ml of G418 for 5 days. Proliferation was
followed using 0.1mg MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide (Sigma Che-
mical Co., St Louis, MO, USA)) being added to each
well and incubated at 371C for a further 4h.21

Medium was removed and 200 ml DMSO was added
to each well. The plates were placed on a shaker for
30min and read immediately at 540nm with a
scanning multiwell spectrophotometer. The proli-
feration index was defined as the increased or
decreased absorbance measured at 540nm. This
approach was repeated to establish NeoTag1 and
NeoTag3 cells.

Assay for Androgen Responsiveness

The NeoTag cells (3� 103) were plated in groups of
four on multiple 24-well plates. The cells were
incubated in growth medium with charcoal-stripped
FCS with or without 10�8M DHT before adding the
MTT. The MTT assay was performed every 24h for 6
days using four wells per time point.

Reverse Transcriptase-Polymerase Chain Reaction

To further characterize the three NeoTag cell strains,
we have screened the expression profiles of several
genes related to prostate cancer in mouse tissue and
NeoTag cells by RT-PCR. Normal CD1 mouse (6-
week-old) DLP, 6-week-old CD1 mouse DLP 2 days
postcastration, 17-week-old 12T–7F mouse DLP and
mouse prostate neuroendocrine tumor were col-
lected. Three NeoTag cell strains cultured for 24h in
medium with or without DHT were collected. Total
RNA was isolated from NeoTag cells and mouse
tissues using an RNeasy midi kit (Qiagen Inc,
Valencia) with residual genomic DNA was removed
by RNase-Free DNase (Qiagen) treatment. Total RNA
(1 mg) was reverse transcribed using Superscript-IIt
reverse transcriptase (Invitrogen) according to the
manufacturer’s instructions. PCR was performed
using sense and antisense primers (Table 1) to
produce gene specific fragments. The conditions
for the PCR were: 941C for 5min (one cycle), 941C for
30 s, 601C for 1min, 721C for 1min (35 cycles), and
721C for 10min (one cycle). PCR products were
analyzed by electrophoresis in 1.5% agarose gels
containing ethidium bromide and photographed
under UV illumination.

Western Blot Analysis

Fresh tissue was obtained from the ARR2PB neo
transgenic mice. The NeoTag cultured cells were
harvested without trypsinization and homogenized
in protein extraction sample buffer (10% sucrose,
2% SDS, 0.5% b-mercaptoethanol, 50mM Tris-HCl),
After centrifugation of the mixture at 100 000 r.p.m.
at 41C for 10min, the protein content of the super-
natants was measured by the Bradford method (Bio-
Rad, Hercules, CA, USA). A 20mg aliquot of each
sample was separated by a 4–12% Bis-Tris
gel (Invitrogen Life Technologies, Carlsbad, CA,
USA). After electrophoresis, samples were trans-
ferred to nitrocellulose membranes (Hybond ECL,
Amersham Pharmacia Biotech, Buckinghamshire,
UK) in a transfer buffer (20% methanol, 20mM Tris,
150mM glycine) overnight at constant voltage
(30V). The membranes were blocked with 5%
skim milk in a TBS-T (Trypsin-buffered saline,
0.1% Tween-20) buffer. The androgen receptor
(clone N20, Santa Cruz, CA, USA), SV40 T-Ag
(monoclonal mouse IgG, Oncogene), b-actin (Sigma)
antibodies were added in their optimal dilutions
(AR and T-Ag 1:1000, b-actin 1:5000) and incubated
1h at RT. After rinsing three times for 10min
each with TBS-T, incubation was performed for 1 h
with horseradish-peroxidase-conjugated donkey
anti-rabbit Ig or sheep anti-mouse Ig (Amersham
Pharmacia Biotech UK Limited) as appropriate.
Immunoreactivity was visualized using ECLWestern
blotting detection reagents (Amersham Biosciences,
UK).
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Tissue Recombination

Pregnant rats were obtained and rat UGM was
prepared from 18-day embryonic fetuses (plug date
denoted as day 0). Urogenital sinuses were dissected
from fetuses and separated into epithelial and
mesenchymal components by tryptic digestion, as
described previously.22 UGM was then additionally
reduced to single cells by a 90-min digestion at 371C
with 187U/ml collagenase (Life Technologies Inc.,
Grand Island, NY, USA). After digestion the me-
senchymal cells were washed extensively with
RPMI 1640 tissue culture medium. Viable cells were
then counted using a hemacytometer, with viability
determined by Trypan blue exclusion.

NeoTag cells were released from tissue culture
plastic with trypsin, washed in growth medium
containing 20% FBS, and viable cells were counted
using Trypan blue exclusion and a hemacytometer.
Cell recombinants were prepared by mixing 100 000
epithelial (NeoTag) cells with 300 000 mesenchymal
cells in suspension. Cells were pelleted and resus-
pended in 50ml of neutralized type 1 rat tail collagen
prepared as described previously,23,24 100 000 Neo-
Tag epithelial cells without rUGMwere also pelleted
and resuspended in 50 ml collagen. The recombi-
nants were allowed to set at 371C for 15min and
were then covered with growth medium (RPMI
1640þ 5% FBS), and cultured overnight. Recombi-
nants were then grafted beneath the renal capsule of
adult male outbred athymic mice. All of the animals
were housed in Vanderbilt University laboratory
animal resource center with food and drinking water
under controlled conditions (12h light, 12 h dark,
and 20721C). Some hosts were castrated or sham
operated after the grafts were established (4 weeks).

Hosts were killed at 4 weeks by anesthetic over-
dose followed by cervical dislocation. Kidneys were

excised, and grafts were dissected free of the host
kidney and then processed for histology and
immunohistochemistry. The castrated mice were
killed at 2 days or 2 weeks after castration. At 2h
prior to death, 5-bromo-20-deoxyuridine (BrdU)
(10mg/kg body wt) was injected i.p. for in vivo
labeling of proliferating cells.

Histology and Immunohistochemistry

Prostate lobes from ARR2PBneo, ARR2PBNeo-LPB-
Tag, and 12T–7f mice and the tissue recombination
grafts were dissected, fixed in 10% buffered for-
malin and subjected to standard processing
and paraffin embedding. Sections (4 mm) were cut,
placed on charged microscope slides and dried.
Slides were deparaffinized by immersing in xylene
twice for 10min each and hydrated by immersing in
a series of 100, 95, 70, 50% ethanol, and one time in
dH2O for 5min each. Slides for histological analysis
were stained with H&E by standard methods, with
generally three to four sections reviewed per speci-
men. For immunocytochemistry, NeoTag cells and
NIH3T3 cells were cultured on glass slides at 371C
over night, washed with 1� PBS, fixed in precooled
(�201C) 100% ethanol solution for 10min, then air-
dried, and stored at �201C until used.

For Tag and AR immunostaining, antigen retrieval
was achieved by microwaving in 1M urea for 30min
and the slides were then equilibrated at room
temperature for 1 h. For cytokeratin 8 immunostain-
ing, slides were pretreated with proteinase K
digestion (Dako) for 10min. Endogenous peroxidase
activity was blocked by peroxidase blocking reagent
(Dako) 30min followed by washing in PBS (pH 7.4).
After rinsing with PBS, the slides were placed in
blocking solution (goat or horse serum) for 20min to

Table 1 Oligonucleotides for RT-PCR used in the study

Primer Primer sequence (50–30) Tm (1C) Product size (bp)

PtenF TCCCAGACATGACAGCCATCATCA 59.8 300
PtenR GCTGTGGTGGGTTATGGTCTTCAA 59.0
MycF GGGACAGTGTTCTCTGCCTCT 58.4 200
MycR CTCTTCCTCGTCGCAGATGAAATAGG 58.5
HepsinF TCTCATTGTGGGTACCCTGCTGTT 60.0 375
HepsinR AATCGGCCTCTAGGACAGTCACAT 59.3
b-CateninF TGGGACTCTGCACAACCTTTCTCA 60.0 313
b-CateninR ACCACTGGCCAGAATGATGAGCTT 60.5
ARF AACCAACCAGATTCCTTTGCTGCC 60.0 606
ARR TTCAGGAAAGTCCACGCTCACCAT 60.3
Nkx3.1F CTGAACCCGAGTCTGATGCACATT 59.0 217
Nkx3.1R AGTTTGAGGTTCTTGGCCAGGTGA 60.3
Pim-1F GCGGCGAAATCAAACTCATCGACT 59.6 314
Pim-1R TTCTTCAAAGGAGGGCCGATCTGA 59.7
PSCAF TTTCTCCTGCTGGCCACCTACTTA 59.5 247
PSCAR AGCAGCACGTGATGTTCTTCTTGC 59.9
ClusterinF TGAGCTCCAAGAACTGTCCACTCA 59.5 305
ClusterinR TCCTGCAGACACGTGCATAGAACT 59.9
GAPDHF ACCACAGTCCATGCCATCAC 58.6 452
GAPDHR TCCACCACCCTGTTGCTGTA 59.7
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block nonspecific binding of antibody to the tissues
or cells. Sections were incubated with primary
antibody overnight at 41C. The following primary
antibodies were used (with the indicated dilutions
in PBS): SV40 T-Ag, monoclonal mouse IgG (Onco-
gene, 1:1000); AR, N-20 (Santa Cruz Biotechnology
Inc., 1:1000); Cytokeratin 8, monoclonal mouse IgG
(Clone #LE41; gift from Dr EB Lane, University
of Dundee, Dundee, Scotland, 1:5). Staining was
visualized using Vectastain ABC kit (Vector Labora-
tories Inc, Burlingame, CA, USA) and 3,30-diamino-
benzidine tetrahydrochloride (Dako). Slides were
counterstained with hematoxylin, dehydrated, and
covered slipped.

The BrdU-labeled cells of paraffin embedded
tissues on slides were detected employing a mono-
clonal anti-BrdU antibody (Amersham Biosciences,
UK) according to manufacturer’s instructions. The
labeled cells were calculated from multiple fields of
each tumor. Several sections from each tumor were
analyzed to obtain the mean of BrdU positive cells.
The means of the proliferating cells from tumors of
mice (three mice and 10 grafts in each group) were
reported.

Results

Establishment of Prostate-Specific ARR2PBneo
Transgenic Mice

Neo expression was targeted to prostatic epithelium
by using the ARR2PB promoter. Six transgenic
founders were positive for the ARR2PBneo transgene
by PCR analysis of tail DNA and were designed lines
A–F. Grossly and histologically the prostate deve-
loped normally (Figure 1a and b). The lines were
maintained through breeding with nontransgenic
B6D2 mates. The prostates of all six ARR2PBneo
lines contained detectable levels of neo by Western
blot (data not shown). Neo protein levels were
greatest in the prostate with the highest levels in
the VP (VP4AP4DP4LP, data not shown).
Although a low signal was detected in the bulbour-
ethral gland, all the other tissues were negative for
neo expression, confirming the prostate specificity
of transgenes driven by the ARR2PB promoter (data
not shown). Specific prostatic lobe expression of
neo varied among the lines, implying that although
ARR2PB contained the prostate-specific element, the
signal to maintain precise lobe-specific regulation
was not present. The inability to maintain precise
lobe-specificity is also true in the sPB and LPB
promoters3,9 As Line C has the highest expression of
neo in the prostate (data not shown), it was selected
for further characterization.

The ARR2PBneo Line C mouse was crossed with
the LPB-Tag 12T-7f transgenic mouse with the goal
of neo selecting primary prostatic epithelial cells
cultures that would retain the AR. The 12T–7f line
was chosen since the males develop high grade
prostatic intraepithelial neoplasia (HGPIN) with foci

of invasive adenocarcinoma in the DLP.5 Histological
studies of the DLP showed that 17 weeks old
ARR2PBneo�LPB-Tag mice develop prostate tumors
identical to those of age matched LPB-Tag mice
(12T–7f line) (Figure 1c and d), indicating that in
the ARR2PBneo�LPB-Tag mice, prostatic lesions
developed in a predictable and heritable manner and
that neo expression did not alter LPB-Tag induced
prostate tumor development and progression.

Neo-Resistant ARR2PBneo and ARR2PBneo�LPB-Tag
Prostate Epithelial Cells can be Selected in Cell
Culture

Initially, tissue fragments from the AP, DLP, and VP
of ARR2PBneo line C were plated in tissue culture
and the prostate epithelial cells cultured.20 The cells
were cultured in the presence of 10�8M DHT since
neo expression was regulated by the androgen-
dependent PB promoter. When the plates were
confluent, 400 mg/ml G418 was added to the cell
culture medium and neo-resistant prostate epithe-
lial cells were selected for up to 4 weeks. Neo-
resistant cells were derived from all the lobes of the
prostate despite varying amounts of neo expressed
as determined by Western blot analysis (data not
shown). However, cell lines could not be established
from these primary cultures, which underwent
senescent changes with increasing passage number,
reflecting their nontransformed phenotype.

Tissue fragments from the DLP of three 17-week-
old ARR2PBneo�LPB-Tag mice and one control
LPB-Tag 12T–7f mouse were plated in tissue culture
and the prostate epithelial cells cultured as de-
scribed.20 To determine neo-resistance, the third
passage of NeoTag and Tag cells were treated with
increasing concentrations of G418 (0, 100, 200, 300,
400, and 600 mg/ml) and cultured in 96-well plates
for 5 days before the MTT assay. Prior to G418
treatment the NeoTag cells contained mixtures of
both epithelial cells and fibroblasts. G418 should
selectively kill fibroblasts while epithelial cells
should be resistant by virtue of expression of the
neo transgene. Both NeoTag and Tag cells showed a
dose-dependent kill curve but the NeoTag cells
showed much greater resistance than the Tag alone
cells (Figure 2a). Based upon this kill curve, NeoTag
cells from the third passage were maintained in
400 mg/ml G418 for 1 month. Tag cells from 12T–7f
mice were also maintained in the absence of G418 to
the 10th passage to serve as controls. At the 10th
passage, the dose response curve with G418 was
repeated (0, 100, 200, 300, 400, 500, 600, and 800 mg/
ml) and the MTT assay was performed at fifth day of
culture. NeoTag cells showed increased G418 resis-
tance compared with 12T–7f cells (Figure 2b). Using
this approach, three primary neo resistant cultures
were established from the DLP of three different
NeoTag bigenic mice, designated NeoTag1 from
mouse A1736, NeoTag2 from mouse A1763, and
NeoTag3 from mouse A1582.
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Expression of Prostate Cancer Related Genes and
Molecular Markers in NeoTag Cells

The expression of AR, Nkx3.1, Pten, myc, hepsin,
b-catenin, Pim-1, PSCA, and clusterin were exam-
ined by RT-PCR (Figure 3a and b). These genes
represent markers for prostate development and
prostate cancer. The three NeoTag cell strains were
treated with or without DHT for 48h and mRNAwas
extracted. AR was expressed in NeoTag cells and in
all the mouse prostate tissues except for neuroendo-
crine tumors. Nkx3.1 was expressed only in normal
prostate. Pten, b-catenin, clusterin, Pim-1, and myc
were expressed evenly in all of the NeoTag cells
with or without DHT. Hepsin expression level was
higher in a neuroendocrine tumor (NE-10) and
NeoTag2 cells than in the NeoTag1 and NeoTag3
cells. PSCA expression level is lower in NeoTag
cells treated without DHT than the NeoTag cells
treated with DHT and was not expressed in
neuroendocrine tumor. AR and large T-antigen
expression in the NeoTag cells was confirmed by

Western blots (Figure 3c). The three NeoTag cell
strains expressed large T-antigen at levels of expres-
sion similar to those seen in the 12T–7f transgenic
line (data not show). NeoTag3 expressed less AR
compared with other two cell strains. NeoTag1 cells
were used for immunocytochemical analysis. They
showed intense and uniform nuclear AR, T-antigen,
and cytoplasmic cytokeratin 8 staining (Figure 3d)
(cytokeratin 18 was also detected as determined by
RT-PCR, data not shown). Thus, G418 selection
establishes a pure population of Large T antigen
immortalized prostatic epithelial cells that retain
AR expression.

Androgen Regulation in NeoTag Cells

Functional characterization of the androgen receptor
in NeoTag strains (passage 10–15) was tested by
growing the cells with and without androgens
in vitro. Cells were plated on 96-well plates in two
types of media: growth medium with 2.5% charcoal

Figure 1 Histology of 17-week-old nontransgenic and transgenic mouse prostates. (a) Normal gland in the dorsal lobe of 17-week-old
B6D2 mouse. (b) Normal gland in the dorsal lobe of 17-week-old ARR2PBneo mouse. (c) High-grade prostatic intraepithelial neoplasia
(HGPIN) in the dorsolateral lobe of a 17-week-old 12T–7f mouse. (d) HGPIN in the dorsolateral lobe of a 17-week-old ARR2PBneo-LPBTag
mouse. In the ARR2PBneo-LPBTag mice, prostatic lesions developed in a predictable and heritable manner, indicating that neo did not
prevent or alter LPB-Tag induced prostate tumor development and progression. Bars, 50mm.
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stripped FCS (charcoal stripping removes steroidal
hormones such as androgen and estrogen), or growth
medium with 2.5% charcoal stripped FCS plus
10�8M DHT. Every 24h, cells were quantitated using

an MTT assay to measure total metabolic activity in
each well. In the growth medium with DHT, all three
NeoTag strains grew in a consistent manner. Cells in
the growth medium with 2.5% charcoal stripped

Figure 2 ARR2PBneo cells selectively cultured for 4 weeks in epithelial cell culture medium containing 400mg/ml G418 and
ARR2PBneo�LPB-Tag prostate cell culture can be selected by G418. (a) MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide) assay of NeoTag1 cells at third passage. Cells treated with different concentration of G418 (0, 100, 200, 300, 400, 600mg/ml) for 5
days. NeoTag cell shows G418 resistance compared with 12T–7f cells. (b) MTTassay of NeoTag1 cells after 1 month G418 selection shows
strong G418 resistance. Cells treated with different concentration of G418 (0, 100, 200, 300, 400, 500, 600, 800mg/ml) for 5 days. The
results represent the average7s.d. of three independent experiments; each was performed in triplicate.

Figure 3 Expression of prostate cancer related genes and molecular markers in NeoTag prostate epithelial cells in vitro. (a, b) Pten, myc,
Hepsin, b-catenin, AR, Nkx3.1, Pim-1, PSCA, and clusterin expression were investigated by RT-PCR analysis of total RNA extracted from
adult murine dorsolateral prostate, neuroendocrine tumor, and three NeoTag cells cultured with DHT or without DHT for 24h. RT-PCR
amplification of mouse GAPDH RNA served as a loading control. (c) Western blot analysis of AR and T-antigen protein in mice prostate
epithelial cells. Lane 1, NeoTag1 cell; Lane 2, NeoTag2 cell; Lane 3, NeoTag3 cell. (d) Immunocytochemical analysis for G418 selected
NeoTag1 cell with the antibodies indicated. NIH3T3 cell used as negative control.
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serum and no DHT showed a significantly reduced
growth rate indicating that androgens were required
for maximal cell proliferation (Figure 4).

Tissue Recombination Study

As urogenital mesenchymal (UGM) cells are re-
quired for the normal development of the prostate

glandular architecture, we characterized the
ability of the three NeoTag strains to respond in
vivo by performing tissue recombinations. NeoTag1,
NeoTag2, and NeoTag3 (from both passage 10–15
to 20–25) were combined with rUGM and separately
grafted beneath the renal capsule of athymic
mice hosts. Early passage NeoTag1, NeoTag2, and
NeoTag3 were also grafted beneath the renal capsule
of athymic mice hosts without rUGM. After 4 weeks,
grafts were examined histologically. The grafts
of NeoTag cells without rUGM did not form
glandular structures; rather, sheets of cells grew,
especially noticable in NeoTag3 strain (Figure 5a, b
and c). All grafts with rUGM contained epithelium
organized into canalized ducts. NeoTag1 formed
glandular PIN structures that were similar to the
pathology of 12T–7f transgenic mouse line DLP but
also contained areas of adenocarcinoma that are
absent in the 12T–7f line (Figure 5d). Grafted
NeoTag2 formed limited PIN and mainly adeno-
carcinoma with local invasion (Figure 5e). Early
passage NeoTag3 (Figure 5f) develop adenocarcino-
ma that stained with the basal cell markers (p63)
while NeoTag1 contains limited numbers of basal-
like cells and NeoTag2-stained negative with p63
(data not shown). After selection in culture for 20–
25 passages, NeoTag1 and NeoTag3 progress such
that recombinants with these strains formed less PIN
and increasing amounts of high-grade adenocarci-
noma (Figure 5g and i). Grafts of NeoTag2 cells
showed the least change between early and late cell
culture passages (Figure 5h).

Immunohistochemistry was performed to study
the expression of luminal cytokeratin 8, AR, and T-
antigen in tissue recombinants. The epithelial
component of tissue recombinants of NeoTag1 and
NeoTag2 expressed androgen receptor (Figure 6a
and b). The tissue recombinants of NeoTag3 also
expressed AR but gave weaker staining than the
other two cell strains (Figure 6c). Cytokeratin 8 was
detected in the luminal epithelial cells in all the
tissue recombinants (Figure 6d, e and f). To confirm
that these results were not due to contamination by
urogenital sinus epithelium from the embryonic
rats, the large T-antigen status of the tissue recombi-
nants was also determined by immunohistochem-
ical staining. Figure 6g, h and i shows T-antigen
expressed in all the epithelial cells of the three
NeoTag recombinants. This observation confirms
that the PIN and adenocarcinoma was indeed
derived from mouse ARR2PBneo�LPB-Tag prostate
epithelial cells that underwent G418 selection. Only
NeoTag3 contained extensive numbers of basal cells
as identified by p63 staining (data not shown). The
NeoTag1 cells develop a pathology that was closer to
the parent 12T–7f transgenic line, which included
both PIN and well-differentiated adenocarcinoma
while NeoTag2 and NeoTag3 developed an extensive
adenocarcinoma. The late cell passage (20–25) of
these three strains also retains AR as seen in the
earlier passage (data not shown).
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Figure 4 Androgen regulation in three NeoTag cells. 24-well
plates were plated with 5�103 cells/well. The cells were
incubated in growth medium with charcoal-stripped FCS with
or without 10�8M DHT. Cells were quantified by MTTassay every
24h for 6 days. Results, mean7s.d. (n¼3) and are representative
of the findings from separate experiments.
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Hormonal Dependence In Vivo

We further characterized AR status and T-antigen
expression in tissue recombination after androgen
withdrawal to assess the androgen-dependent char-
acterization of NeoTag cells. Castration experiments
were performed 4 weeks after the tissue recombina-
tion grafts were established. The hosts were killed at
2 days and 2 weeks, postcastration and age-matched
intact mice were used as controls. At 2h prior to
death, the mice were injected i.p. with BrdU for in
vivo labeling of proliferating cells. Grafts were
dissected free of the host kidney and then processed
for histology and immunohistochemistry. The per-
centage of proliferating epithelial cells was assessed
by using in vivo labeling with BrdU according to

manufacturer’s direction. The proliferation index
was measured and about 200 cells were evaluated in
each group, in 10 randomly selection fields. Thus,
2000 cells were evaluated.

After 2 days and 2 weeks castration, NeoTag1
tissue recombinant grafts show increased stroma,
decreased cellular gland lining and loss of complex-
ity consistent with increasing atrophy (Figure 7a, b
and c). NeoTag2 grafts show increased apoptosis
with decreased cytoplasm in glandular profiles with
associated prominent stroma after 2 days castration
(Figure 8b). After 2 weeks castration the histology of
the grafts show decreased apoptosis and atrophic
glandular cells (Figure 8c). Androgen receptor
expression and large T-antigen levels rapidly
decreased 2 days postcastration (Figures 7e, h and

Figure 5 Histology of tissue recombinants composed of rat UGM plus NeoTag epithelial cells grafted to kidney capsule of an intact male
athymic mouse host for 4 weeks. (a–c) NeoTag cells without rat UGM. (d–f) Early passage NeoTag cells with rat UGM. (g–i) Later passage
NeoTag cells with rat UGM. H&E section of the subcapsular tissue in (a), rudimentary rare gland formation, capillary formation, and nest
and sheets of undifferentiating cells. (b) Abundant cellular proliferation with rudimentary gland formation, component in nest and cords.
(c) Complex cellular pattern composed of highly mitotically active glandular cells with foamy cytoplasm and marked nuclear
pleomorphism. Microabscesses and single cell necrosis are identified representing adenocarcinoma. (d) Complex areas of cribriforming
glands consistent with high-grade PIN. (e) Complex cribriforming pattern with loss of ability to form luminal formation focally, high
mitotic rate, stromal infiltration consistent with adenocarcinoma and associated high-grade PIN. (f) A single area of pleomorphic
glandular formation with a high mitotic rate consistent with adenocarcinoma. (g) Large dilated glandular structures with focal mucin
production, nuclear pleomorphism with adjacent smaller glands with high-grade PIN. (h) Area of high cellularity and mitotic activity
with nuclear pleomorphism and glandular formation, focal loss of glandular profiles consistent with adenocarcinoma. (i) A single area of
pleomorphic glandular formation with high mitotic rate consistent with adenocarcinoma. Bars, 50mm.
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8e, h) and even lower in 2 weeks postcastration
(Figure 7f, i and 8f, i). The cytokeratin 8 was
expressed before and after castration (Figures 7j, k,
l and 8j, k, l).

BrdU labeling decreased in NeoTag1 from the
intact control of 24.7% to 4.7% (2 days) and to 1%
(2 weeks) postcastration (Figure 9a and b). NeoTag2
labeling decreased from the intact control of 24%
to 7.7% (2 days) and to 1.3% (2 weeks) postcastra-
tion (Figure 9a and c). So the NeoTag1 and NeoTag2
cells are androgen-dependent prostate epithelial
cells.

Discussion

The pioneering work of Cunha, Chung and co-
workers established that inductive mesenchymal
cells play a critical role for epithelium to develop
prostatic glands by processing androgenic signals
and providing specific growth factors.11 These
elegant studies showed that the AR positive UGM

will dictate prostatic glandular architecture while
the epithelial cell AR is responsible for differen-
tiated function as defined by expression of secretory
proteins.25 More recent studies have demonstrated
that interactions between tumor epithelium and
surrounding stromal cells can regulated the rate of
tumor progression and may even play a role in
regulating genomic instability.22,26 Previously, we
have reported that tissue recombination recapitu-
lates the pathologic features of the neoplastic
prostate seen in transgenic mice.18 In that study,
bladders from the 12T–7f to 12T–10 mice were
recombined with wild-type rUGM for kidney cap-
sule grafts. The neoplasms that developed in the
graft closely reflected the phenotype seen in the
prostate of these transgenic lines.

In the present study, we report the establishment
ARR2PBneo transgenic mice that specifically target
the neomycin resistance gene to prostatic epithe-
lium. We establish the utility of these mice to cross
breed with the 12T–7f transgenic line as a method to
select for androgen-dependent prostate cancer cells

Figure 6 Immunohistochemistry of tissue recombinants composed of rat UGM with early passage NeoTag epithelial cells 4 weeks post
grafting to an intact male athymic mouse host (NeoTag1, (a, d, g) NeoTag2, (b, e, h) and NeoTag3 (c, f, i)). Immunohistochemistry was used
to determine AR, CK8, and T-antigen expression in the tissue recombination. (a) AR immunostaining with positive strong diffuse nuclear
pattern. Majority of histology is PIN with foci adenocarcinoma. (b) Infiltrating adenocarcinoma with positive nuclear staining for AR. (c)
Focal positive nuclear staining for AR with prominent nuclear pleomorphism consistent with adenocarcinoma. (d–f) Positive strong
diffuse cytoplasmic and luminal staining for cytokeratin 8. (g–i) Positive strong diffuse nuclear staining throughout the epithelium for
T-antigen. Bars, 50 mm.
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that contain a specific genetic alteration. Neo over-
expression in LPB-Tag (12T–7f) transgenic mice did
not alter prostate tumor development and the
resulting NeoTag cells cultured continued to express
neo, AR, large T-antigen, as well as other prostate
luminal epithelial markers such as cytokeratin 8
and 18. As the ARR2PB promoter requires ligand
activated AR for neo expression G418 selects only
epithelial cells that continue to express a functional
AR. As expected, the three NeoTag cell strains
demonstrate androgen-responsive growth in cell
culture.

We demonstrate that when the early passage
NeoTag1 and NeoTag2 prostatic cell strains are
used in tissue recombinations with rUGM, we can
recapture a phenotype that is similar to the original
12T–7f mouse model for prostate cancer such that
they develop PIN but these cell strains do show
traits consistent with tumor progression. Routinely,
these grafts develop extensive well-differentiated
adenocarcinoma. NeoTag3 cells grafted with rUGM
from early cell culture passages form small lesions
and retain an extensive population of basal-like
cells. Even after longer term growth in culture (over

Figure 7 Histology and immunohistochemistry of tissue recombinants of NeoTag1 cells before castration and 2 days or 2 weeks after
castration. (a, d, g, j) Are intact grafts; (b, e, h, k) are grafts from 2 days castration; (c, f, i, l) are grafts from 2 weeks castration. (a–c) Show
H&E results. Immunohistochemistry was used to determine AR (d–f), T-antigen (g–i) and CK8 (j–l) expression before and after castration.
Comparing (a–c) there is increased stroma, decreased cellular gland lining, and loss of complexity consistent with increasing atrophy.
Bars, 50 mm.
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25 passages), all NeoTag strains retain AR, but
NeoTag1 and NeoTag3 show further phenotypic
changes that now result in higher grade cancers
developing after recombination with rUGM. As the
SV40 Large T antigen causes genomic instability, it
is not surprising that further phenotype changes
occur after extensive passage in cell culture. Our
data demonstrate that NeoTag1 and NeoTag2 epithe-
lium respond to rUGM to form well-differentiated
adenocarcinoma showing typical glandular archi-
tecture even after prolonged passage while serial
passage of NeoTag3 cells results in progression to a
high-grade cancer that is no longer inhibited in its

growth by rUGM. Differences seen among the early
passages suggest that cells selected in culture reflect
different stages of the disease process. For example,
early passage NeoTag1 histological shows more PIN
then PCa, while NeoTag2 has PCa4PIN and Neo-
Tag3 is adenocarcinoma with basal-like features.
Interestingly, NeoTag3 changes the most with pas-
sage in culture such that grafts with rUGM of the late
passage develop poorly differentiated adenocarci-
noma. These changes seen among cell strains and
passage number may reflect progression of an
individual cell type and/or the selection of rapidly
growing cell population. Regardless, it is possible to

Figure 8 Histology and immunohistochemistry of tissue recombinants of NeoTag2 cells before and after 2 days and 2 weeks castration. (a,
d, g, j) are intact grafts; (b, e, h, k) are grafts from 2 days castration; (c, f, i, l) are grafts from 2 weeks castration. (a–c) Show H&E results.
Immunohistochemistry was used to determine AR (d–f), T-antigen (g–i) and CK8 ((j–l) expression before and after castration. (a–c)
Prostatic adenocarcinoma with pleomorphic complex cells invading into stroma with high mitotic rate. Comparing (a, b and c, b) shows
increased apoptosis with decreased cytoplasm in glandular profiles with associated prominent stroma. (c) Shows decreased apoptosis
and atrophic glandular cells. Bars, 50mm.
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establish at least cell strains that reflect different
stages of the disease process.

The tumor phenotype seen is dependent upon the
inductive properties of rUGM since grafting the
NeoTag cells in collagen alone results in sheets of
high-grade cancer with no glandular architecture.
This is consistent with the ability of UGM to induce
normal prostate glandular architecture.11 Therefore,
the glandular architecture that NeoTag cells develop
in response to stromal signals indicates that the
microenvironment can influence the degree of
differentiation of the adenocarcinoma. Hayashi
et al, reported that grafts of seminal vesicle mesen-
chyme recombined with the rat Dunning prostate
adenocarcinoma would reduce the tumorigenesis by
inducing secretory cytodifferentiation.27,28 Earlier
work showed that bladder transitional cell carcino-
mas could be phenotypically changed to adeno-
carcinomatous acini by rUGM.29 Our data suggest
that tumor/host interactions between the stroma and
epithelium may play an important role in the grade
of differentiation of prostatic adenocarcinoma.
Further, they support the concept that there are
limits to the ability of stromal cells to moderate
epithelial phenotypes. Such limits may be dictated
by the severity of the genetic lesions carried by the
epithelial cells, such that at some point in tumor
progression the homeostatic influences of the
stromal microenvironment on the nascent tumor
may be lost.

In vivo propagation of primary prostatic tumor
cells has been successful but there has been limited

success to establish long term cultures of prostatic
epithelial cells that remain androgen responsive.30

This has hindered progress in studying androgen
regulation of the cell cycle, proliferation, and
metastatic potential. A number of new mouse
models have been created where specific genes/
pathways are effectively targeted to the mouse
prostate by a using the prostate-specific probasin
promoter5,31–34 but cells established from these
mouse models are from late stage cancers that are
androgen independent.35,36 Establishing epithelial
cell lines that retain androgen responsiveness from
early stages of prostate cancer has not been accom-
plished. By breeding the ARR2PBneo transgenic line
into other genetically engineered mice, it will be
possible to select for androgen responsive epithelial
cells at specific stages of tumor development by
sacrificing the mice at different ages. Additionally, a
similar approach should be possible with human
prostate cancers by viral infection of primary
prostatic cells with the ARR2PBneo transgene. Cell
survival under G418 selection would occur only if
the cells retain functional AR that drives expression
of the Neo resistance gene.
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