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Loss of PTEN and loss of TP53 are common genetic
aberrations occurring in prostate cancer. PTEN and
TP53 contribute to the regulation of self-renewal and
differentiation in prostate progenitors, presumptive
tumor initiating cells for prostate cancer. Here we
characterize the transformed phenotypes resulting
from deletion of the Pten and TP53 tumor suppres-
sors in prostate epithelium. Using the PB-Cre4�Ptenfl/fl

TP53fl/fl model of prostate cancer, we describe the
histological and metastatic properties of primary tu-
mors, transplanted primary tumor cells, and clonal
cell lines established from tumors. Adenocarcinoma
was the major primary tumor type that developed,
which progressed to lethal sarcomatoid carcinoma
at approximately 6 months of age. In addition, basal
carcinomas and prostatic urothelial carcinomas
were observed. We show that tumor heterogeneity
resulted, at least in part, from the transformation of
multipotential progenitors. CK8� luminal epithe-
lial cells were capable of undergoing epithelial to
mesenchymal transition in vivo to sarcomatoid car-
cinomas containing osseous metaplasia. Metastasis
rarely was observed from primary tumors, but metas-
tasis to lung and lymph nodes occurred frequently
from orthotopic tumors initiated from a biphenotypic
clonal cell line. Androgen deprivation influenced the
differentiated phenotypes of metastases. These data
show that one functional consequence of Pten/TP53
loss in prostate epithelium is lineage plasticity of
transformed cells. (Am J Pathol 2011, 179:422–435; DOI:
10.1016/j.ajpath.2011.03.035)
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Prostate cancers display a range of clinical behavior,
from slow-growing tumors of minor clinical significance to
locally aggressive and ultimately metastatic disease. Hu-
man prostate adenocarcinoma has a mature luminal phe-
notype characterized by cytokeratin 8 (CK8) and andro-
gen receptor (AR) expression and prostate-specific
antigen (PSA) production. Progressive prostate cancer is
almost always treated with androgen deprivation therapy;
however, despite such treatment, approximately 10% of
prostate cancers progress to metastatic disease.1 Defin-
ing mechanisms of resistance to androgen deprivation
and progression to metastasis would be significantly
aided by the availability of genetically defined models of
prostate cancer progression.

One of the most common genetic alterations in prostate
cancer is deletion of at least one copy of the PTEN tumor
suppressor, which occurs in approximately 70% of human
prostate cancers. Biallelic deletion of PTEN and the associ-
ated increase in AKT phosphorylation, which occurs in
roughly 25% of prostate cancers, is correlated with resis-
tance to androgen deprivation therapy.2 A recent genomic
profiling study of mostly primary prostate cancers demon-
strated that 24% of cases had either a heterozygous or
homozygous copy number loss of TP53.3 Other large-scale
studies using combined immunohistochemistry (IHC) and
sequencing approaches have shown that TP53 mutations
occur in approximately 5% of primary tumors and at much
higher frequencies in lymph node metastases (16%) and
castrate-resistant (26%) tumors.4,5 In addition, TP53 muta-
tions were found to be independent predictors of tumor
recurrence in low- and intermediate-grade cancers. Thus,
loss of PTEN and aberrations of TP53 are implicated in
aggressive forms of human prostate cancer.5
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Clinical and experimental evidence indicates that a
major determinant of metastatic potential is the differen-
tiated phenotype of the cancer cell of origin.6 Multipoten-
tial progenitors as well as luminal progenitors are pro-
posed cells of origin for prostate cancer.7 Prostate
cancer metastases are found most commonly in the
bone, lymph nodes, liver, lungs, and dura mater.1,8,9

Within bone metastatic sites, there is a remarkable de-
gree of phenotypic heterogeneity among tumor cells
when comparing different patients as well as multiple
sites within individual patients.1,9 This heterogeneity in-
cludes differences in morphology as well as immunophe-
notypes for differentiation markers. Most commonly,
prostate cancer metastases tend to have a poorly differ-
entiated morphology; they not infrequently are composed
of admixtures of mature luminal and neuroendocrine
cells, and they occasionally contain biphenotypic inter-
mediate cells expressing both basal and luminal cytoker-
atin markers.1,10 Thus, prostate cancer metastases de-
velop from initiating cells with multilineage potential
and/or from cells with significant phenotypic plasticity.

Modeling prostate cancer in mice generally involves
the use of cell-type–specific promoters to achieve over-
expression of oncogenes or deletion of tumor suppres-
sors, mimicking commonly observed genetic aberrations
in human prostate cancer. Deletion of floxed Pten alleles
(Ptenfl/fl) initiated by pan prostate epithelial cell expres-
sion of Probasin (PB)-Cre leads to the expansion of basal
cells and the development of invasive adenocarcinoma
with an intermediate/luminal phenotype.11 On the other
hand, deletion of Pten driven by PSA or NKX3.1 promot-
ers in luminal progenitors also leads to PIN/adenocarci-
noma.12,13 These data suggest that more than one differ-
entiated cell type can serve as a target cell population for
Pten deletion–mediated prostate oncogenesis.

Previous investigations into the effect of combined ge-
netic deficiencies in murine models of prostate cancer
have demonstrated that prostate epithelial cell–specific
loss of Pten and TP53 resulted in significantly more pen-
etrant and rapidly developing prostate cancer than Pten
deletion alone, whereas loss of TP53 only did not lead to
any notable phenotype.14 It was proposed that the syn-
ergistic effect of Pten/TP53 deletion results from a loss of
TP53 dependent cellular senescence secondary to Pten
loss because Pten/TP53 null PIN/adenocarcinoma tu-
mors demonstrated many fewer senescent tumor cells
than Pten null tumors.14 Also significant, using in vitro
analyses we have shown that Pten and TP53 play a role
in regulating self-renewal and differentiation of prostate
stem/progenitor cells.15 Therefore, we hypothesized that
increased prostate progenitor amplification and deregu-
lated differentiation contribute to the more aggressive
and lethal phenotype of tumors initiated after Pten/TP53
loss as compared with Pten loss only.

Increased numbers and/or plasticity of undifferentiated
prostate epithelial cells might be expected to give rise to
multiple tumor histologies. A longitudinal description of
disease progression in the PB-Cre4�; Ptenfl/fl;TP53fl/fl

mouse model demonstrated a remarkable degree of cell
lineage heterogeneity in primary tumors. We hypothe-

sized that the epithelial heterogeneity derived from the
transformation of a multipotential progenitor cell. In addi-
tion, the occurrence of CK8�/Vimentin� cells in tumors
undergoing epithelial to mesenchymal transition (EMT),
suggested an epithelial origin for the large spindle cell
tumors that often caused morbidity/mortality in these
mice. To investigate the origin and characteristics of pri-
mary tumor heterogeneity, clonal epithelial cell lines were
established from tumors to evaluate the differentiation
potential of clonally derived tumor-initiating cells. On in
vivo inoculation, individual cell lines recapitulated spe-
cific features of heterogeneous primary tumors, including
EMT and biphenotypic basal and luminal epithelial differ-
entiation. The biphenotypic line described here was an-
drogen sensitive and highly metastatic, characteristics
that allow modeling of prostate cancer progression.

Materials and Methods

Animal Breeding

Pb-Cre4� mice [B6.D2-Tg(Pbsn-Cre)4Prb, #01XF5] were
obtained from the Mouse Models of Human Cancers
Consortium Mouse Repository (Frederick, MD), Ptenfl/�

mice (C;129S4-Ptentm1Hwu/J, #004597) were obtained
from The Jackson Laboratory (Bar Harbor, ME), P53fl/�

mice (B6; 129-Trp53tm1Brn) were a gift from Anton Berns
(Amsterdam, The Netherlands)16 and Luciferase � (FVB.
Luc�, L2685) were a gift from Christopher Contag (Palo
Alto, CA).17 Tumor-bearing Pb-Cre4�;Ptenfl/fl;P53fl/fl male
mice were produced by breeding 6- to 10-week old Pb-
Cre4�;Ptenfl/fl;P53fl/fl males with Luc�Pb-Cre4�;Ptenfl/fl;
P53fl/fl females. Animals were bred, housed, and used in
accordance with the Policy on Humane Care and Use of
Laboratory Animals (Office of Laboratory Animal Welfare,
National Institutes of Health, Bethesda, MD).

The following primer sets were used to detect the trans-
genes for the purposes of genotyping: Trp53 F: 5=-CA-
CAAAAACAGGTTAAACCCAG-3= and Trp53 R: 5=-AGCA-
CATAGGAGGCAGAGAC-3=; Ptenfl/fl F: 5=-CAAGCACTC-
TGCGAACTGAG-3=and Ptenfl/fl R: 5=-AAGTTTTTGAAGGC-
AAGATGC-3=;Pb-Cre4 01: 5=-ACCAGCCAGCTATCAAC-
TCG-3= and Pb-Cre4 02: 5=-TTACATTGGTCCAGCCACC-
3=. This primer set was combined with Pb-Cre4 03: 5=-
CTAGGCCACAGAATTGAAAGATCT-3= and Pb-Cre4 04:
5=-GTAGGTGGAAATTCTAGCATCATCC-3= to detect the
wild-type IL-2 allele that served as an internal control. Luc F:
5=-CCAGGGATTTCAGTCGATGT-3= and Luc R: 5=-AATCT-
GACGCAGGCAGTTCT-3=. For all primer pairs, the thermo-
cycler was run for 35 cycles with an initial 94°C incubation
for 3 minutes followed by 94°C melting (30 seconds), 60°C
annealing (1 minute), and 72°C extension (1 minute). PCR
products were run on a 1.5% agarose gel.

Orthotopic Transplantation

Single-cell suspensions of primary prostate tumor cells
from the dorsal and ventral prostatic lobes of Pb-Cre4�;
Ptenfl/fl;P53fl/fl mice were prepared and injected into the
dorsal prostate as described elsewhere.15 For orthotopic
injection of cell lines, 750,000 cells resuspended in 20 �L

prostate harvest medium were injected into one of the
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anterior prostatic lobes of recipient nude mice. Orthoto-
pically injected nude mice were manually palpated
weekly and imaged with the Xenogen Ivis (Caliper Life
Sciences, Mountain View, CA) bioluminescent imaging
system every 2 weeks as previously described.18 Mice
were euthanized on signs of morbidity and/or when dis-
tended urinary bladders (indicative of urinary obstruction
by prostate tumors) were easily palpable. To test for
androgen-independent growth, the transplant-recipient
nude mice were castrated through an abdominal incision
at the time of orthotopic injection, and a 90-day-release,
5-mg testosterone pellet (Innovative Research of Amer-
ica, Sarasota, FL) was implanted subcutaneously in the
cervical region. Mice were randomized into two groups at
week 7 after orthotopic injection. One group (n � 9) had
the subcutaneous testosterone pellets removed, and the
other group had the androgen supply replenished by
implantation of a second subcutaneous testosterone pel-
let (n � 8).

Derivation of Wild-Type Basal Cell Line

The prostatic lobes from wild-type mice were dissected
from the urogenital tracts and prepared as previously
described15 except that the tissue digestion was stopped
at the organoid stage before the trypsin digestion. The
organoids were washed once with PBS and resuspended
in WIT-P medium (Stemgent, San Diego, CA), passed
several times through a 19-gauge needle, and plated into
a six-well Primeria plate (BD Biosciences, San Jose, CA).
The cells were passaged every 7 days for six passages.
The resulting established cell line was composed of mor-
phologically uniform cells; 100% of the cells expressed
CK5, but not CK8, as determined by both flow cytometry
and immunofluorescence.

Derivation of Clonal Cell Lines

Orthotopic carcinomas were aseptically harvested and
washed briefly in sterile prostate harvest medium Dulbec-
co’s modified Eagle’s medium (Invitrogen) supplemented
with 10% fetal bovine serum, 1% penicillin/streptomycin
(Invitrogen), gentamicin (Lonza, Walkersville, MD) (30
�g/mL), and amphotericin B (Lonza) (0.015 �g/mL). A 2-
to 3-mm cube of the tumor was minced and divided into
three aliquots. Each aliquot was placed in a 10-cm Prim-
eria tissue culture dish containing one of the three follow-
ing media: i) PrEGM medium (Lonza) containing 5 �
10�9 M dihydroxytestosterone (Steraloids Inc., Newport,
RI) referred to hereafter as PrEGM/DHT; ii) PrEGM/DHT,
5% fetal bovine serum, and 5% 3T3 conditioned medium;
or iii) PrEGM/DHT and 5% 3T3 conditioned medium. 3T3
conditioned medium was produced by incubating 3T3
fibroblasts in prostate harvest medium for 2 days. The
conditioned culture medium was collected, clarified,
filtered through a 0.4-�m filter, and stored at �80°C
until use.

Cultures were incubated for 1 week or until there was
growth on the dish, at which time cells were washed,
trypsinized, and passaged two times before being plated

at serial dilutions onto 10-cm Petri dishes. Cell cultures
were maintained in the same culture media throughout
the procedure. Single well-spaced colonies demonstrat-
ing an epithelial morphology were harvested using gene
choice cloning rings (PGC Scientific Corp., Frederick,
MD) and placed into a single well of a 24-well Primeria
plate. On average, �10% of colonies were capable of
expansive growth and establishment. Between passages
4 and 5, double immunofluorescence was performed for
CK5/CK8 and CK8/vimentin. Clones that demonstrated
detectable CK5-/CK8-/vimentin� cells, or � 1% CK8�/
vimentin� cells were excluded from further analysis. A
total of 40 clonal cell lines were produced from six sep-
arate orthotopic tumors. Nine of these cell lines, derived
from four separate orthotopic tumors, were selected for
tumorigenesis assays. Clone 1 was grown in PrEGM/DHT
with 5% serum and 5% 3T3 conditioned medium. Clones
2, 3, 4, 5, 7, and 9 were grown in PrEGM/DHT. Clone 8
was grown in PrEGM/DHT with 5% 3T3 conditioned
medium.

Subcutaneous Tumorigenesis Assay

Single cell suspensions (1 � 106) of clonal cell lines were
injected subcutaneously with or without Matrigel (BD Bio-
sciences, San Jose, CA) into the flank region of nude
mice (n � 3 mice per cell line, with three tumors injected
with matrigel and three tumors injected without matrigel).
Cells were resuspended and injected in 200 �L prostate
harvest medium. For the contralateral flank, the cells were
resuspended in a mixture of 100 �L prostate harvest
medium and 100 �L Matrigel. Subcutaneous tumors were
harvested when they reached approximately 1 cm in
diameter.

Histology

Primary prostate, subcutaneous, and orthotopic tumors
were harvested and fixed with 4% paraformaldehyde
overnight, rinsed well in PBS, and transferred to 70%
ethanol before standard histological processing, section-
ing, and staining (Histoserve, Germantown, MD). All
prostates were sectioned as described,19 allowing for the
examination of all prostatic lobes, the seminal vesicles,
bladder, and urethra. Several sections of the tumor, two
sections through each lung lobe, and the sublumbar
lymph nodes were placed together on the same slide. For
the purpose of histopathological analysis of disease pro-
gression, for each mouse, two H&E sections separated
by 200 �m were analyzed. For the purposes of imuno-
phenotyping the lesions, sequential serial sections were
used for all immunohistochemical staining. Two serial
sections (separated by 200 �m) of the liver, kidneys,
spleen, brain, head, and decalcified longitudinal sections
of the lumbar spine as well as fore and hind limbs were
analyzed from each animal to assay for metastasis. All
slides were analyzed blindly and histopathological anal-
ysis was performed by a board-certified veterinary pa-
thologist (P.M. and M.S.). To quantify the percentage of
orthotopic tumor area with a certain histological pattern,
the area was estimated by using the number of �200

fields comprised by the particular histological pattern/
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total �200 fields analyzed, averaged over the two
200-�m step sections. Bright field images were taken
using an upright Zeiss Axioplan microscope (Zeiss,
Oberkochen, Germany).

Immunohistochemistry

Unstained slides were deparaffinized, and antigen re-
trieval was performed in a citrate buffer (Dako targeted
antigen retrieval solution; Carpinteria, CA) in a steamer at
100°C for 15 minutes, followed by a 15-minute incubation
at room temperature. Blocking was performed with Cyto
Q Background Buster reagent (Innovex Biosciences,
Richmond, CA) for 30 minutes at room temperature for
rabbit primary antibodies, and for 1 hour for mouse pri-
mary antibodies. Primary antibody incubation was per-
formed overnight at 4°C, followed by secondary antibody
incubation at room temperature for 30 minutes. Second-
ary goat anti-rabbit biotinylated IgG (E0432), and goat
anti-mouse biotinylated IgG (E0433), used at 1:200
dilution, were from Dako. The ABC peroxidase kit (Vec-
tor Laboratories, Burlingame, CA) was used, followed by
DAB (Dako) for chromagen visualization. All slides were
counterstained with hematoxylin. Primary antibodies and
the concentrations used are as follows. The following
primary antibodies were obtained from Abcam (Cam-
bridge, MA): anti–Ki-67 (ab15580), 1/600; anti-CK8
(ab59400), 1:50; anti-synaptophysin (ab52636), 1:250;
anti-Chromogranin A (ab15160), 1:10,000; and anti-PTEN
(ab9559), 1:100. Additional antibodies were anti-CK5,
1:1000, from Covance (PRB-160P; San Diego, CA); anti-
TP63, 1:400, from Millipore (MAB4135; Billerica, MA); and
anti-AR (sc-816), 1:200, from Santa Cruz Biotechnology
(Santa Cruz, CA). The following antibodies were obtained
from Cell Signaling (Danvers, MA): anti–E-cadherin
(3195), 1:100; anti-pAKT (9271), 1:50; anti-TP53 (2527),
1:250, and anti-Slug (9585). At least three tumors from
each experimental group (primary tumor, orthotopic
transplant of primary tumor cells, and clonal orthotopic
tumors with and without androgen deprivation) were an-
alyzed for immunohistochemical phenotyping.

Immunofluorescence

Double immunofluorescence was performed on tissue
sections using the same protocol as used for IHC with the
following exceptions: The secondary antibodies were Al-
exa Fluor 488 conjugated goat anti-mouse IgG (A11001)
and Alexa Fluor 586 conjugated goat anti-rabbit IgG
(A11011), 1:200, (Invitrogen, Carlsbad, CA). Slides were
mounted with Vectashield hard mount with DAPI (Vector
Laboratories, Burlingame, CA). The same primary anti-
bodies at the concentrations indicated were used as for
IHC with the following exceptions: anti-cytokeratin 8
(CK8), 1:400 from Covance (MMS-162P; San Diego, CA);
anti-vimentin, 1:50 from Santa Cruz (sc-7557; Santa Cruz,
CA); and anti–smooth muscle actin, 1:100, Abcam
(ab5694; Cambridge, MA). For immunofluorescence of
cell lines grown in vitro, adherent cells were fixed in 4%
paraformaldehyde in PBS for 10 minutes, followed by

permeabilization with 0.5% Triton X-100 in PBS for 2
minutes. Nonspecific sites were blocked by incubation in
2% BSA in PBS for 30 minutes. Cells were then incubated
overnight at 4°C with the specified primary antibodies in 2%
BSA/PBS. Cells were washed three times with PBS contain-
ing 0.1% Tween-20, incubated with Alexa Fluor 488 conju-
gated goat anti-mouse IgG and Alexa Fluor 586 conjugated
goat anti-rabbit (1:200) in 2% BSA for 30 minutes at room
temperature, and finally washed and mounted using the
anti-fade reagent Fluoro-gel II with DAPI. Fluorescent im-
ages were captured using a Zeiss Observer.Z1 laser con-
focal microscope and an upright fluorescent Zeiss Axioplan
microscope (Zeiss, Thornwood, NY). To estimate the num-
ber of cells expressing CK8/CK5 or CK8/vimentin, two mi-
crographs were taken at �200 for each combination of
markers, the percentages of positive cells were counted,
and data were reported as the mean average of the two
micrographs.

RT-PCR

The following primer sets were used to detect mRNA for the
purposes of assaying gene expression: Nkx3.1 F: 5=-
GGAGAGGAAGTTCAGCCATC-3= and Nkx3.1 R: 5=-TG-
GCAAAGACAATGGTGAGT-3=; Msmb F: 5=-CACCTGCTG-
TACCAACGCTA-3= and Msmb R: 5=-CAACTCGACAGG-
TCTTCCCT-3=; Pten F: 5=-TTGAAGACCATAACCCAC-
CA-3= and Pten R: 5=-TTACACCAGTCCGTCCCTTT-3=;
TP53 F: 5=-TGGTGGTACCTTATGAGCCA-3= and TP53 R:
5=-AGGTTCCCACTGGAGTCTTC-3=; Cdh1 F: 5=-GACAA-
CGCTCCTGTCTTCAA-3= and Cdh1 R: 5=-ACGGTGTACA-
CAGCTTTCCA-3=; Krt5 F: 5=-AACGTCAAGAAGCAGT-
GTGC-3= and Krt5 R: 5=-TCCAGCTCTGTCAGGTTGTT-3=;
Krt19 F: 5=-TATGAGATCATGGCCGAGAA-3= and Krt19 R:
5=-CGTGACTTCGGTCTTGCTTA-3=; Krt18 F: 5=-CTGGTCT-
CAGCAGATTGAGG-3= and Krt18 R: 5=-CTCCGTGAGT-
GTGGTCTCAG-3=; Krt14 F: 5=-GATGACTTCCGGAC-
CAAGTT-3= and Krt14 R: 5=-TGAGGCTCTCAATCTGC-
ATC-3=; TP63 F: 5=-CAGTCAAGGACTGCCAAGTC-3= and
TP63 R: 5=-CATCACCTTGATCTGGATGG-3=; Itga6 F: 5=-
ACGGTGTTTCCCTCAAAGAC-3= and Itga6 R: 5=-GAA-
GAAGCCACACTTCCACA-3=; Vim F: 5=-AAACGAGTAC-
CGGAGACAGG-3= and Vim R: 5=-TCTCTTCCATCT-
CACGCATC-3=; Acta2 F: 5=-TTTCATTGGGATGGAGT-
CAG-3= and Acta2 R R: 5=-CCTGACAGGACGTTGTTAGC-
3=; Cdh2 F: 5=-ATGCCCAAGACAAAGAAACC-3= and Cdh2
R: 5=-CTGTGCTTGGCAAGTTGTCT-3=; Sox2 F: 5=-ATGCA-
CAACTCGGAGATCAG-3= and Sox2 R: 5=-TATAATC-
CGGGTGCTCCTTC-3=; Sox9 F: 5=-CTCCGGCATGAGT-
GAGGT-3= and Sox9 R: 5‘-GCTTCAGATCAACTTTGCCA-
3=; Notch1 F: 5=-TGGAGGACCTCATCAACTCA-3= and
Notch1 R: 5=-GTTCTGCATGTCCTTGTTGG-3=; Myc F: 5=-
TTCTCTCCTTCCTCGGACTC-3= and Myc R: 5=-TCTT-
CTTCAGAGTCGCTGCT-3=; Gapdh F: 5=-CAGAACAT-
CATCCCTGCATC-3= and Gapdh R: 5=-CTGCTTCACC-
ACCTTCTTGA-3=. For reverse transcription, 3 �g total RNA
was used with the SuperScript III kit (Invitrogen, Carlsbad,
CA). The amplification step used the SYBR green PCR
master mix (Applied Biosystems, Bedford, MA). For all
primer pairs, the thermocycler was run for 40 cycles with an

initial 95°C incubation for 10 minutes, followed by 95°C
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melting for 15 seconds, 55°C annealing for 30 seconds, and
72°C extension for 30 seconds.

Western Blotting

For protein detection, the following primary antibodies at the
indicated concentrations were used in an overnight 4°C
incubation: anti-rabbit CK8 (Abcam, ab59400), 1/1000; anti-
rabbit AR (Millipore, #06-680), 1/500; anti-rabbit p-Akt (Cell
Signaling, #4060), 1/1000; anti-rabbit Akt (Cell Signaling,
#4691), 1/1000; anti-mouse TP63 (Millipore, NAB-4315),
1/500; anti-mouse GAPDH (Novus Biochemicals, Littleton,
CO; NB300-221), 1/4000. Secondary antibodies (1:2000)
were anti-rabbit IgG (#386325) or anti-mouse IgG
(#381254) (GE Healthcare, Piscataway, NJ), incubated at
room temperature for 1 hour.

Results

PB-Cre4�;Ptenfl/fl;TP53fl/fl Mice Develop
Adenocarcinoma with Progression to
Sarcomatoid Carcinomas but Not Metastasis

As shown in Figure 1A, PB-Cre4�; Ptenfl/fl;TP53fl/fl mice
demonstrated significantly earlier morbidity and mortality
as compared with PB-Cre4�; Ptenfl/fl mice (Figure 1A). A
longitudinal pathological analysis (Figure 1B) showed
that PB-Cre4�;Ptenfl/fl;TP53fl/fl mice developed severe
mouse prostatic intraepithelial neoplasia (mPIN) as early
as 8 weeks, with progression to adenocarcinoma by 12
weeks. All mice eventually succumbed by 30 weeks as
the result of urinary tract obstruction by sarcomatoid car-
cinomas (Figure 1). The mPIN lesions comprised large
numbers of cytokeratin 8 (CK8)�/cytokeratin 5 (CK5)�/
TP63� intermediate cells and CK8�/CK5�/TP63� lumi-
nal cells (Figure 2C), with occasional foci containing
small increases in CK8�/CK5�/TP63� basal cells.
CK8�/CK5� cells increased in proportion to CK8�/
CK5� cells in invasive adenocarcinoma relative to mPIN
(Table 1, Figure 2D), suggesting increased accumulation
of differentiated luminal cells in adenocarcinoma. Coex-
pression of the neuroendocrine marker synaptophysin
and CK8 were occasionally observed in focal regions of
adenocarcinoma and mPIN (see Supplemental Figure
S1A at http://ajp.amjpathol.org). At approximately 15 to 19
weeks, sarcomatoid carcinomas could be observed arising
in the wall of the anterior prostate, adjacent to poorly differ-
entiated adenocarcinoma (Figure 2G). As adenocarcinoma
progressed to sarcomatoid carcinoma, there was a reduc-
tion/loss of E-cadherin and CK8 coupled with an increase in
vimentin expression (Table 1). Occasional neoplastic spin-
dle-shaped cells coexpressing CK8 and vimentin were ob-
served, indicating epithelial to mesenchymal transition (see
Supplemental Figure S2 at http://ajp.amjpathol.org). Nuclear
expression of the EMT marker, SLUG, was detected by IHC
in sarcomatoid carcinomas (see Supplemental Figure S2 at
http://ajp.amjpathol.org), but was rarely detected in adeno-
carcinoma. Nuclear androgen receptor expression as de-
termined by IHC decreased with disease progression. In

mPIN, there was strong nuclear expression of AR in luminal
cells. In adenocarcinoma, there was more heterogeneity
relative to mPIN in the levels of AR expression, with loss of
AR in occasional cells. AR was often very low or undetect-
able in spindle cell carcinoma (Table 1). At the time that the
mice died or were euthanized, distant metastases were not
observed; however, lymphovascular and perineural inva-
sion was common (Figure 2, B and E), and small aggre-
gates of tumor cells occasionally were detected in sublum-
bar lymph nodes and pulmonary capillaries.

Primary Tumors Contain Additional Minor
Components of Other Tumor Phenotypes

In addition to the development of adenocarcinoma with a
luminal phenotype, PB-Cre4�; Ptenfl/fl;TP53fl/fl tumors oc-
casionally contained regions with a basal/squamous or
urothelial phenotype (Figure 2, F and H). Basal/squa-
mous regions often featured keratin production (Figure
2H) and were characterized by CK5 and TP63 expres-
sion (Table 1). Occasionally, in the most proximal regions
of the prostatic lobes where the prostatic ducts traverse
the urethral muscularis and communicate with the ure-

Figure 1. Survival rate and tumor phenotype incidence for PB-Cre4�;
Ptenfl/fl;TP53fl/fl mice. A: Kaplan-Meier curve showing survival rates for
PB-Cre4�; Ptenfl/fl;TP53fl/fl (n � 41) (Ptenfl/fl TP53fl/fl), open squares;
PB-Cre4�; Ptenfl/fl;TP53fl/fl littermates (n � 38) (wild-type, straight line);
and PB-Cre4�; Ptenfl/fl (n � 12) (Ptenfl/fl, open triangle). B: Histogram
showing the percentage of PB-Cre4�; Ptenfl/fl;TP53fl/fl mice in each age
group with a tumor containing the indicated phenotype (%incidence): 10 to
14 weeks (n � 14), 15 to 19 weeks (n � 17), 20 to 25 weeks (n � 10), and
26 to 30 weeks (n � 12). Adeno, adenocarcinoma; Basal/Squam, basal/
squamous carcinoma; PIN, mouse prostatic intraepithelial neoplasia; Sarco-
matoid, spindle cell carcinoma; Urothelial, urothelial carcinoma.
thra, there was carcinoma with a urothelial pattern, re-

http://ajp.amjpathol.org
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ferred to as prostatic urothelial carcinoma (CK5�/TP63�
with rare CK8� cells) (Figure 2F). However, no tumors of
the urinary bladder or urethral transitional epithelium
were observed in any mice. Frequently, basal/squamous

Figure 2. PB-Cre4�; Ptenfl/fl;TP53fl/fl mice display a diversity of tumor phenotype
prostatic intraepithelial neoplasia (mPIN), 14-week-old mouse dorsal prostate. In mP
epithelium. The neoplasm does not invade the basement membrane and is bounde
prostate. Neoplastic glands invade the stroma (s) adjacent to a prostatic nerve gangli
and CK5 (Red; Alexa Fluor 586) on mPIN (C) and adenocarcinoma (D). In mPIN (C
there are cells with CK8/CK5 coexpression (short arrow), CK8�/CK5� cells (arr
embolus (asterisk) within lumen of blood vessel is comprised of cells that label
anti-CK8, and hematoxylin. F: Prostatic urothelial carcinoma in proximal prostatic du
separated by a fine fibrovascular stroma; H&E. G: Sarcomatoid carcinoma in 28-wee
differentiation; H&E. H: Basal/squamous carcinoma in anterior prostate of 28-wee
stratified squamous epithelium (sq) and superficial keratin layer (k); H&E. Images ta
(C and D).

Table 1. Summary of Immunohistochemical Marker Expression
Tumors or Tumors Arising from Orthotopically Transpl

IHC marker Wild-type

CK8 ��� in luminal cells �
CK5 � in basal cells �
CK8�/CK5� �/� �
TP63 � in basal cells �
AR ��� �
Synapto � in rare neuroendocrine cells �
Synapto/CK8� �/� �
Synapto/CK5� � �
E-cadherin ��� �
Vimentin � �
Vimentin/CK8� � �

*In mPIN, there are areas with minimal proliferation of TP63� cells alo
as well as areas lacking TP63� cells.

†In poorly differentiated adenocarcinoma, there is often a decrease in
Adeno, adenocarcinoma; AR, androgen receptor; Basal/squamous,

Sarcomatoid, sarcomatoid carcinomal; Synapto, synaptophysin; ���, m
[however there are significant numbers of cells that lack expression (50–

only rare populations of cells (�5%); �, absence of marker;1, increased IHC la
decreased IHC labeling intensity relative to epithelial cells in wild-type control p
carcinoma, adenocarcinoma, and prostatic urothelial
carcinoma were present in the same tumor. All tumor
types displayed heterogeneous expression of the neu-
roendocrine marker synaptophysin (see Supplemental

A–F depict different regions of tumor from a single mouse. A: High-grade mouse
the lumen (L) is almost completely occluded by a marked proliferation of neoplastic
y by smooth muscle (arrow); H&E. B: Adenocarcinoma in periphery of the dorsal
w); H&E. C and D: Double immunofluorescence for CK8 (Green; Alexa Fluor 488)
re often cells with coexpression of CK5 and CK8 (arrow). In adenocarcinoma (D),
), and occasionally CK5�/CK8� cells (long arrow). E: Vascular invasion. Tumor
for CK8. Arrows indicate endothelial cells lining luminal surface of blood vessel,
nt to the urethral muscularis (m). Note packets of prostatic urothelial carcinoma cells
use. Note streams of spindle shaped cells with large oval nuclei that lack glandular
use. Note pallisading basal cells (arrow) on basement membrane with overlying
400. Scale bars: 100 �m (A, B, and E–H). Images taken at �630. Scale bars: 20 �m

-Type Prostate Epithelium and PB-Cre4�Ptenfl/flTP53fl/fl Primary
umor Cell Suspensions

Adeno Sarcomatoid Basal/squamous

���1 �/�2 �/�
� � ���
� � �/�
�/� � ���
��2 �/�2 ��2
� � �
� �/� �/�
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asal lamina, and rarely in the cell layer superficial to the basal cell layer,

y of E-cadherin labeling as well as the presence of rare vimentin� cells.
quamous carcinoma; mPIN, mouse prostatic intraepithelial neoplasia;
resent in most or all cells (80–100%); ��, marker present in many cells
�, marker present in a minority of cells (5–50%); �/�, marker present in
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Figure S1A at http://ajp.amjpathol.org). Chromogranin A
was only rarely observed in isolated individual cells, in-
dicating a not-fully-differentiated neuroendocrine pheno-
type. As anticipated, IHC failed to detect TP53 or Pten
expression in tumor cells of all histological types,
whereas Pten expression could be detected in adjacent
reactive stroma (data not shown).

Transplantation of PB-Cre4�;Ptenfl/fl;TP53fl/fl

Tumor-Initiating Cells Does Not Lead to
Metastasis

The rapid growth of primary tumors in this murine model
led to early mortality, which might explain the lack of

Figure 3. Orthotopic injection of PB-Cre4�; Ptenfl/fl;TP53fl/fl mouse pri-
mary prostate carcinoma cells favors the development of adenocarci-
noma. Orthotopic prostate carcinoma histological pattern as a percentage
of total tumor area for each individual orthotopic tumor (n � 12). oPIN/
Adeno � mouse orthotopic prostatic intraepithelial neoplasia/adenocar-
cinoma; Basal/Squam � basal/squamous carcinoma; Urothelial � urothe-
lial carcinoma. Nude mice underwent injection, into one dorsal prostatic
lobe, with single-cell suspensions of PB-Cre4�; Ptenfl/fl;TP53fl/fl mouse
primary mouse prostate carcinomas.
metastasis. To test the tumor-initiating capacity and met-
astatic potential of PB-Cre4�; Ptenfl/fl;TP53fl/fl tumor cells,
we injected into the dorsal prostatic lobe of nude mice
single-cell suspensions of primary mouse prostate tu-
mors obtained from 12- to 16-week-old PB-Cre4�;
Ptenfl/fl;TP53fl/fl mice. A constitutively expressed lucifer-
ase construct was introduced by cross-breeding into the
tumor model to provide a noninvasive marker for moni-
toring the growth and potential metastasis of transplanted
cells.17 Tumors from transplant recipients were harvested
at morbidity, an average of 27 weeks after injection. Or-
thotopically transplanted tumor cells primarily formed or-
thotopic PIN (oPIN) and adenocarcinoma, which ex-
pressed markers similar to equivalent primary neoplasms
(Figures 3 and 4, Table 1; see also Supplemental Figure
S1B at http://ajp.amjpathol.org). Basal/squamous carci-
nomas and prostatic urothelial carcinomas developed
infrequently. Notably, although there were occasional foci
of EMT with individual or small clusters of tumor cells
acquiring spindle cell morphology, there were no dis-
crete sarcomatoid carcinomas. There was widespread
lymphovascular and perineural invasion in transplant re-
cipients; however, metastases were not observed with
either ex vivo bioluminescent imaging of recipient mouse
organs or by histopathological examination. The lack of
metastasis in orthotopically transplanted mice, in which
there was an additional 12- to 16-week period for ortho-
topic tumor development, supports the conclusion that
pan-epithelial Pten/TP53 deletions alone usually are not
sufficient to drive prostate carcinoma metastasis.

Clonally Derived Cell Lines Produce Tumors
Containing Multiple Lineages

The tumor heterogeneity in primary and orthotopic pros-
tate carcinomas could be the result of transformation of

Figure 4. Orthotopic prostatic intraepithelial
neoplasia (oPIN) and orthotopic adenocarci-
noma (oAC) resulting from injection of primary
PB-Cre4�; Ptenfl/fl;TP53fl/fl tumor cells. Sequen-
tial serial sections of recipient nude mouse wild-
type prostate (A–C), oPIN (D–F), and oAC
(G–I), were stained with H&E (A, D, and G),
CK8 (B, E, and H), and CK5 (C, F, and I). A:
Recipient nude mouse wild-type dorsal prostate.
B: Luminal cells express cytokeratin 8 (CK8),
whereas (C) basal cells express cytokeratin 5
(CK5) (arrowheads). D: Orthotopic PIN with
marked proliferation of neoplastic glandular ep-
ithelium in a cribiform pattern. E: Most of the
epithelial cells express CK8. F: There is a nearly
complete basal cell layer comprising CK5-ex-
pressing cells but no smooth muscle layer. G:
Orthotopic adenocarcinoma. H: The neoplastic
epithelium expresses CK8, (I) with loss of the
CK5� basal cell layer. All images taken at �400.
Scale bar � 100 �m.
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multiple, distinct, lineage-committed tumor progenitor
cells and/or of tumor progenitors with multilineage poten-
tial. As one approach to begin addressing the differenti-
ation potential of tumor-initiating cells, we derived several
clonal cell lines from six separate orthotopic carcinomas.
Clonal cell lines were immunophenotyped at passages 4
or 5 for CK5, CK8, and vimentin. The characteristics of
nine cell lines that were further expanded and tested for
tumorigenicity are shown (Table 2). With the exception of
clone 8 that was composed of CK8�/CK5� cells, all of
the clones contained CK8� cells and a variable percent-
age of double positive CK8�/CK5� cells. Clonal cell
lines appeared to produce continuously differentiating
cells, as individual colonies derived from single cells
contained cells with heterogeneous marker expression.
Cell suspensions were injected subcutaneously into nude
mice. The basal cell phenotype clone did not form tu-
mors, although seven of eight of the CK8� clones were
tumorigenic. Tumors with mixed histologies developed
from five of seven lines, and adenocarcinoma and sar-
comatoid carcinoma developed from clones 6 and 7,
respectively. Three cell clones (clones 1, 3, and 4) dem-
onstrated the capacity for biphenotypic basal and luminal
differentiation, suggesting origins of the cell lines with
bipotential progenitors. In addition, the development of
subcutaneous sarcomatoid carcinomas from three clonal
epithelial cell lines (clones 2, 5, and 6) formally demon-
strates the epithelial origin of spindle cell tumors in this
model (Table 2). Sarcomatoid carcinoma tumors fre-
quently displayed osseous and cartilaginous metaplasia,
implying mesenchymal differentiation to the osteoblast
and chondrocyte lineages. One clone that produced bi-
phenotypic tumors (Clone 1) and one clone that pro-
duced sarcomatoid carcinomas (Clone 2) were analyzed
more extensively for the expression of lineage markers
and for orthotopic tumorigenic and metastatic character-
istics, as described below.

Analysis of Sarcomatoid Carcinoma-Producing
Clone 2

Clone 2 comprised primarily CK8�/CK5� cells with low

Table 2. Summary of in Vitro and in Vivo Phenotypes for Pten/T

In Vitro

Clone CK5 CK8 Vimentin

1 75% 100% ND
2 5% 100% ND
3 37% 100% �1%
4 90% 100% ND
5 75% 100% �1%
6 75% 100% �1%
7 62% 75% �1%
8 100% 0% ND
9 62% 100% ND

Average percentage of cells expressing CK5, CK8, and vimentin det
Adeno, adenocarcinoma; Basal/squamous, basal/squamous carcinom

of an 8-well chamber slide containing approximately 1800 cells); Undiff, u
entire well of the chamber slide containing approximately 1800 cells.
numbers of CK8�/CK5� cells. As shown in Figure 5, the
Clone 2 cell line was characterized for RNA expression of
a variety of markers including the following: epithelial
lineage: Krt5 (CK5), Krt8 (CK8), Krt18 (CK18), Krt14
(CK14), TP63, and Cdh1 (E-cadherin); mesenchymal lin-
eage: Vim (vimentin), Cdh2 (N-cadherin), Acta2 (�-
smooth muscle actin); progenitor: Itga6 (�6 integrin),
Sox2, and Notch1; and prostate growth/differentiation:
Myc, Sox9 genes. An immortalized basal phenotype
(CK5�/TP63�) cell line derived from wild-type prostate is
shown for comparison. Clone 2 showed a predominantly
luminal epithelial expression pattern without evidence of
Vim or Acta2 expression. Interestingly, Clone 2 expressed
both Cdh1and Cdh2 as well as relatively elevated levels
of Myc RNA (Figure 5A). As anticipated, Clone 2 cells
demonstrated phospo-AKT and AR protein expression
(Figure 5B).

Clone 2 cells gave rise to orthotopic tumors that
were primarily sarcomatoid carcinomas with occa-
sional foci of adenocarcinoma (Figure 6; see also Sup-
plemental Figure S3, C and D, at http://ajp.amjpathol.
org). Orthotopic carcinomas generally displayed dif-
fuse, low to moderate levels of cytoplasmic synapto-
physin expression. Three Clone 2 orthotopic tumors
harvested at 6 weeks comprised primarily adenocarci-
noma containing a minority component of undifferenti-
ated/early sarcomatoid carcinoma, whereas tumors
harvested between 9 and 12 weeks comprised a ma-
jority of sarcomatoid carcinomas with occasional small
foci of poorly differentiated adenocarcinoma, demon-
strating increasing EMT with time and expansion of
orthotopic tumors. Tumors cells that coexpressed CK8
and vimentin were readily observed (see Supplemental
Figure S3C at http://ajp.amjpathol.org). Osseous and
cartilaginous metaplasia were common in Clone 2 or-
thotopic tumors (Table 3; see also Supplemental Figure
S3D at http://ajp.amjpathol.org). Clone 2 rarely metasta-
sized (Table 3); however, lymphovascular invasion was
common, and tumor emboli were occasionally observed
in pulmonary capillaries, similar to the phenotype ob-
served in late stages of the primary mouse model
(see Supplemental Figure S3, A and B, at http://ajp.

ull Prostatic Carcinoma Clonal Cell Lines

In Vivo

or no. Subcutaneous tumor phenotype

01 Basal/squamous � adeno
01 Sarcomatoid/undiff/adeno � basal/squamous
11 Basal/squamous � adeno
11 Basal/squamous � adeno
11 Sarcomatoid � basal/squamous � adeno
22 Sarcomatoid
22 Adeno
22 No tumor growth
22 No tumor growth

by counting at least 200 cells per clonal cell line.
not detected (no cells detected expressing the marker in the entire well
ntiated carcinoma; �1%, less than 10 cells expressing the marker in the
P53 N

Tum

1
3
2
2
2
2
2
2
2

ermined
a; ND,
amjpathol.org).
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Analysis of Biphenotypic Clone 1 in
Androgen-Replete and -Deprived Conditions

The initial characterization of Clone 1 at passage 4
demonstrated mostly double-positive CK5�/CK8�
cells (Table 2). As Clone 1 was cultured in vitro, CK5
expression decreased. At passage 25, Clone 1 cul-
tures consisted of 95% CK8�/CK14�/CK5� cells and
5% CK8�/CK14�/CK5� cells, and quantitative PCR
analyses of the same culture revealed expression of
luminal (Krt18) and basal (Krt14 with low levels of Krt5)
cytokeratins but not the definitive basal marker TP63.
Other basal/progenitor-associated markers such as
Notch1, Sox2, and Itga6 were expressed (Figure 5A).
Western blot analyses showed high constitutive levels
of pAKT, detectable androgen receptor, and no detect-
able TP63 (Figure 5B).

Clone 1 subcutaneous tumors displayed adenocar-
cinoma histology and AR expression, two characteris-
tics of human androgen– dependent prostate cancer.
To analyze androgen-dependent growth and develop-
ment of the castrate-resistant phenotype, Clone 1 or-
thotopic tumor growth was performed in androgen-

Figure 5. Expression of differentiation and signaling markers in cultured wi
Clones 1 (C1) and 2 (C2) prostatic carcinoma cell lines. A: Quantitative RT-P
markers. pAKT, AKT phosphorylated on Ser 473.
replete conditions and in conditions that mimic patient
treatment regimens giving rise to castrate-resistant
prostate cancer. Specifically, before orthotopic injec-
tions of Clone 1 cells, mice were castrated and im-
planted with subcutaneous testosterone pellets.
Orthotopic tumor growth was detected with in vivo bio-
luminescent imaging, usually between 4 and 6 weeks
after inoculation. At 7 weeks after injection, mice were
randomized into two cohorts. Testosterone pellets were
removed from half of the mice (n � 9), whereas the
remaining half (n � 8) underwent reimplantation with
new testosterone pellets. Tumors were harvested at
morbidity or death of individual animals in both co-
horts. The removal of subcutaneous androgen pellets
usually led to a temporary halt in orthotopic tumor
growth and a reduction in tumor mass, as assayed by
in vivo bioluminescent imaging and by manual palpa-
tion. Androgen deprivation led to a survival benefit, as
the mice in which the testosterone pellets had been
removed survived up to 15 weeks after injection,
whereas all of the androgen-replete mice were mori-
bund by week 9 after injection (Figure 7A). In addition,
quantitative PCR analyses of RNA extracted from tu-

rostatic basal cells (WT) (Materials and Methods) and in Pten/TP53 deleted
sis of mRNA levels for various markers. B: Immunoblot analysis for selected
ld-type p
mors revealed the loss of androgen-dependent gene
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expression in androgen-deprived mice, as shown for
Nkx3.1 and Msmb in Figure 7B.

Clone 1 orthotopic tumors grown in an androgen-re-
plete environment were composed of both CK8� adeno-
carcinoma and TP63� basal/squamous carcinoma com-
ponents, demonstrating biphenotypic differentiation
(Figure 6). Synaptophysin expression in both adenocar-
cinoma and basal/squamous carcinoma was heteroge-
neous. In androgen-deprived tumors, there were often

foci of fibrosis and chronic inflammation, indicative of
tumor regression. However, Ki-67 IHC identified multifo-
cal regions of proliferation consistent with androgen in-
dependent tumor growth (data not shown). Interestingly,
the histological phenotypes of the androgen-deprived
tumors were similar to the androgen-replete tumors with
the exception of the amount and distribution of androgen
receptor, which is discussed below (Figure 8). These
data show that androgen deprivation of established tu-
mors did not lead to the selective survival of either ade-

Figure 6. Clonal orthotopic PB-Cre4�; Ptenfl/fl;
TP53fl/fl carcinomas demonstrate multilineage
differentiation, metastasis, and epithelial to mes-
enchymal transition. Sequential serial sections of
a representative Clone 1 orthotopic prostate car-
cinoma (left column), a Clone 1 lung metastasis
originating from this same primary carcinoma
(middle column), and a Clone 2 sarcomatoid
carcinoma (right column), staining with H&E
(A–C) or IHC (D–R) for cytokeratin 8 (CK8),
cytokeratin 5 (CK5), TP63, synaptophysin (SYN),
and androgen receptor (AR). A: Clone 1 gives
rise to adenosquamous carcinomas (A) with het-
erogeneous luminal cytokeratin 8 (CK8) expres-
sion (D) and basal cytokeratin 5 (CK5) expres-
sion (G). J: Definitive basal cells express nuclear
TP63 (arrows in J). M: Heterogeneous synapto-
physin (SYN) expression is observed in both ad-
enocarcinoma and squamous portions of Clone 1
orthotopic tumors. P: Androgen receptor expres-
sion is heterogeneous ranging from strong nu-
clear expression (arrow) to weak nuclear and
cytoplasmic expression (arrowhead). B: Clone
1 orthotopic tumors commonly metastasize to
the lungs where metastases display either a lu-
minal phenotype or are biphenotypic. Luminal
phenotype lung metastasis that coexpresses CK8
(E) and CK5 (H) but not TP63 (K). N: Synapto-
physin expression is common in Clone 1 lung
metastases. Q: Androgen receptor expression in
lung metastasis is generally low in the nucleus,
yet high in the cytoplasm. C: Clone 2 orthotopic
carcinomas undergo EMT to form sarcomatoid
carcinomas with only occasional glandular dif-
ferentiation. Sarcomatoid carcinomas lose cyto-
keratin expression leaving only occasional foci
with weak CK8 expression (arrows in F). No
CK5 (I) or TP63 (L) expression is observed. O:
Weak cytoplasmic synaptophysin expression is
common in clone 2 tumors. R: Androgen recep-
tor expression is heterogeneous and generally
lower in Clone 2, with most tumor cells having
weak or absent nuclear expression, and low cy-
toplasmic expression. All images taken at similar
resolution (�400). Scale bar � 100 �m.
nocarcinoma or basal/squamous carcinoma.
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Clone 1 Metastases

Of interest, Clone 1 metastasized to the lungs in nine of
nine androgen-deprived mice and in seven of eight an-

Table 3. Comparison of the Prostatic Carcinoma Phenotypes De

Tumor histology

Adenosqu

�Androgen

Frequency of lung metastasis 7/8
Phenotype of metastasis

Luminal phenotype 5/5
CK8�/CK5(�/�)/TP63�

Biphenotypic 2/5
CK8�/CK5�/TP63�

Osseous/cartilagenous metaplasia

Ten mice orthotopically injected with Clone 1 cells were selected for i
of luminal phenotype (all cells in metastasis contain CK8 and/or CK5 an
and/or CK5 and at least one cell is positive for TP63); � � in Clone 2 o
�Androgen � subcutaneous androgen pellet was replenished at week
removed at week 7 after orthotopic injection.

N/A � not available (one mouse orthotopically injected with Clone 2 cel
that were needed for immunophenotyping).

Figure 7. Androgen sensitivity and androgen independent tumor growth in
PB-Cre4�; Ptenfl/fl;TP53fl/fl Clone 1 orthotopic prostate carcinomas. A: Androgen
pellets were either replenished (�Androgen) or removed (-Androgen) at 7
weeks after orthotopic injection. Animals were removed from study when mor-
ibund. B: RNA samples extracted from Clone 1 tumors grown as described in A
were assessed for Nkx3.1and Msmb expression levels by quantitative RT-PCR.
Samples were normalized to Gapdh. The androgen-deprived tumors came from
orthotopically injected mice that were euthanized between 19 and 33 days after

the removal of subcutaneous androgen pellets. �Androgen, n � 5; -Androgen,
n � 5.
drogen-replete mice (Table 3; see also Supplemental
Table S1 at http://ajp.amjpathol.org). Lung metastases
were immunophenotyped in five animals each from an-
drogen-deprived and androgen-replete conditions.
There was phenotypic cellular heterogeneity within indi-
vidual metastases and among different metastases in the
same mouse (see Supplemental Table S1 at http://ajp.
amjpathol.org). All metastases contained CK8� cells and
displayed adenocarcinoma or an undifferentiated/solid
carcinoma morphology. However, some metastatic colo-
nies contained TP63� cells, whereas others did not.
There was an observable phenotypic variability in lung
metastases comparing androgen-deprived and andro-
gen-replete conditions, shown in Table 3 as a fraction of
mice harboring at least one metastatic lesion of the indi-
cated phenotype. Quantification of total metastases with
respect to immunophenotype demonstrated a statisti-
cally significant increase in the total number of metas-
tases containing TP63� cells in androgen-deprived
mice (see Supplemental Table S1 at http://ajp.amjpathol.
org). Therefore, it appears that androgen deprivation ef-
fected either the selection of or differentiation of metas-
tasis-initiating cells. The number of lung metastases per
mouse was not statistically significantly different as a
result of androgen deprivation (see Supplemental Table
S1 at http://ajp.amjpathol.org), although this may be due
to prior metastatic seeding and the presence of a signif-
icant tumor burden at the time of androgen withdrawal.

An interesting phenotypic difference between primary
tumors and lung metastases was observed with respect
to AR staining patterns. Androgen-replete orthotopic car-
cinomas displayed heterogeneous nuclear AR levels,
ranging from high levels to significantly reduced levels
and occasional nuclei with undetectable AR (Figure 8).
Remarkably, lung metastases that developed in animals
with implanted testosterone pellets had minimal levels of
nuclear AR as compared with the primary tumors, imply-
ing distinct AR-dependent signaling in primary tumors as
compared with metastases, even under androgen-re-
plete conditions (Figure 8C). As expected for androgen

om Orthotopically Transplanted Clone 1 and Clone 2 Cells

1 Clone 2

carcinoma Sarcomatoid � adenocarcinoma

�Androgen

9/9 1/12
N/A

3/5

4/5

11/12

henotyping of lung metastases. Lung metastases were scored as being
gative for TP63) or as biphenotypic (all cells in metastasis contain CK8
tumors, sarcomatoid carcinoma was the dominant histological pattern;

orthotopic injection; �Androgen � subcutaneous androgen pellet was

single small lung metastasis that did not appear in all three serial sections
rived fr

Clone

amous

0/17

mmunop
d are ne
rthotopic
7 after
deprivation, nuclear AR levels in orthotopic tumors and in
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nude mouse recipient prostates were markedly reduced,
accompanied by an increase in granular cytoplasmic
labeling (Figure 8, D–F). Androgen-deprived lung metas-
tases usually had overall reduced levels of total AR, with
minimal to undetectable nuclear AR levels and low gran-
ular cytoplasmic expression levels. These data suggest
that the metastatic cells have a distinct and possibly
reduced AR-dependent signaling program relative to the
primary tumor.

Discussion

Loss of PTEN and loss of TP53 are common genetic
aberrations in human prostate cancer.3 A major finding
described here from the pathological analysis of the PB-
Cre4�; Ptenfl/fl;TP53fl/fl model of prostate cancer is the
time-dependent development of heterogeneous histolo-
gies. This most likely reflects the synergistic effect of Pten
and TP53 loss on increased prostate epithelial progeni-
tor/stem cell self-renewal and differentiation plasticity.
The significant intertumoral and intratumoral morpholog-
ical and lineage heterogeneity described here for the
PB-Cre4�; Ptenfl/fl;TP53fl/fl model has not been observed
in PB-Cre4�;Ptenfl/fl mice by us or by others.20

The tumor suppressor TP53 functions pleiotropically in
cells to negatively regulate growth through a variety of
mechanisms including increased senescence, which
previously was shown to be significantly decreased in
PB-Cre4�; Ptenfl/fl;TP53fl/fl prostate tumors.14 More re-
cently it has been appreciated that TP53 plays an impor-
tant role in the proliferation and differentiation of stem/
progenitor cells.14,21,22 TP53 inhibits self-renewal in
nontransformed and transformed somatic stem cells, and
we have demonstrated that Pten/TP53 null prostate pro-
genitors have significantly increased self-renewal ability
in vitro.15 These data suggest that the rapid growth and
aggressive nature of the carcinoma in the PB-Cre4�;
Ptenfl/fl;TP53fl/fl model is due not only to decreased se-
nescence in bulk differentiated tumor cells but also to
increased progenitor amplification.

TP53 also suppresses pluripotency and cellular dedi-
fferentiation in induced pluripotent stem (iPS) cells.22 In
neural stem cells, the combined effects of losing PTEN
and TP53 lead to impaired differentiation, although loss of
either gene alone is insufficient for such a phenotype.23
Similarly in the PB-Cre4�; Ptenfl/fl;TP53fl/fl model, at least
some tumor-initiating cells demonstrate multipotency
and/or differentiative plasticity. On orthotopic transplan-
tation, clonally derived TP63-negative Clone 1 cells gave
rise to TP63� basal and TP63-negative luminal pheno-
type tumor cells with focal neuroendocrine marker ex-
pression. These data imply either the transformation of a
bipotential progenitor or plasticity of a committed progen-
itor to dedifferentiate. Lineage marking studies in normal
prostates have demonstrated that the development of
most TP63-negative luminal epithelial cells involves a
TP63� precursor.24 However, studies of clonal, immor-
talized human prostate cancer cell lines are similar to the
results described here.25 That is, clonal human TP63-
negative tumor-derived cells gave rise to tumors contain-
ing cells of multiple lineages, including TP63� cells.
Taken together, we suggest that TP53 loss of function in
prostate cancer contributes not only to abnormal cell
cycle control but also to increased differentiative plastic-
ity of the tumor cells. The origin of the increased plasticity
may be stochastic or, alternatively, may be a result of
transformation of a progenitor that precedes TP63�
basal cells in lineage commitment.

We also have presented evidence that sarcomatoid
carcinomas develop from CK8� prostate epithelial
cells in the PB-Cre4�; Ptenfl/fl;TP53fl/fl model. Given the
previous observation that TP53 loss in the context of
Pten deletion results in decreased senescent markers
in carcinoma cells, it is of interest to note that the
bypass of senescence and the acquisition of an EMT
phenotype have been correlated.14,26,27 In other model
systems, loss of senescence was attributed to onco-
genic signaling acting in concert with transcription fac-
tors, such as TWIST and ZEB1, that are known to
regulate EMT. Therefore, it will be relevant to determine
in the PB-Cre4�; Ptenfl/fl;TP53fl/fl model whether tran-
scription factors that regulate sarcomatoid carcinoma
development at late stages initially inhibit senescence
in adenocarcinoma.

We observed osteogenic elements in some primary
sarcomatoid carcinomas and in almost all Clone 2 ortho-
topic carcinomas. Human sarcomatoid carcinoma of the
prostate is a rare but aggressive disease with poor prog-
nosis.28 The human tumors share many histological char-
acteristics with the murine tumors described here. These
include diverse epithelial lineages, including basal and

Figure 8. AR expression in Clone 1 orthotopic prostate
carcinoma, recipient control prostate, and lung metastasis.
Recipient nude mice had androgen pellets replenished
(�Andro: A–C) or removed (-Andro: D–F) at week 7 after
orthotopic injection. The tumor shown was taken from a
mouse that survived 20 days after the androgen pellet was
removed. A: Recipient dorsal prostate showing expression in
epithelial cells and occasionally in stromal cells (arrow). B:
Androgen-replete orthotopic carcinoma harvested 50 days
after orthotopic injection, demonstrating strong nuclear ex-
pression and occasional reduced or absent expression (ar-
row). C: Lung metastasis from same mouse as in B. AR
expression was primarily cytoplasmic with a granular ap-
pearance. AR expression decreased in (D) control (recipient)
nude mouse prostate, (E) adjacent orthotopic carcinoma,
and (F) lung metastasis. All images taken at �400. Scale
bar � 100 �m.
neuroendocrine phenotypes, as well as heterologous el-
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ements such as osteosarcoma and chondrosarcoma.
TP53 has been demonstrated to control the proliferation
and differentiation of mesenchymal stem cells, with loss
of TP53 leading to accelerated differentiation toward os-
teogenic lineages.29 It is possible that the loss of TP53 in
PB-Cre4�; Ptenfl/fl;TP53fl/fl epithelial cells predisposes
EMT-derived mesenchymal cells to differentiate toward
osteo- and/or chondrogenic cells.

The development of a murine model of prostate can-
cer metastasis is important, given the lack of models
for advanced disease. Using pathological analyses of
PB-Cre4�; Ptenfl/fl;TP53fl/fl animals with end-stage dis-
ease and bioluminescent imaging of transplanted tu-
mor cells, we observed lympho-vascular invasion and
individual tumor cells and emboli in pulmonary capil-
laries. However, we conclude that the deletion of Pten
and TP53 in prostate epithelial cells is not sufficient to
allow metastatic colonization. Sarcomatoid carcinomas
were rarely metastatic from primary tumors or after
orthotopic growth of Clone 2. Similar invasive but non-
metastatic phenotypes for murine mammary EMT-phe-
notype tumors have been described.30 Although the
ability to undergo EMT correlates with progression and
metastasis in various experimental models, it is impor-
tant to distinguish reversible, or transient, EMT from the
apparently irreversible EMT that occurs in sarcomatoid
carcinoma. A reasonable hypothesis is that terminal
mesenchymal differentiation that occurs in sarcoma-
toid carcinoma is associated with a loss of the ability to
undergo a mesenchymal-to-epithelial transition that
contributes to metastatic colonization.

A significant finding was that Clone 1, which pro-
duces biphenotypic tumors containing adenocarci-
noma and basal/squamous carcinoma, is highly meta-
static, most likely as a result of additional acquired
genetic or epigenetic alterations. Immunophenotypic
analysis of Clone 1 lung metastases demonstrated that
they were either of a transit amplifying/luminal pheno-
type (CK8�/CK5(�/�)/TP63�) or were biphenotypic,
containing metastases with both TP63� and TP63�
cells. The relative abundance of these two metastatic
phenotypes changed depending on the androgen sta-
tus of the mouse, with an increased percentage of
biphenotypic metastases in androgen-deprived ani-
mals (Table 3; see also Supplemental Table S1 at
http://ajp.amjpathol.org). This suggests that androgen
deprivation in this model selects for the growth and/or
differentiation of cells with basal lineage commitment.
Although human prostate cancer metastases rarely
contain TP63� cells, the demonstration that metasta-
sis-initiating cells have differentiative plasticity driven
by androgen deprivation suggests the possibility that a
related mechanism is a contributing factor to the de-
velopment of castrate-resistant prostate cancer. Inter-
estingly, metastases demonstrated reduced nuclear
AR compared with most regions of the primary ortho-
topic tumor, and the role of AR-dependent signaling in
metastatic colonization is of interest for future studies.
A clonal prostate carcinoma cell line with multiepithe-
lial lineage differentiation potential and a high meta-

static rate will be useful for studying the molecular
mechanisms driving androgen-independent growth
and prostate cancer metastasis.
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