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Abstract
Insights into the molecular basis of hormone-refractory
prostate cancer have principally relied on human prostate
cancer cell lines, all of which were derived from patients who
had already failed hormonal therapy. Recent progress in
developing genetically engineered mouse prostate cancer
models provides an opportunity to isolate novel cell lines from
animals never exposed to hormone ablation, avoiding any
potential bias conferred by the selective pressure of the castrate environment. Here we report the isolation of such a cell
line (Myc-CaP) from a c-myc transgenic mouse with prostate
cancer. Myc-CaP cells have an amplified androgen receptor
gene despite no prior exposure to androgen withdrawal and
they retain androgen-dependent transgene expression as well
as androgen-dependent growth in soft agar and in mice.
Reexpression of c-Myc from a hormone-independent promoter rescues growth in androgen-depleted agar but not in
castrated mice, showing a clear distinction between the
molecular requirements for hormone-refractory growth in
vitro versus in vivo. Myc-CaP cells represent a unique reagent
for dissecting discreet steps in hormone-refractory prostate
cancer progression and show the general utility of using
genetically engineered mouse models for establishing new
prostate cancer cell lines. (Cancer Res 2005; 65(24): 11565-71)

Introduction
Patients receiving androgen deprivation therapy for locally
recurring or metastatic prostate cancer almost inevitably experience treatment failure, with their cancers progressing to a
hormone-refractory state (1). Unfortunately, current treatment
modalities for hormone-refractory prostate cancer are mostly
palliative and the prognosis of these patients remains especially
dire, with a median survival of only 2.5 years (1). The molecular
mechanisms responsible for the emergence of hormone-refractory
prostate cancer are poorly understood but several hypotheses have
been proposed. These include amplification, overexpression, or
mutation of the androgen receptor (AR) as well as cross talk of AR
and kinase signaling pathways (2).
The prostate cancer research community has relied heavily on
the use of human cancer cell lines to explore the underlying causes
of prostate cancer progression from androgen dependence to a
hormone-refractory or androgen-independent stage. The three
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most commonly used lines, LNCaP (3), DU 145 (4), and PC-3 (5),
were all isolated from metastatic lesions in patients that had
progressed after receiving hormonal therapy. Both DU 145 and
PC-3 are androgen independent but they do not express AR (6, 7).
Consequently, the relevance of these cell lines in studying human
hormone-refractory prostate cancer may be limited as most such
tumors continue to express AR (8). In contrast, LNCaP is AR
positive and androgen dependent in culture and in mice despite
the fact that the line was derived from a patient with hormonerefractory disease. Whether this prior treatment history affects the
conclusions made from studying LNCaP cells is unknown but it
would be desirable to derive prostate cancer lines that have never
been exposed to androgen ablation in vivo.
Historically it has been difficult, if not impossible, to derive
stable cell lines from hormone-naive men with prostate cancer.
However, establishment of cell lines from genetically defined
mouse models of prostate cancer may offer an opportunity to
gain a molecular insight into all stages of prostate carcinogenesis,
including progression to hormone independence, due to the
ability to control experimental conditions. Among the available
mouse models of prostate cancer, cell lines have been described
only from the TRAMP mouse which develops cancer due to
prostate-specific expression of the SV40 large T antigen (9, 10).
Paradoxically, the three TRAMP cell lines no longer express the
SV40 T antigen (11).
Our laboratory recently described the Hi-Myc and Lo-Myc mice
with a prostate-specific c-myc transgene, which drives carcinogenesis in a stepwise fashion from prostatic intraepithelial neoplasia to
invasive cancer (12). Here, we report the characterization of a novel
androgen-dependent prostate cancer cell line (Myc-CaP) from a
c-myc transgenic mouse with prostate cancer and no prior
hormonal therapy. Interestingly, Myc-CaP underwent amplification
of AR despite not being subjected to androgen withdrawal.
Furthermore, we discovered that variables that define hormonerefractory growth differ between the in vitro and in vivo setting.

Materials and Methods
Generation of Myc-CaP. A large prostate carcinoma dissected from a
16-month-old Hi-Myc transgenic mouse was minced, digested with 0.5%
collagenase type I, and tissue fragments were filtered through a 40-Am
mesh. Fragments trapped by the mesh were plated in tissue culture dishes
coated with type I collagen (BD Biosciences, Mountain View, CA). Epithelial
cells growing out of the tissue fragments were collected and single cells
plated into a 96-well plate. The Myc-CaP cell line was established as a
spontaneously immortalized line from one well. The line was maintained in
DMEM supplemented with 10% fetal bovine serum (FBS; Omega Scientific,
Tarzana, CA), 25 Ag/mL bovine pituitary extract, 5 Ag/mL bovine insulin,
and 6 ng/mL recombinant human epidermal growth factor (all from SigmaAldrich, St. Louis, MO). The cells can also be passaged in DMEM or Iscove’s
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media with only 10% fetal bovine serum but we have not extensively
characterized Myc-CaP grown in the absence of the additional growth
factor supplements.
Quantitative reverse transcription-PCR. Total RNA was isolated using
TRIZOL Reagent (Invitrogen, Carlsbad, CA) and then treated with TURBO
DNase (Ambion, Austin, TX). cDNA synthesis was carried out using the
TaqMan Reverse Transcription Reagents (Applied Biosystems, Foster City,
CA) according to the protocol of the manufacturer. Quantitative PCR was
done in the My iQ thermal cycler (Bio-Rad, Hercules, CA) using the 2 iQ
SYBR Green Supermix (Bio-Rad). Quantitative PCR for each sample was run
in triplicate and each reaction contained 1 AL of cDNA in a total volume
of 20 AL. DC t for each gene was determined after normalization to h-actin
and DDC t was calculated relative to the designated reference sample. Gene
expression values were then set equal to 2 DDCt as described (Applied
Biosystems). All PCR primers were synthesized by Operon Biotechnologies
(Huntsville, AL) and designed for the mouse sequence unless otherwise
specified. The following primer pairs (written 5V to 3V) were used at the
indicated final concentration: b-actin (TGTTACCAACTGGGACGACA and
GGGGTGTTGAAGGTCTCAAA at 600 nmol/L), human c-myc (AGCGACTCTGAGGAGGAACA and CTCTGACCTTTTGCCAGGAG at 300 nmol/L), mouse
c-myc (CAACGTCTTGGAACGTCAGA and TCGTCTGCTTGAATGGACAG at
300 nmol/L), AR (GGACCATGTTTTACCCATCG and TCGTTTCTGCTGGCACATAG at 600 nmol/L), Nkx3.1 (TCCGTCTTTTGGCTCTGAGT and
GTGAAAGTGCACGCTGAAAA at 600 nmol/L), Psca (GCTCACTGCAACCATGAAGA and GCTAAGTAGGTGGCCAGCAG at 300 nmol/L), chromogranin A (GGGAGCTGGAACATAAGCAG and TGTCCTCCCATTCTCTGGAC at
300 nmol/L), synaptophysin (TGATCGTGTGTTGCCATTTT and AACAATACCGAAGGGCACAG at 600 nmol/L), CK5 (ACCTTCGAAACACCAAGCAC
and TTGGCACACTGCTTCTTGAC at 300 nmol/L), CK14 (GACTTCCGGACCAAGTTTGA and CCTTGAGGCTCTCAATCTGC at 300 nmol/L), CK8
(ATCGAGATCACCACCTACCG and TGAAGCCAGGGCTAGTGAGT at
300 nmol/L), CK18 (ACTCCGCAAGGTGGTAGATG and GCCTCGATTTCTGTCTCCAG at 300 nmol/L), TAp63 (AGACAAGCGAGTTCCTCAGC and CTGAGTCTTGCATGCGGATA at 300 nmol/L), DNp63 (GGAAAACAATGCCCAGACTC and GAGAGAGGGCATCAAAGGTG at 300 nmol/L), and Sca-1
(TTTGTTGTGGATTGCTGCTC and CTTCACTGTGCTGGCTGTGT at
600 nmol/L).
Immunofluorescence. Myc-CaP plated onto poly-L-lysine coated coverslips were fixed with ice-cold methanol, permeabilized with 0.1% Triton
X-100, and nonspecific binding blocked with 10% goat serum (Vector
Laboratories, Burlingame, CA). AR staining was accomplished using rabbit
polyclonal anti-AR (Santa Cruz Biotechnology, Santa Cruz, CA) and Alexa
Fluor 488 goat anti-rabbit immunoglobulin G (IgG; Invitrogen). Coverslips
were then mounted and fluorescent images digitally captured using a Nikon
Eclipse E800 microscope. Normal rabbit IgG was substituted for AR
antibody as a negative control.
Western blotting. Whole-cell lysates were prepared in 2 SDS sample
buffer with protease inhibitor cocktails (EMD Biosciences, San Diego, CA).
Equal amounts of protein were run on a 10% SDS-PAGE gel. Immunoblotting
was done with anti-AR (Santa Cruz Biotechnology) or anti-human c-Myc
(Santa Cruz Biotechnology or Chemicon, Temecula, CA). An anti-h-actin
antibody was used as a loading control (Sigma-Aldrich). Antimouse and
rabbit horseradish peroxidase–conjugated secondary antibodies were from
Jackson ImmunoResearch Laboratories (West Grove, PA). Immunoblots were
developed using enhanced chemiluminescence (Amersham Biosciences,
Piscataway, NJ).
Retroviral transduction. A human c-myc cDNA was cloned into the
BamHI and EcoRI sites of the retroviral vector pQCXIN (BD Biosciences).
pQCXIN/Myc was transfected into GP2-293 pantropic retroviral packaging
cells (BD Biosciences) and the collected retrovirus used to infect Myc-CaP.
Infected cells were selected with 800 to 1,000 Ag/mL G418 (Invitrogen) and
the surviving pool of cells was designated Myc-CaP/+Myc.
Soft agar colony formation assay. Soft agar assays were essentially
done using the procedure of Lugo and Witte (13). The cell suspension was
made with 0.3% noble agar and 20% fetal bovine serum or charcoal-stripped
fetal bovine serum in Iscove’s media. In some cases, R1881 was added to
each of the layers. Cells were plated at a density of 1  104 per 6-cm dish or
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3  104 per 10-cm dish and were evaluated for colonies after 14 to 21 days.
Plates were photographed and the number of colonies was determined from
images using MetaMorph software (Molecular Devices, Sunnyvale, CA).
Mammary fat pad transplantation. 2  105 Myc-CaP were resuspended
1:1 in media/Matrigel (BD Biosciences) in a final volume of 30 AL. The cells
were injected into the cleared abdominal mammary fat pads (two grafts per
mouse) of adult sygeneic FVB male mice (Taconic, Germantown, NY)
according to the procedure of DeOme et al. (14). In some experiments, the
mice were castrated 3 weeks before grafting of the cells. When included, a
12.5-mg, 90-day-release testosterone pellet (Innovative Research of America,
Sarasota, FL) was implanted 18 days after castration and 4 days before
grafting of cells. For determining the effect of castration on established
tumors, 2  104 Myc-CaP were grafted into mice and they were subsequently
castrated when developing a tumor measuring 7 to 10 mm in one dimension.
Tumor size was then periodically measured. The Mann-Whitney rank-sum
test was used to statistically compare tumor burden among the treatment
groups. Statistical analysis was carried out using SigmaStat (Systat Software,
Point Richmond, CA).

Results
A novel prostate cancer cell line from the Hi-Myc transgenic
mouse has phenotypic properties shared by the prostate
transit amplifying and stem cells with genomic amplification
of the wild-type androgen receptor. The generation of established prostate cancer cell lines from genetically defined mouse
models of prostate cancer could facilitate a better understanding of
prostate tumorigenesis. We therefore set out to create a cell line
from our transgenic c-Myc driven model of prostate cancer.
Primary prostate cells were isolated from a large carcinoma
occupying all prostatic lobes in a 16-month-old Hi-Myc transgenic
mouse. The Myc-CaP cell line subsequently emerged from a singlecell derived clone after spontaneous immortalization.
As the prostate cell lines derived from the TRAMP mouse did not
maintain expression of the SV40 T antigen (11), our first objective
was to assess whether Myc-CaP continued to express the human
c-myc transgene. Using an antibody specific for human c-Myc, we
did Western blotting on lysates from Myc-CaP and a prostate
carcinoma from a Hi-Myc transgenic mouse. The TRAMP-C1 cell
line served as a negative control for human c-Myc. Myc-CaP
retained expression of c-Myc that was equivalent to the level seen
in transgenic prostate carcinomas (Fig. 1A).
Given the importance of AR in prostate carcinogenesis, we also
evaluated the AR status of Myc-CaP. Compared with both Hi-Myc
carcinomas and TRAMP-C1, Myc-CaP unexpectedly displayed
greatly elevated AR overexpression (Fig. 1A). Immunofluorescence
staining confirmed that all Myc-CaP cells were uniformly positive
for AR (Fig. 1B). Fluorescence in situ hybridization (FISH) with a
bacterial artificial chromosome clone containing the mouse AR
gene revealed that Myc-CaP had acquired extensive genomic
amplification of AR . The amplified segments occurred as
homogeneously staining regions on multiple chromosomes
(Fig. 1C). We were unable to detect any mutations in AR after
complete sequencing of all exons (data not shown). This AR
amplification is remarkable in the sense that it occurred without
subjecting Myc-CaP or the donor animal to hormonal ablation.
It is well established that the prostates of both humans and
rodents consist of basal and luminal epithelium that can be
distinguished on the basis of differential expression of phenotypic
markers. However, there is a rare population of cells in the adult
prostate that displays expression of both basal and luminal
markers, a property that is shared by the epithelium of the
embryonic urogenital sinus (15), which is the fetal precursor of the
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Figure 1. The Myc-CaP prostate carcinoma cell line overexpresses the wild-type AR and displays a phenotypic marker profile similar to prostate stem or transit
amplifying cells. A, Western blots for human c-Myc and AR in TRAMP-C1, Myc-CaP, and a prostate carcinoma (ca. ) from a Hi-Myc transgenic mouse. AR blots
are shown with both light and dark exposures to highlight the overexpression in Myc-CaP. B, AR in Myc-CaP visualized by immunofluorescence after overnight
treatment with 1 nmol/L R1881 (200). C, AR amplification in Myc-CaP shown using dual-color FISH. A murine BAC clone containing the AR gene (RP23 191K6)
labeled with digoxigenin and detected with rhodamine-conjugated antidigoxigenin antibodies revealed amplification of the Ar locus in homogeneously staining regions
on multiple rearranged chromosomes (arrows ). A control BAC clone (RP23 227O4) from the X chromosome (band XA2) labeled with biotin and detected with
fluorescein identified two normal X chromosomes (arrowheads ). D, quantitative RT-PCR quantification of prostate markers in Myc-CaP and TRAMP-C1. Values are
expressed relative to mouse c-Myc of Myc-CaP. These markers are associated with the neuroendocrine (NE ) cells or the basal or luminal cells of the prostate.
CK, cytokeratin; CgA, chromogranin A; Syph, synaptophysin.

prostate. It has been proposed that this population of epithelial
cells represents the progenitor/stem cell pool of the adult prostate
(15). The specific type of epithelial cell where prostate cancer
naturally originates is unknown but it has recently been shown
in a prostate reconstitution system that a Sca-1+ murine prostate
progenitor population can be experimentally transformed by
constitutive Akt overexpression (16).
We used quantitative reverse transcription-PCR (RT-PCR) to
determine the pattern of phenotypic markers expressed by Myc-CaP
in the interest of deducing the possible cell type of origin. A parallel
analysis was done on TRAMP-C1 to reveal any similarities or
differences between these two murine prostate cancer cell lines
(Fig. 1D). After normalization to h-actin, the expression value for
each gene was quantified relative to that of endogenous mouse
c-myc in Myc-CaP. Mouse c-myc was arbitrarily designated as the
reference gene due to a similarly intermediate abundance in both
cell lines. Both Myc-CaP and TRAMP-C1 were concomitantly
positive for basal (CK14) and luminal (CK8) associated cytokeratins.
Western blots of Myc-CaP for each of the cytokeratins were
consistent with the quantitative RT-PCR results (data not shown).

www.aacrjournals.org

Furthermore, both cell lines expressed Psca, which has been ascribed
to a population of prostate cells with a differentiation profile
intermediate between that of basal and luminal (17). However, the
level of Psca expression was considerably higher in Myc-CaP. Recent
reports have identified Sca-1 as marking a subpopulation of
epithelial cells within the mouse prostate with stem cell properties
(16, 18). Interestingly, Myc-CaP and TRAMP-C1 were also positive for
Sca-1 by quantitative RT-PCR. Immunofluorescence and flow
cytometry analysis confirmed that >99% of Myc-CaP expressed
Sca-1 (data not shown). Collectively, this profile of expressed
phenotypic markers suggests that prostate cancer cell lines originating from both c-myc and TRAMP transgenic mice may be
aberrant descendants of a normal prostatic transit amplifying or
stem cell.
The in vitro and in vivo growth of Myc-CaP is androgen
dependent. AR is amplified in f30% of hormone-refractory
human prostate cancers but this rarely, if at all, occurs in prostate
tumors before androgen deprivation therapy (19, 20). Consequently,
it is believed that AR amplification provides a mechanistic means
of progressing to androgen independence. Therefore, we evaluated
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whether Myc-CaP had acquired the ability to grow independently
of androgens in part through overexpression of AR. Initial
experiments using cells growing in liquid media revealed that the
androgen dependency of Myc-CaP was variable, depending on
culture conditions. In an effort to develop a more robust in vitro
assay for hormone dependence, we assessed the growth of MycCaP in soft agar in the presence or absence of androgen. Cells were
plated into agar containing 10% FBS or 10% charcoal-stripped
serum (CSS) plus the synthetic androgen R1881 in concentrations
ranging from 0 to 1.0 nmol/L. After 17 days, the plates were
photographed and scored for colony formation. Representative
images are shown in Fig. 2A with the number of colonies
graphically represented in Fig. 2B. There was minimal growth with
CSS but Myc-CaP efficiently formed colonies with FBS (6.2-fold
higher compared with CSS). R1881 at 0.1 to 1.0 nmol/L rescued the
ability of Myc-CaP to grow in soft agar with CSS.
Because colony formation in soft agar often correlates with
in vivo tumorigenesis, we next tested whether Myc-CaP would form
tumors when grafted into the gland-cleared mammary fat pad of

syngeneic male mice. Using 2  105 cells per graft, 100% of the sites
developed tumors by 4 to 5 weeks. Histologic analysis revealed that
Myc-CaP carcinomas were uniformly composed of sheets of
undifferentiated cells (data not shown). We next determined the
response of established Myc-CaP tumors to androgen withdrawal.
2  104 Myc-CaP were grafted bilaterally into intact mice (n = 12
graft sites) and each mouse was subsequently castrated 37 days later
when at least one of its graft sites had developed a large tumor
(f500 mm3). Because of the heterogeneous growth rate of
individual tumors, there was a wide range of tumor volumes at the
time of castration (tumor volume range, 81-1,458 mm3; median,
466 mm3). Tumor volumes were then measured at multiple time
points after castration (designated as day 0) until day 13 when all of
the mice were sacrificed. To simplify presentation of the data,
individual tumors are plotted together based on volume at day 0
(<500 or >500 mm3; Fig. 2C and D, respectively).
Eleven of twelve tumors partially regressed by 3 days after
castration. The mean percent reduction in tumor volume
was larger for those tumors <500 mm3 at day 0 compared

Figure 2. Myc-CaP are dependent on androgens for growth but progress
to hormonal independence following in vivo androgen withdrawal. A, representative
images of soft agar assays assessing the growth of Myc-CaP in the presence (FBS )
or absence (CSS ) of androgen. The FBS plate depicts a typical result of 1  104
Myc-CaP cells plated resulting in 350 colonies. R1881 at 1 nmol/L added to CSS
efficiently rescued growth. B, the number of colonies in soft agar from multiple
experiments is graphed relative to the number obtained in CSS. R1881 was added
to CSS agar at the indicated concentration. C and D, individual Myc-CaP tumor
volumes are plotted at the time of castration (day 0) and subsequent days thereafter
for tumors <500 mm3 (C ) or >500 mm3 (D ) at day 0. Asterisks, tumors that
underwent a net increase in size by day 13 compared with day 0. E, level of human
c-Myc determined by quantitative RT-PCR in androgen-dependent (AD ) Myc-CaP
grown in FBS or CSS for 4 days. c-Myc expression was also determined in
short-term tumor cultures of androgen-independent (AI ) Myc-CaP sublines.
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with those >500 mm3 at day 0 (60% versus 38%, respectively). At
13 days after androgen withdrawal, seven tumors were present at
a smaller size than before castration and one tumor had
completely regressed. In contrast, four tumors had undergone a
net increase in size compared with day 0 (range, 43-189% tumor
volume increase) after the initial period of regression. We
extended the observation period postcastration in an additional
two mice bearing small tumors (n = 3 tumors; range, 36-72
mm3) at the time of castration. Complete regression of all three
tumors, as determined by palpation, occurred after 8 days.
Nonetheless, at the time of necropsy at 35 days postcastration,
all three graft sites had large tumors. These results revealed that
although the Myc-CaP tumors are androgen dependent, hormone-refractory sublines can be reproducibly generated once
exposed to androgen deprivation.
The c-myc transgene in normal and neoplastic prostate tissue
of the transgenic mice is dependent on androgens for maximal
induction (12) due to the nature of the promoter that directs
prostate-specific expression (21). To determine if Myc-CaP
displayed the same androgen-dependent transgene expression, we
quantified human c-Myc levels by quantitative RT-PCR in Myc-CaP
cells maintained in FBS or 4 days after androgen withdrawal (CSS).
Not surprisingly, removal of androgens decreased c-Myc expression
by 40% (Fig. 2E). The fact that Myc-CaP tumors can acquire the
capacity to grow in castrated animals raised the issue of whether
this was occurring in the absence of transgene expression. Two of
the tumors that had increased in size after castration [AI-1 (yellow
plot) and AI-2 (black plot); Fig. 2D and E] were harvested on day
13 after castration and placed into short-term culture without
androgen (CSS) where they continued to proliferate. Expression of
the c-myc transgene was determined by quantitative RT-PCR.
Remarkably, both AI tumor samples displayed a level of c-Myc
mRNA equal to or greater than the parental androgen-dependent
Myc-CaP cells grown in FBS (Fig. 2E). This finding suggests that
there is renewed AR function in the hormone-refractory Myc-CaP
tumors despite a castrate level of androgens. This is analogous to
reexpression of prostate-specific antigen in hormone-refractory
human prostate cancers.
Continuous maintenance of c-Myc relieves the dependency
on androgens for growth in vitro but not in vivo. We wanted to
explore whether the continual maintenance of elevated c-Myc
would be adequate to convert the androgen-dependent Myc-CaP
cells to androgen independence. To uncouple c-Myc from its
androgen dependency, we created a subline of Myc-CaP containing an additional human c-Myc expression construct under the
regulatory control of the constitutive cytomegalovirus (CMV)
promoter. We then assessed the levels of human c-Myc by
Western blotting in Myc-CaP and Myc-CaP/+Myc in FBS and CSS
(Fig. 3A). CMV-driven c-Myc could be distinguished from ARR2PB
(transgene) c-Myc by molecular weight due to additional
sequences in the transgenic c-Myc construct. In agreement with
the quantitative RT-PCR results, there was a substantial reduction
in ARR2PB regulated c-Myc protein levels in CSS relative to FBS
for both Myc-CaP (lane 1 versus lane 3) and Myc-CaP/+Myc
(lane 2 versus lane 4). In contrast, the CMV-driven c-Myc of MycCaP/+Myc was not decreased in CSS (lane 2 versus lane 4).
We used the CSS soft agar assay to address whether c-Myc addback was sufficient to overcome the androgen growth dependency
of Myc-CaP cells. As expected, parental Myc-CaP grew poorly in
CSS agar; however, Myc-CaP/+Myc cells formed colonies either in
CSS or FBS agar (Fig. 3B). Importantly, there was an equivalent
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Figure 3. Constitutive ectopic expression of c-Myc can rescue the in vitro,
but not the in vivo , growth of Myc-CaP in the absence of androgen.
A, immunoblotting for c-Myc in Myc-CaP (lanes 1 and 3) or Myc-CaP/+Myc
(lanes 2 and 4 ) grown in FBS or CSS. Myc-CaP/+Myc cells have c-Myc bands
from both the transgene (ARR2PB) and the CMV promoters. B, Myc-CaP and
Myc-CaP/+Myc cells were grown in soft agar with (FBS ) or without (CSS )
androgen. The average from two independent experiments is shown as the
number of colonies relative to that obtained with Myc-CaP in CSS. C, individual
tumor volumes at necropsy are plotted for Myc-CaP or Myc-CaP/+Myc grafted
into either intact (int) or castrated (cast ) mice. Where indicated, testosterone
pellets were implanted into castrated mice before grafting of the cells. Because of
overlapping values, not all data points are visible. Horizontal line, mean tumor
volume within each group. Black circles, grafts with no tumor, with the number of
such cases noted. The ratios at the top indicate the number of graft sites positive
for tumor at necropsy relative to the total number of grafts for each group.

number of colonies for Myc-CaP/+Myc grown in CSS compared
with parental cells with FBS, showing that ectopic c-Myc
expression was sufficient to confer hormone-refractory growth to
Myc-CaP cells in vitro.
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Next, we expanded the analysis to evaluate the tumorigenic
potential of Myc-CaP/+Myc cells grafted into the mammary fat
pads of mice castrated 3 weeks earlier (Fig. 3C). Intact mice also
received grafts and served as positive controls for tumor
formation. All mice were sacrificed 28 to 30 days after grafting
due to the size of tumors in the intact groups. Sixty percent of
the sites grafted with Myc-CaP in castrates were tumor-free. The
remaining 40% of Myc-CaP grafts in castrated mice contained
tumors of negligible size (mean tumor volume, 2.9 mm3). This
contrasts with the mean tumor volume in intact hosts of 516
mm3 (P < 0.001 compared with castrates). As expected,
administration of testosterone to castrated mice completely
rescued tumor formation. However, in contrast to the in vitro
soft agar assays, c-Myc add-back did not rescue tumor growth in
castrated hosts. Similar to parental cells, 67% of Myc-CaP/+Myc
graft sites in castrated mice were tumor-free. Thirty-three percent
of the fat pads contained tumors with a mean volume of
16.6 mm3. Compared with castrated mice receiving parental
Myc-CaP, the increase in tumor volume was not statistically
significant (P = 0.741). Hence, the maintenance of elevated c-Myc
levels was not sufficient for androgen-independent tumor
formation by Myc-CaP.

Discussion
The Myc-CaP cell line described here has a number of
properties that make it a useful reagent to study the progression
of prostate cancer to a hormone-refractory stage. Myc-CaP cells
are easy to maintain in culture and are readily transfectable and
infectable. Furthermore, Myc-CaP cells express wild-type AR and
display a clear androgen dependency both in soft agar and in
mice. In addition, hormone-refractory Myc-CaP tumors can be
reproducibly derived after exposure to androgen deprivation. Of
note, the primary prostate tumor that gave rise to Myc-CaP had
never been exposed to hormonal ablation. This property differs
from hormone-dependent human prostate cancer cell lines, such
as LNCaP and LAPC4 (22), which were obtained from metastatic
lesions in patients previously exposed to hormonal therapy.
Therefore, Myc-CaP may offer certain advantages for studying
the progression of prostate cancer.
Amplification of AR occurs in f30% of hormone-refractory
human prostate cancers (19, 20). It is believed that overexpression of AR provides a selective advantage in the castrate
setting due to increased sensitization to the residual level of
androgens present in men treated with hormone therapy. Our
results clearly show, however, that AR amplification can occur
without prior androgen ablation. This phenomenon is not simply
a unique feature of mouse prostate cancer cell lines as the
TRAMP-C1 line does not have AR overexpression. In the absence
of selective pressure, it is interesting to speculate why Myc-CaP
underwent amplification and overexpression of AR. One
possibility is that increased AR simply maintains elevated levels
of c-Myc, thereby giving AR amplified cells a growth advantage.
Alternatively, AR may itself promote tumorigenesis, as recently
suggested in studies of immortalized human prostate epithelial
cells (23). The fact that Myc-CaP cells remain androgen
dependent despite high AR levels is of interest because we have
previously shown that overexpression of AR was sufficient to
promote hormone-refractory growth of two human prostate
cancer cell lines (LNCaP and LAPC4; ref. 24). These distinct
phenotypes of AR overexpression in Myc-CaP versus LNCaP and

Cancer Res 2005; 65: (24). December 15, 2005

LAPC4 might be explained by the timing of AR dysregulation
relative to additional oncogenic events required for prostate cell
transformation. In the Myc-CaP system, c-Myc and AR amplification may be relatively early events that cooperate with
additional unknown lesions to promote hormone-refractory
growth. It should be possible to identify these lesions through
the generation and characterization of hormone-refractory MycCaP sublines. In contrast, LNCaP and LAPC4 human prostate
cancer cell lines may have already acquired these additional
oncogenic hits and simply need increased AR levels to promote
hormone-refractory progression. Genetically engineered mouse
models offer an opportunity to order the timing of distinct
molecular events, enabling these issues to be directly addressed.
c-myc is often amplified in late-stage human prostate cancers
(25, 26). However, it is unclear if this simply marks a more
aggressive form of the disease or whether c-Myc plays a specific
role in mediating hormonal independence. One recent study
reported that c-Myc could rescue the in vitro growth of LNCaP
in androgen-depleted media (27), analogous to our finding that
c-Myc rescues Myc-CaP growth in androgen-depleted soft agar.
However, because Myc-CaP cells evolved with expression of the
c-Myc transgene, the c-Myc-associated rescue observed in this
system may not specifically address its role in hormone
dependence. Nevertheless, our in vivo results indicate that
constitutive expression of elevated c-Myc is insufficient for disease
progression and point to the importance of additional events for
hormone-independent growth.
It is of interest to consider potential mechanisms for the
differential rescue of hormone-refractory growth by c-Myc in vitro
versus in vivo. One possibility is that there is a requirement that
specific genes, normally regulated by androgen, must be
expressed by the cancer cell to become hormone-refractory
in vivo, but these genes are not necessary for in vitro hormonerefractory growth. Alternatively, there could be androgen-regulated paracrine factors secreted by the stroma that modulate the
progression to hormonal independence. There is clear precedent
that mesenchymal tissue can influence the growth of normal or
neoplastic prostate epithelium. For example, cancer-associated
fibroblasts can stimulate the tumorigenic progression of immortalized nontumorigenic human prostate epithelial cells (28, 29).
Conditional inactivation of the transforming growth factor-h type
II receptor in mouse stroma resulted in prostatic intraepithelial
neoplasia (30). Furthermore, androgen-regulated soluble factors
have been implicated in the inductive effects of urogenital
mesenchyme on the differentiation of the urogenital sinus
epithelium (31, 32). Conversely, the growth of a human prostate
cancer line was not affected by loss of AR expression in the
stromal cells (33). Using the Myc-CaP cell line described here, it
should be possible to address the relative role of cell intrinsic
versus stromal factors in regulating the progression of prostate
cancer to hormone independence.
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