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Abstract

The cyclin D1 oncogene encodes the regulatory subunit of a
holoenzyme that phosphorylates and inactivates the Rb
protein and promotes progression through G1 to S phase of
the cell cycle. Several prostate cancer cell lines and a subset of
primary prostate cancer samples have increased cyclin D1
protein expression. However, the relationship between cyclin
D1 expression and prostate tumor progression has yet to be
clearly characterized. This study examined the effects of
manipulating cyclin D1 expression in either human prostatic
epithelial or stromal cells using a tissue recombination model.
The data showed that overexpression of cyclin D1 in the
initiated BPH-1 cell line increased cell proliferation rate but
did not elicit tumorigenicity in vivo . However, overexpression
of cyclin D1 in normal prostate fibroblasts (NPF) that were
subsequently recombined with BPH-1 did induce malignant
transformation of the epithelial cells. The present study also
showed that recombination of BPH-1 + cyclin D1–over-
expressing fibroblasts (NPFcyclin D1) resulted in permanent
malignant transformation of epithelial cells (BPH-1NPF-cyclin D1

cells) similar to that seen with carcinoma-associated fibro-
blasts (CAF). Microarray analysis showed that the expression
profiles between CAFs and NPFcyclin D1 cells were highly
concordant including cyclin D1 up-regulation. These data
indicated that the tumor-promoting activity of cyclin D1 may
be tissue specific. [Cancer Res 2007;67(17):8188–97]

Introduction

Prostate development is controlled by steroid hormones that
induce and maintain a complex cross-talk between the stromal and
epithelial cells (1). The result of this intercellular communication
depends on the context and differentiation status of the cell type
being stimulated (2, 3). The process of prostatic carcinogenesis
includes aberrations in the interactions of the prostatic epithelium
and its local microenvironment resulting in reciprocal dedifferen-
tiation of both the emerging carcinoma cells and the prostatic
smooth muscle.
The vast majority of human prostatic cancers arise as adeno-

carcinomas, which, by definition, are derived from the epithelial
cells that form the glands and ducts of the prostate. As the
carcinoma evolves, phenotypic changes and alterations in gene

expression also occur in the adjacent stroma. These ‘‘changes’’ may
enhance the invasive potential of the epithelial tumor (4–6). Chung
et al. (7) reported that coinoculation of tumorigenic Nbf-1
fibroblasts with human PC-3 cells accelerated tumor growth.
Human prostatic carcinoma-associated fibroblasts (CAF) have also
been shown to be capable of stimulating carcinogenesis and
inducing the progression of an initiated epithelium (the SV40
immortalized BPH-1 cell line), whereas normal prostate fibroblasts
(NPF) were incapable of stimulating such progression (8). The
mechanistic basis by which stromal-epithelial interactions enhance
the process of prostatic carcinogenesis and tumor invasion is
beginning to be dissected (6, 9).
The cells in the tumor microenvironment supporting and

nurturing the developing tumor include stromal fibroblasts,
infiltrating immune cells, blood, and lymphatic vascular networks
(10). A detailed understanding of the changes occurring within
tumor stroma and to the signaling mechanisms acting between
stroma and epithelium will allow for the rational design of
therapies aimed at inhibiting prostate tumor growth.
Cyclin D1 encodes the regulatory subunit of a holoenzyme that

phosphorylates and inactivates the retinoblastoma protein and
promotes progression through G1 to S phase of the cell cycle
(11, 12). Overexpression of cyclin D1 plays important roles in the
development of human cancers, including breast, colon, and mela-
noma (11, 13–17). Increased cyclin D1 expression occurs relatively
early during tumorigenesis; however, its role in prostate cancer is
not well understood. Studies have shown that mouse prostatic
normal and Rb�/� epithelial cells have elevated cyclin D1 expres-
sion as they enter the cell cycle (18). Human prostate carcinoma
cell lines frequently express elevated levels of cyclin D1 protein,
although the gene is not amplified in these cells (18). This situation
is analogous to that seen in a subset of human breast cancer cell
lines and tumors (19, 20). Overexpression of cyclin D1 can increase
tumorigenicity of LNCaP cell lines. Additionally, androgen ablation
has a smaller inhibitory effect on tumors formed by cyclin D1–
overexpressing LNCaP cells compared with tumors formed by
parental LNCaP cells, which regress after castration. This pheno-
menon suggests that cyclin D1 overexpression might be related
to the evolution of androgen-independent prostate cancer (21).
Immunostaining studies indicated that primary prostate carcino-
ma samples displayed moderate or strong expression of cyclin D1
protein in the epithelial compartment compared with normal
epithelium. Little is known about the role of cyclin D1 in the
stromal compartment of tumors, especially in adenocarcinomas.
One study of cyclin D1 expression in esophageal carcinomas
indicated that cyclin D1 is strongly expressed in stromal fibro-
blasts (22).
In this study, we examined the consequences of targeted

regulation of cyclin D1 expression in epithelial or stromal cells to
investigate the effects of cyclin D1 in prostate cancer progression.

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).
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Materials and Methods

Cells. BPH-1 (a nontumorigenic prostate epithelial cell) and its
tumorigenic derivatives BPHCAFTD1 and BPHCAFTD2 were from our own
stocks (23, 24). DU145, LNCaP, and PC-3 cells were obtained from American

Type Culture Collection (ATCC). NPF, BPH fibroblasts, and CAFs were

isolated and bioassayed as described previously (8). Prostatic epithelial cell

(PrE) 1 cells were isolated from human benign prostate tissue. 957E/hTERT
cells were generously supplied by Dr. John Isaacs (Johns Hopkins Oncology

Center, Baltimore, MD). PrE3 cells were kindly provided by Dr. Dean Tang

(The University of Texas M. D. Anderson Cancer Center, Houston, TX).
BPH-1C7-cyclin D1, BPH-1C7-D, BPH-1NPF, NPFcyclin D1, and BPH-1NPF-cyclin D1

cells were generated as described below. All of the epithelial cells were

maintained in RPMI 1640 (Life Technologies) with 1% antibiotic/

antimycotic (Life Technologies) and 5% cosmic calf serum (CCS; HyClone).
All of the stromal cells were maintained in the same condition except that

5% fetal bovine serum (Atlanta Biologicals) was used in place of CCS.

Construction of cyclin D1 expression vector. The plasmid C7-cyclin
D1 was constructed using the LZRS-EGFP backbone (Nolan Laboratory,
Stanford University, CA). The cytomegalovirus promoter was cut from

pIRES-EGFP (Clontech) as a BglII/BamHI fragment. The fragment was then

ligated into the BamHI site of the LZRS-EGFP backbone to produce C7-D.
The human cyclin D1 cDNA clone was obtained from ATCC and amplified
by PCR using a 5¶ primer specific to translational start site and a 3¶ primer
containing an XhoI restriction site and the consensus sequence for the

translational stop site. After PCR amplification, the product was gel purified
and cloned into pGemT-Easy (Promega). Following DNA sequence

verification, the cyclin D1 coding region was cut using EcoRI/XhoI and

subcloned into the EcoRI/XhoI sites of pLZRS-EGFP to obtain C7-cyclin D1

construct.
Generation of a stable cyclin D1–overexpressing BPH-1 cell line.

Viral particles were prepared as described previously and used to infect

BPH-1 cells (25). Fresh virus was placed onto target cells every 24 h until

green fluorescent protein (GFP) expression was observed. Cell sorting was
done to select the GFP-expressing BPH-1 cells. Two stable cell lines were

generated: C7-cyclin D1–overexpressing BPH-1 cell line and C7-D control
BPH-1 cell line, which were designated as BPH-1C7-cyclin D1 and BPH-1C7-D,
respectively.

Generation of NPFcyclin D1 cells. Human prostatic cells were prepared
as described previously (25). Cyclin D1 virus was generated using phoenix A

cells, and the prostatic cells were infected as described (25). After 1 week of
successive rounds of infection, some cells expressed enhanced GFP (EGFP)

when monitored by fluorescence microscopy. Differential trypsinization

was used to separate fibroblasts from the epithelial cells. The resulting

colonies were characterized by phenotype and their nature was confirmed
using immunocytochemical staining against keratin and vimentin. After

12 passages, EGFP-expressing cells self-sorted as all unstained cells became

senescent and died.
Western blotting analysis. Cell lysates were prepared and Western

blotting was done as described previously (25). Membranes were incubated

with mouse monoclonal antibody to cyclin D1 (1:1,000 dilution; BD

Biosciences PharMingen) or a-tubulin (1:1,000 dilution; Santa Cruz
Biotechnology) overnight, washed with PBS-Tween 20 for 1 h, and incubated

with horseradish peroxidase (HRP)–linked antimouse or antirabbit

secondary antibody (1:1,000 dilution; Amersham Biosciences) for 1 h.

Bound antibodies were visualized using enhanced chemiluminescence
Western blotting detection reagents (Amersham Bioscences). Cyclin D1

expression levels were normalized to h-actin and quantitated using Image
J software from the NIH.5

Growth curves. BPH-1C7-D and BPH-1C7-cyclin D1 cells were plated in a
24-well plate (1,000 cells per well) in RPMI 1640 supplemented with 5% CCS.

After the cells had attached overnight, 300 AL of CellTiter 96 Aqueous One
Solution (Promega) were added at indicated times (1–5 days) to each well

and the absorbance was measured at 490 nm after 3 h of incubation at
37jC. Experiments were done in triplicate.

Wound healing assays. Confluent monolayers of BPH-1C7-D and BPH-
1C7-cyclin D1 cells were grown in six-well plates. An even line of cells was

displaced by scratching through the layer using a pipette tip. Specific points
on the wounds were identified and marked. These open areas were then

inspected microscopically over time as the cells move in and fill the

damaged area. Wounds were imaged at 0, 3, 6, and 8 h postwounding and

the cell migration rate into the wound was calculated. Experiments were
done in triplicate.

Transwell migration assay. One hundred thousand BPH-1C7-D or BPH-
1C7-cyclin D1 cells were plated on top of the 8-Am pore polycarbonate culture
inserts (Becton Dickinson Labware), which were situated in wells of a
24-well culture plate and immersed in RPMI 1640 supplemented with 5%

CCS. The cells were incubated at 37jC for 12 h. The cells on the upper
surface of the inserts were removed using cotton swabs and those that had
migrated to the bottom side were fixed with 11% glutaraldehyde (Sigma) for

20 min and stained with 0.1% crystal violet (Sigma) for 20 min. Inserts were

then washed with water three times. The number of cells that had migrated

was counted using a microscope. The filters were viewed under bright-field
optics to count stained cells in eight fields (with a 20� objective) for the two
types of cells. The mean number of cells per field was determined, and

results from at least three experiments were expressed as the mean relative

cell migration F SD, with that of BPH-1C7-D cells set at 1.
Boyden chamber assay. Polycarbonate culture inserts with 8-Am pores

were coated with 20 AL of 2.5 mg/mL Matrigel (BD Biosciences). After the
gel solidified, the chambers were equilibrated with RPMI 1640 with 5% CCS
for 2 h in a humidified tissue culture incubator at 37jC with 5% CO2
atmosphere. More media were then added to the lower compartment, and

100k BPH-1C7-D and BPH-1C7-cyclin D1 cells were seeded in the upper

compartment of the chamber. Each cell group was plated in three duplicate
wells. After 12 h of incubation, the Matrigel was removed using a cotton

swab. The number of cells that had migrated to the lower sides of the

membrane was then determined as described for the Transwell migration

assay.
Tissue recombination and xenografting. One hundred thousand

epithelial cells and 300k stromal cells were recombined to make the

BPH-1C7-D + rat urogenital mesenchyme (rUGM), BPH-1C7-cyclin D1 + rUGM,
BPH-1 + NPF, and BPH-1 + NPFcyclin D1 tissue recombinants as described

previously (26). After incubating overnight at 37jC, the tissue recombinants
were grafted under the kidney capsule of adult male severe combined

immunodeficient (SCID) mice (Harlan). All the experiments were repeated
six times. Mice were sacrificed after 4 weeks and grafts were harvested,

fixed, and embedded.

Immunohistochemical staining. Immunohistochemical staining was
done following a protocol that was described previously (25). Tissue slides
were incubated with the primary antibody against SV40 (1:1,000 dilution;

Santa Cruz Biotechnology), E-cadherin (1:1,000; BD Biosciences PharMin-

gen), or anti–phospho-histone H3 (1:200; Upstate) overnight. The polyclonal

rabbit or mouse immunoglobulins/biotinylated antimouse secondary
antibody (DAKO) was incubated for 60 min after the slides were washed

with PBS buffer for 1 h. After washing the slides in PBS extensively, slides

were incubated in ABC-HRP complex (Vector Laboratories) for 30 min.
Bound antibodies were then visualized by incubation with liquid 3,3¶-
diaminobenzidine tetrahydrochloride (DAKO). Slides were then rinsed

extensively in tap water, counterstained with hematoxylin, and mounted.

Isolation of cell strains and regrafting. BPH-1NPF and BPH-1NPF-cyclin D1

cells were isolated and selected with 50 Ag/mL G418 (Clontech) from
BPH-1 + NPF and BPH-1 + NPFcyclin D1 grafts and regrafted without stromal

cells to SCID mice as described previously (27). Four to 14 weeks after

grafting, the hosts were sacrificed. The harvested grafts were removed from
the kidney and formalin fixed for immunohistochemical analysis.

Cell cycle analysis. BPH-1NPF cells and BPH-1NPF-cyclin D1 cells were
harvested from monolayer culture. The cell pellets were washed, counted,
and resuspended in PBS and fixed with 80% ethanol with vortexing. Cells

were then pelleted and resuspended with PBS containing 1% CCS for cell

counting after storing at �20jC for 4 h. One hundred thousand cells were5 http://rsb.info.nih.gov/ij/
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resuspended in propidium iodide/RNase/1% CCS/PBS. Propidium iodide
was used to stain double-stranded nucleic acids stoichiometrically. Cells

were treated with RNase A to stain only the DNA. Cell cycle distribution was

analyzed on the flow cytometer after at least 30 min.

Microarray analysis. NPFcyclin D1 cells were generated from NPFs, which
were isolated from two different patient samples; CAFs were isolated from

two different patient samples as well. RNA was isolated from NPFs, CAFs,

and NPFcyclin D1 cells using total RNA isolation kit (Qiagen). Custom spotted
cDNA microarrays were constructed as described previously (28) using a

nonredundant set of 6,700 prostate-derived cDNA clones identified from the

prostate expression data base, a public sequence repository of expressed

sequence tag data derived from human prostate cDNA libraries. Total RNA
was amplified through one round of linear amplification using the

MessageAmp aRNA kit (Ambion). Sample quality and quantification was

assessed by agarose gel electrophoresis and absorbance at A260. Cy3-labeled

and Cy5-labeled cDNA probes were made from 4 Ag of amplified RNA.
Two NPFcyclin D1 and two CAF samples (labeled with Cy3) were hybridized

head-to-head with a NPF control sample labeled with Cy5. Probes were

hybridized competitively to microarrays under a coverslip for 16 h at 63jC.
Fluorescent array images were collected for both Cy3 and Cy5 by using a

GenePix 4000B fluorescent scanner, and image intensity data were gridded

and extracted using GenePix Pro 4.1 software. Differences in gene

expression between NPFcyclin D1/NPF and CAF/NPF groups were determined
using a two-sample t test with Significance Analysis of Microarrays (SAM)

software6 with a false discovery rate (FDR) of V10% considered significant

(Tusher, 2001). Similarities in gene expression between NPFcyclin D1/NPF and
CAF/NPF groups were determined using a one-sample t test in SAM with a

FDR of V0.1% considered significant. These results were reduced to unique
genes by eliminating all but the highest scoring clones for each gene.

A Pearson correlation coefficient was calculated in Excel to assess the
strength of the linear relationship between NPFcyclin D1/NPF and CAF/NPF

average log 2 ratios.

Results

Cyclin D1 expression levels are elevated in malignant
human prostatic epithelial cell lines. Cyclin D1 expression was
examined by Western blotting in the prostate cancer cell lines,
DU145, LNCaP, BPHCAFTD1, and BPHCAFTD2, and in a subset of
nontumorigenic prostatic cells, PrE1, 957E/hTERT (27, 29), PrE3,
and BPH-1 cell line. Cyclin D1 expression was found to be higher in
all of the cancer cells compared with the nontumorigenic prostatic
cells. A representative Western blot is shown in Supplementary
Fig. S1. Primary epithelial cells had the lowest cyclin D1 expression.
The SV40 T-antigen immortalized BPH-1 cells had higher cyclin
D1 expression compared with PrE, 957E/hTERT and PrE, but lower
expression level than that in malignant cell lines. These data
crudely correlate cyclin D1 with tumorigenicity but, as with similar
correlations seen in patient samples, do not address whether cyclin
D1 overexpression is a cause or an effect of malignant change.
To address this question, we tested the consequences of over-
expressing cyclin D1 in nontumorigenic prostatic epithelial cells.6 http://www-stat.stanford.edu/_tibs/SAM/

Figure 1. In vitro comparison of BPH-1C7-D and BPH-1C7-cyclin D1 cells. A, to examine the role of cyclin D1 in prostate cancer progression, C7-D (control � BPH-1C7-D)
and cyclin D1–overexpressing (BPH-1C7-cyclin D1) BPH-1 cell lines were generated by stable retroviral infection. Cyclin D1 overexpression in BPH-1C7-cyclin D1 was
confirmed by Western blotting and band intensity was quantitated. B, wound healing assay. BPH-1C7-cyclin D1 closed wounds in the confluent monolayer were
significantly faster than BPH-1C7-D cells. Images (left ) and quantitation (right ). P < 0.001, Student’s t test. C, Transwell migration study and invasion assay.
BPH-1C7-cyclin D1 migrated through the uncoated Boyden chamber significantly faster than BPH-1C7-D. Representative phase-contrast optical photomicrographs after
overnight culture were shown (a, top ) and quantitated (a, bottom ). P < 0.05, Student’s t test. BPH-1C7-cyclin D1 cells had increased invasive ability in a Matrigel-coated
Boyden chamber invasion assay compared with BPH-1C7-D. Representative phase-contrast optical photomicrographs after overnight culture were shown (b, top )
and quantitated (b, bottom ). P < 0.01, Student’s t test. D, proliferation assay. Cyclin D1 overexpression promoted BPH-1 cell proliferation significantly over control
growth rate. P < 0.001, Student’s t test.
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Cyclin D1 overexpression in BPH-1 cells can increase cell
proliferation rate, migration, and invasive ability in vitro.
Western blotting showed that the BPH-1cyclin D1 cells have a
34-fold elevation in cyclin D1 expression compared with control
BPH-1C7-D cells (Fig. 1A). BPH-1C7-cyclin D1 cells showed enhanced
motile ability in wound healing, Transwell migration, and
Boyden chamber assays. Wound healing assays showed that BPH-
1C7-cyclin D1 cells were significantly more motile than BPH-1C7-D

cells. This difference was clear after 3 h and was very marked after
8 h (P < 0.001, Student’s t test; Fig. 1B). In a Transwell migration
study, the BPH-1C7-cyclin D1 cells migrated through the uncoated
Boyden chambers to the underside of the insert in greater numbers
in a 12-h response to conditional medium containing 1% CCS in the
lower chamber than BPH-1C7-D cells (P < 0.05, Student’s t test;
Fig. 1C). These data confirmed the elevated motility of BPH-
1C7-cycin D1 cells, as seen in the wound healing assay. An invasion
assay, in which the inside chamber was coated with Matrigel to

mimic the in vivo extracellular matrix (ECM), showed that BPH-
1C7-cyclin D1 cells had significantly increased invasive activity in vitro
(P < 0.01, Student’s t test; Fig. 1D). We used a 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide assay to assess the effect of
cyclin D1 overexpression on the growth rate of BPH-1 cells. Our
results showed that the cyclin D1–overexpressing cells proliferated
faster than control cells. The difference was observed even after
24 h of incubation (Fig. 1E). Collectively, the assays showed that
when cyclin D1 is forcibly overexpressed, BPH-1 cells acquired an
enhanced proliferation rate, motility, and invasive ability in vitro .

Cyclin D1–overexpressing BPH-1 cells are not tumorigenic
in tissue recombinants with rUGM. To determine whether cyclin
D1 could exert a tumorigenic effect on prostate cells in vivo , 100k
BPH-1C7-cyclin D1 cells or control cells were recombined with 300k
rUGM and grafted under the kidney capsule of SCID mice. The
grafts were harvested after 4, 8, 12, and 16 weeks. The results
showed that BPH-1C7-cyclin D1 cells formed significantly larger and

Figure 2. Overexpression of cyclin D1 in epithelium
was insufficient to induce malignant transformation
in BPH-1 cells as determined by in vivo assays.
A, BPH-1C7-cyclin D1 cells were not tumorigenic
under the influence of the inductive rUGM in the
tissue recombination model. Gross morphology of
2-month grafts of BPH-1C7-D + UGM (left ) and
BPH-1C7-cyclin D1 + UGM (right ). The volume of grafts
containing BPH-1C7-cyclin D1 was significantly larger
than controls. P < 0.01, Student’s t test. B, H&E
staining of BPH-1C7-D + UGM grafts showed that the
recombinants formed solid cord structures with no
sign of invasion to the host kidney. SV40 T-antigen
staining confirmed the cell origin of the epithelium.
Phospho-histone H3 staining identified few positive
cells in the solid cords. Higher magnification pictures
(bottom ). Bar , 50 Am. C, H&E and SV40 T-antigen
staining of BPH-1C7-cyclin D1 + UGM grafts. Histology
is similar to that seen in the control groups. The
basement membrane between kidney and graft was
intact and no sign of invasion into the host kidney
was seen. Phospho-histone H3 staining identified
significantly more positive cells in the solid cords
compared in (B). Higher-magnification images
(bottom ). Bar , 50 Am. k, host kidney.
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more vascularized grafts under the induction of rUGM compared
with BPH-1C7-D cells. An example of the gross morphology of grafts
at 8 weeks is shown in Fig. 2A . These results are consistent with
our in vitro experiments, which showed that BPH-1C7-cyclin D1 cells
proliferate faster than controls. Histologically, both experimental
and control grafts exhibited the formation of solid epithelial cords
surrounded by a muscular stroma. SV40 T-antigen staining
confirmed the origin of BPH-1 cells in both control and cyclin
D1–overexpressing groups and showed that there were sharp
delineations from the host kidney with no sign of invasion (Fig. 2B
and C). It was noteworthy that a clear layer of stromal cells was
always seen between the graft and host kidney under both control
and test conditions. In the control grafts, few epithelial cells were
phospho-histone H3 positive (indicating low proliferation rates).
However, there were significantly more histone H3–positive cells in
BPH-1cyclin D1 cords (P < 0.01, Student’s t test; data not shown).
These data indicated that BPH-1cyclin D1 cells proliferated much
faster than control cells (Fig. 2B and C). To assess whether cyclin
D1 can transform BPH-1 cells in a longer period in vivo , we
sacrificed mice every month for up to 4 months. The histologic
appearance of the grafts at 4 months was similar to the earlier
grafts with solid cord structures and no invasion of the kidney
(date not shown). Therefore, although cyclin D1 can increase
BPH-1 cell motility and promote cell proliferation in vitro ,
overexpression of the gene did not induce BPH-1 cells to undergo
malignant transformation with associated invasion.

NPFcyclin D1 cells have increased life span compared with
NPFs and CAF cells have up-regulated cyclin D1 expression.
Because the stroma is viewed as an important active contributor
to tumor growth and to understand whether cyclin D1 does
different functions in stromal and epithelial tissues, we generated
NPFcyclin D1 cells by overexpressing cyclin D1 in primary cultures of
normal prostate stromal cells. To investigate whether the cyclin
D1–overexpressing fibroblasts have an increased life span com-
pared with control or noninfected cells, we passaged the cell
mixtures 12 times. The uninfected cells underwent spontaneous
senescence and died within 12 passages. The EGFP-expressing cells
still looked healthy and grew well after 11 more passages (total of
23 passages; Fig. 3A). Western blot analysis showed that EGFP-
positive cells also overexpressed cyclin D1 (Fig. 3B). This result
indicated that NPFs acquired a prolonged life span as a conse-
quence of up-regulated cyclin D1.
It has been shown previously that CAF cells can induce BPH-1

cells to undergo malignant transformation, whereas NPFs cannot
(8). Cyclin D1 is strongly expressed in stromal fibroblasts in
carcinoma and adenocarcinoma (22). We were interested to
determine whether human prostatic CAFs have elevated cyclin
D1 expression and if so whether CAFs and NPFcyclin D1 cells share
common functional sequelae. Therefore, we examined the expres-
sion level of cyclin D1 in NPFs, BPH fibroblasts, and CAF cells.
These experiments showed that CAFs expressed a much higher
level of cyclin D1 protein than either NPFs or fibroblasts isolated
from BPH patients (Fig. 3B).

NPFcyclin D1 cells elicit CAF-like effects promoting tumori-
genesis. To investigate the in vivo consequences of overexpression
of cyclin D1 in NPFs, 100k BPH-1 cells were recombined with either
300k NPFcyclin D1 or NPF cells. Grafts were harvested after 1 month.
Tissue recombinants composed of BPH-1 + NPFcyclin D1 exhibited
moderate growth; in contrast, consistent with previously published
data, control recombinants composed of BPH-1 + NPFs showed
minimal growth. Control grafts of NPFand NPFcyclin D1 were likewise

small and flattened (Fig. 4A, a and b). Comparison between the
volume of the control and test recombinants showed that the
test samples were significantly larger (P < 0.01, Student’s t test).
The histologic appearance of the BPH-1 + NPFC7-cyclin D1 grafts, as
assessed by H&E staining, resembled a poorly differentiated
carcinoma with areas of squamous differentiation (Fig. 4B, a and b).
Instead of forming solid cord structures, some epithelium fused to
form large nests with keratinization and a broad pushing margin
against the host kidney (Fig. 4B, a and b). Tumors also contained
irregular epithelial cords intermingledwithin a fibrous stroma [Fig. 4B,
e and f (right arrow)]. In other areas, single epithelial cells were
intermixed with fibrous stroma [Fig. 4B, c (arrow) and f (left arrow)].
SV40 T-antigen staining confirmed the origin of the epithelial
component of the tumors as being from the BPH-1 cells (Fig. 4B,
c and f ). E-cadherin expressionwas patchy, with positive expression in
cell-cell junctions in some areas but weak or absent in many areas
(Fig. 4B, d). The histology of recombinants of BPH-1 + NPFcyclin D1

was similar to that previously described for BPH-1 + CAF
recombinants (8, 30), although the overall tumor size was smaller.
After 5 months of incubation in the kidney capsule, BPH-1 cells
formed larger tumors with clear kidney invasion (Fig. 4B, g and i).
Small kidney tubes intermingled with tumor cells [Fig. 4B, g (arrows)
and h (arrow)] and there were no clear margins between the kidney
and grafts.
In contrast to the malignant histologic appearance of the

BPH-1 + NPFcyclin D1 recombinants, the BPH-1 + NPF recombinants
appeared benign and, as described previously, the bulk of the grafts
were composed of stromal cells. Occasional small epithelial cords
were found (Fig. 4B, k and l). This confirmed previous observations
that stromal cells from normal peripheral zone recombined with
BPH-1 cells produced benign or no visible grafts (8, 30).

Figure 3. Expression of cyclin D1 in human prostatic fibroblasts. A, NPFcyclin D1

cells have increased life span compared with NPF cells. Control cells were all
dead within 12 passages. The NPFcyclin D1 cells seemed healthy after 23
passages (passage number shown adjacent to illustration) after infection by
C7-cyclin D1–overexpressing retroviral vector (total of 23 passages). B, Western
blotting results confirmed that cyclin D1 was overexpressed in NPFcyclin D1

cells. Human prostatic CAF cells also expressed elevated levels of cyclin D1
protein compared with NPF or with BPH-derived fibroblasts.
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To examine if NPFcyclin D1 cells are tumorigenic, we grafted either
NPF or NPFcyclin D1 cells alone to SCID mice. Both control groups
formed flattened grafts (Fig. 4A, c and d, arrows). H&E staining
showed that both grafts were present as a thin layer of fibrous
tissue (data not shown).

Epithelial cells isolated from BPH-1 + NPFcyclin D1 grafts
(BPH-1NPF-cyclin D1) are tumorigenic. After cell culture and
G418 selection, two cell strains were derived from BPH-1 + NPF
and BPH-1 + NPFcyclin D1 grafts, designated BPH-1NPF and BPH-
1NPF-cyclin D1. The two strains were grafted in collagen gels beneath

the renal capsule of male SCID mice. Grossly, after 3 months, the
BPH-1NPF-cyclin D1 cells formed significantly larger grafts than the
control group (Fig. 5A, right). The control group formed small
flattened grafts (Fig. 5A, left). Histologically, the BPH-1NPF cells grew
to form occasional small cords, which were SV40 positive, similar
to the grafts reported previously for BPH-1 cells grafted alone
(Fig. 5B). The BPH-1NPF-cyclin D1 cells, in contrast, formed large
fused nests generally with a broad pushing margin to the host
kidney (Fig. 5C, a, arrow). Many smaller nests with irregular shapes
were scattered throughout the tumor and intermingled with

Figure 4. Effects of NPFcyclin D1 cells on
BPH-1 epithelium in vivo. A, gross
morphology of 1-month grafts of tissue
recombinants composed of BPH-1 + NPF
(a), BPH-1 + NPFcyclin D1 cells (b), NPF
alone (c ), and NPFcyclin D1 alone (d ). The
graft volume of BPH-1 + NPFcyclin D1 was
significantly larger than that of BPH-1 +
NPF. P < 0.001, Student’s t test (right ).
B, staining of BPH-1 + NPFcyclin D1

recombinants revealed organization
resembling a poorly differentiated
carcinoma. Some epithelium fused to form
large nests (a and b) with keratinization
and a broad pushing margin to kidney
(a, arrow). Tumors contained irregular
epithelial cords and epithelial cells
intermingled within a fibrous stroma [c, e ,
and f (right arrow)]. Single epithelial cells
were intermixed with fibrous stroma in
other areas [c (arrow ) and f (left arrow )].
Immunohistochemical localization of
SV40 T antigen confirmed the origin of the
tumors (c and f ). E-cadherin staining was
patchy (d). After 5 mo of incubation in
kidney capsule, BPH-1 cells formed larger
tumors and invaded the host kidney
(g–j ). Tumor cells surrounded and
intermingled with kidney tubes [g and
h (arrow )]. There were no clear margins
between kidney and grafts. H&E staining
of BPH-1 + NPF grafts revealed small
grafts with minimal epithelial growth
consistent with previous observations
[k (arrow ) and l ]. Bar , 50 Am.
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stroma (Fig. 5C, d and e). Some infiltrative areas recapitulated
prostatic carcinoma (Fig. 5C, b, arrow). Cells contained a foamy
cytoplasm and their borders were indistinct (Fig. 5C, c, arrow).
Minimally invasive growth was found in some areas (Fig. 5C, f ).
Tumors continued to express SV40 T-antigen confirming the BPH-1
origin of the malignant epithelium.
DNA flow cytometry analysis showed that stromal cyclin D1

caused a shift of the cell cycle distribution of BPH-1NPF-cyclin D1

cells. An abnormal wider peak that contains 55% of the cell
population is located close to where the G2-M peak (which has
twice the normal copies of DNA) is supposed to be, but its position
is below the G2-M peak position. It was reported that a wide peak
may represent two populations of cells with different quantities of
DNA (31). Given that the original BPH-1 population has been
described previously to have an abnormal chromosomal make up

and further that this can be altered by exposure to cancer stroma, it
is possible that BPH-1NPF-cyclin D1 cells became hyperdiploid or
nearly tetraploid, and the hyperdiploid cell population mixed with
the tetraploid G2-M population to produce this abnormal peak. A
large proportion (23.1%) of BPH-1NPF-cyclin D1 cells also appear to be
polyploid with varying but high DNA content. In marked contrast,
only 0.9% of BPH-1NPF cells were found to be polyploid and
BPH-1NPF cells showed a normal distribution of cell populations
with 64% cells in the G1 phase of cell cycle. (Fig. 5D).

Gene expression profiles were highly concordant between
CAFs and NPFcyclin D1 cells. The gene expression patterns of NPFs,
CAFs, and NPFcyclin D1 cells were compared by cDNA microarray
analysis (Gene Expression Omnibus submission GSE6936; National
Center for Biotechnology Information tracking system 15248638).
NPFcyclin D1 cells and CAFs showed a high level of gene expression

Figure 5. The BPH-1NPF-cyclin D1 cells,
which were isolated from BPH-1 +
NPFcyclin D1 grafts, exhibited a transformed
phenotype. A, gross morphology of
3-month grafts of BPH-1NPF (left ) and
BPH-1NPF-cyclin D1 (right ). The volume of
the BPH-1NPF-cyclin D1 grafts was
significantly larger than the control grafts.
P < 0.01, Student’s t test. B, in grafts of
BPH-1NPF cells, occasionally, epithelial
cords were seen (a) and their origin was
confirmed by SV40 staining (b ). No
evidence of malignant growth or invasion
was seen in these grafts. Bar , 50 Am.
C, BPH-1NPF-cyclin D1 tumors were larger
than controls with areas of keratinization
(a). The grafts formed a pushing
margin directly touching the host kidney
(a, arrow ). Small nests of epithelial cells
with irregular shapes intermingled with
stroma (d and e). Some infiltrative areas
(b, arrow ) were found to be composed of
bubbly cytoplasm and indistinct cells
borders (c, arrow ). Minimally invasive
growth into the kidney was seen in a few
areas. The invading cells expressed
SV40 T antigen (f, arrow ). Bar , 50 Am.
D, fluorescence-activated cell sorting
analysis showed striking differences in cell
population distribution between BPH-1NPF

and BPH-1NPF-cyclin D1 cells. The majority
(64%) of the BPH-1NPF cells were in the
G1-G0 phase of cell cycle. In contrast,
in BPH-1NPF-cyclin D1 cells, an abnormal
peak that contains 55% of the total cell
population is located close to but
somewhat below where the G2-M peak
would be expected. Additionally, polyploid
cells are composed of 23.1% of the total
population in the BPH-1NPF-cyclin D1 cells.
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correlations when compared with NPFs (Pearson r = 0.65 across all
5,652 clones returning data in all four samples.) A one-sample t test
in SAM identified 118 unique genes up-regulated and 51 unique
genes down-regulated (q V 0.1%) commonly expressed between
NPFcyclin D1 cells and CAFs when compared with NPFs. (Supple-
mentary Figs. S2 and S3). Relatively few significant differences in
transcript abundance measurements between NPFcyclin D1 cells
and CAFs were identified: a two-sample t test in SAM identified 6
unique genes up-regulated and 20 unique genes down-regulated
(q V 10%) in CAFs when compared with cyclin D1–overexpressing
fibroblasts (Supplementary Fig. S4).

Discussion

The concept of stroma as a contributor to, and potentially an
initiator of, carcinogenesis have led to altered perceptions of the
development and progression of epithelial malignancies. Histo-
pathologic examination has shown clear differences in gene
expression patterns between the reactive stroma of tumors and
normal stroma; additionally, these differences have clinical
prognostic value (32–34). The importance of stromal-epithelial
interactions in tumorigenesis has been shown in many malignan-
cies, including, carcinoma of the skin, colon, breast, and prostate
(35–38). Not only stromal-epithelial interactions play an important
role in normal development and adult growth quiescence of the
prostate (39) but also changes in these interactions can promote a
malignant progression of initiated epithelium and result in
tumorigenesis (2, 4, 32, 40, 41).
There are cases in which addition of a single dominant-acting

oncogene is sufficient to transform a nontumorigenic cell. For
example, massive overexpression of c-myc converted normal
prostatic epithelial cells to rapidly become an invasive prostate
carcinoma cell (25), whereas lower levels of c-myc expression had
similar but slower effects (42). Similarly loss of genes with tumor
suppressor function can also contribute to malignancy (43). These
observations emphasize the importance of genetic changes as key
factors in malignancy. Alterations in the microenvironment
adjacent to the epithelial cells can drive nontumorigenic cells to
become malignant both in vivo and in vitro (8, 44, 45). Stromal
factors can also elicit reversion of a malignant teratocarcinoma to
a benign phenotype despite genetic changes within the epithelial
cells (46–48). The growth and differentiation of epithelial cells from
R3327 Dunning prostatic adenocarcinoma (DT) were modified
when reassociated with normal stromal environment. The
epithelial cells were induced to differentiate to tall columnar
secretory epithelial cells and tumorigenesis was remarkably
diminished (48, 49). Experiments in mice suggested that genetic
inactivation of the stromal transforming growth factor-h receptor
II resulted in the transformation of normal epithelial cells (50).
Bissell’s group showed that by manipulating ECM proteins, human
breast cancer cells reverted to normal functional cells in culture
and tumorigenicity was reduced dramatically in mice (51).
Cyclin D1 is an important oncogene in many human cancers, but

its function in prostate cancer is not clear (21, 52–55). We show
here that cyclin D1 is up-regulated in prostate cancer cell lines,
indicating that it might be associated with prostate tumorigenicity.
Overexpression of cyclin D1 can increase tumorigenicity of LNCaP
cell lines (21). We have observed that BPH-1 cells, in which cyclin
D1 was overexpressed, did not become tumorigenic under the
influence of inductive rUGM in the tissue recombination model
when grafted to SCID mice. However, the cyclin D1–overexpressing

cells did have a higher proliferation rate in vitro and in vivo and
motility in vitro . Such observations indicated that this single gene
is not enough to transform BPH-1 cells even in the face of SV40
large T antigen, which is expressed in these cells. This underlines
the important point that increased proliferation per se is
insufficient for malignant transformation.
In marked contrast to the effects in epithelial cells, over-

expression of cyclin D1 in primary cultures of benign human
prostatic fibroblasts extended the life span and altered the behavior
of the stromal cells, nonetheless falling short of directly inducing
malignant transformation. Cyclin D1 induced these cells to behave
in a manner similar to CAFs, imparting an ability to elicit
malignant transformation in BPH-1 epithelial cells in a tissue
recombination model. The cyclin D1–overexpressing fibroblasts
have increased life span compared with NPFs. NPFs were all dead
within 12 passages. However, the NPFcyclin D1 cells seemed healthy
after an additional 11 passages. NPFs overexpressing cyclin D1 may
be selectively advantageous for the proliferation and survival
characteristics often associated with oncogenesis compared with
noninfected cells in the same mixture. However, it should be noted
that, as when expressed in epithelial cells, expression of cyclin D1
did not result in transformation of the stromal cell population. As
a result of in vitro adaptation, cells may pick up generic alterations
such as the mRNA changes we have seen in microarray data.
However, NPFcyclin D1 cells are not fully immortal and are not
tumorigenic by themselves. This is consistent with observations
that CAFs are also not immortal and not tumorigenic per se but
have the ability to transform adjacent BPH-1 cells.
By expressing cyclin D1 in stromal cells, we showed that benign

stromal cell behavior can be modified to mimic that of cancer
stromal cells. NPFcyclin D1 cells have a potential to transform BPH-1
cells similar to that seen with CAFs although with a reduced
intensity. Tissue architecture in recombinants showed irregular
epithelial cords and epithelium infiltrating into the stroma. This
observation indicated that the presence of altered stromal cells in
proximity to an initiated epithelium has an important biological
effect on prostatic carcinogenesis. Expression of this single onco-
gene in the stroma may mimic the effects of CAFs on epithelium by
modifying the local microenvironment. Specifically altering the
expression of growth factors and ECM proteinases results in
expansion and malignant progression of the initiated epithelial
cells.
BPH-1 cells form tumors after recombination with CAFs and

epithelial cells derived from these tumors (BPH-1CAFTD) are
tumorigenic without the stimulation of stromal cells when regrafted
to mice (23). The present study shows that the tumorigenic behavior
of BPH-1NPF-cyclin D1 cells (derived from recombination of BPH-1 +
NPFcyclin D1 cells) also resulted in a permanent malignant
transformation of epithelial cells similar to that seen with CAF.
Cell cycle analyses of cells from malignant tissues have shown

the presence of aneuploid cells as well as normal diploid cells (56).
In the present study, an abnormal peak in cell cycle histogram of
BPH-1NPF-cyclin D1 likely represented hyperdiploid cells. Many of
these cells had multiple nuclei. It has been shown that aneuploidy
is the possible underlying mechanism and potential consequences
in the pathogenesis of human lung cancer (57). Clinical progression
of prostate cancer is also associated with formation of DNA
aneuploidy (58). These data suggested that BPH-1NPF-cyclin D1 cells
might be transformed through chromosomal changes (aneuploidy).
The histologic appearance of BPH-1NPF-cyclin D1 tumors was

consistent with poorly differentiated carcinoma. It is important to
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note that CAFs have elevated expression levels of cyclin D1 protein;
therefore, many of their characteristics could be linked to the
downstream consequences of this change. Microarray comparison
of the NPFcyclin D1 and CAFs versus NPF showed highly concordant
gene expression profiles. The same 118 unique genes were up-
regulated and 51 unique genes were down-regulated in NPFcyclin D1

cells and CAFs when compared with NPFs. Relatively few signi-
ficant differences in transcript abundance measurements between
NPFcyclin D1 cells and CAFs were identified. These data indicate
that cyclin D1 expression in stroma can critically affect para-
crine interactions with adjacent epithelial cells in a manner resem-
bling CAFs.
In summary, the present study showed for the first time the

importance of cyclin D1 as a potential regulator of paracrine
interactions in prostate cancer progression. The cyclin D1–
overexpressing fibroblasts have an increased life span and share
many commonalities with CAFs making them a potentially useful
research tool. Traditional therapy for all epithelial malignancies,
including prostate cancer, has been targeted at the epithelial cells
that progressively acquire genetic changes. The stroma may
provide a more stable target at which to direct treatment because
the gene expression profile differs from that seen in normal tissues.
We should also bear in mind that the tumor stromal compartment

is heterogeneous and that CAFs are a mixed population of
fibroblastic cells. Juxtacrine signaling between fibroblastic cells of
different types may contribute to changes in overall paracrine
signaling, which boosts the growth of epithelial cells. Interactions
with other stromal cell types, including inflammatory cells or nerve
cells, also turn out to be of critical importance. A better
understanding of these complex interactions within the stroma
and between stroma and epithelium, and the manner in which
these are influenced by gene expression in stromal cells will allow
for the rational design of therapies aimed at inhibiting prostate
tumor growth.
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