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Abstract

Bidirectional signaling between the urogenital sinus epithelium and mesenchyme is an essential
element of prostate development that regulates ductal morphogenesis, growth, and differentiation.
Comparable interactions between the epithelium and stroma in the adult prostate appear to
regulate normal growth homeostasis. Alterations in the stromal—epithelial dialogue that
recapitulate features of the mesenchymal—epithelial interactions of development may play a
critical role in the development of benign prostatic hyperplasia and in the progression of prostate
cancer. For this reason, the mesenchymal—epithelial interactions of development are of
considerable interest. In this review, we provide an overview of the mesenchymal contribution to
rodent prostate development with an emphasis on the stage just before ductal budding (embryonic
day 16; E16) and describe the isolation, characterization and utility of a newly established E16
urogenital sinus mesenchymal cell line.
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Introduction

Viewed through a dissecting microscope, as when performing tissue separation for the
purposes of a recombination experiment (Staack et al., 2003), the mesenchyme of the
developing rodent prostate is all the “stuff” that is not epithelium (Fig. 1). What is this stuff?
Where did it come from? And, what does it do?

At embryonic day 16 (E16), just before the onset of ductal budding, the fetal rodent prostate
consists of a multilayered epithelial tube cloaked by an arrangement of mesenchymal cells.
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Urogenital epithelium (UGE) is derived from the embryonic endoderm that is separated
from the hindgut when the cloaca is divided by the urogenital septum (Staack et al., 2003).
Urogenital mesenchyme is derived from splanchnic mesoderm that is thought to originate
from cells migrating through the primitive streak. Histologic examination of the E16
urogenital sinus (UGS) reveals a lumen surrounded by a multilayered epithelial lumen in
turn surrounded by a collar of mesenchymal cells. Cells immediately adjacent to the
epithelial layer are designated the periurethral mesenchyme and studies in the rat show that
mesenchymal androgen receptor (AR) expression first appears in this layer (Hayward et al.,
1996). Additional mesenchymal cells reinforce the periurethral layer and, together, comprise
a substantial mesenchymal layer of varying thickness that runs the length of the prostatic
urethra. A distinct mesenchymal condensation overlying the site of ventral prostate budding
is termed the ventral mesenchymal pad (VMP) (Timms et al., 1995); similar, less prominent,
condensations appear over the sites of dorso-lateral prostate budding. Although the VMP is
not sexually dimorphic (Thomson et al., 2002), these areas of condensation correspond to
regions of mesenchyme involved in extensive branching morphogenesis during postnatal
prostate development. Tissue recombination experiments indicate that there is regional
heterogeneity of the fetal mesenchyme’s ability to induce prostate development and confer
ventral versus dorso-lateral lobe identity in the rodent (Timms et al., 1995). The basis for
this regional specification is as yet unknown, although it has been suggested that Hox genes
may play a role (Podlasek et al., 1999). The anterior prostate, also termed the coagulating
gland, is unique with respect to its embryonic contributions. The buds of the anterior
prostate arise from the UGS, like the buds of the ventral and dorso-lateral prostate, but
postnatal branching morphogenesis of the anterior prostate occurs within the mesodermal
sheath of the seminal vesicle (Podlasek et al., 1999).

The E16 mesenchyme contains myofibroblasts that coexpress vimentin and smooth muscle
a-actin (SMA). Myofibroblasts are also found in the human prenatal prostate at weeks 23—
25 (Bierhoff et al., 1997) and are thought to be precursors of the fibroblasts and smooth
muscle cells that dominate the adult prostatic stroma. Detailed studies of stromal
differentiation in the developing rat prostate showed that differentiation of mesenchymal
cells to smooth muscle that surrounds the mature ducts occurs in the postnatal prostate in a
proximal—distal fashion as ductal morphogenesis proceeds (Hayward et al., 1996).
Myofibroblasts are present in the adult prostate at sites of benign prostatic hyperplasia
(BPH) and in prostate carcinoma (Bierhoff et al., 1997; Ayala et al., 2003). Evaluation of the
roles of these cells in the fetal prostate may explain any role they may have in adult prostate
pathology.

Recent studies in a variety of organs and tissues have identified tissue-specific progenitor
cells that exhibit enormous proliferative potential and the ability to differentiate into one or
more terminally differentiated cell types. There are many questions regarding the origin of
the adult prostate stroma since this aspect of prostate stromal biology has not been well
studied. Is there a stromal stem/progenitor cell present in the adult prostate? If a stromal
stem cell exists, is it separate from the epithelial stem cell, or is there a single stem cell that
generates both the stromal and epithelial populations? Lin et al. (2007) cultured stromal cells
derived from patients with BPH. These cells express several markers of mesenchymal stem
cells (MSC) and can differentiate into smooth muscle, adipocyte, and osteogenic cell
lineages. This suggests that at least part of the adult prostate stroma arises from MSC. It is
important to identify the progenitor cell(s) for the adult stroma and determine the possible
contribution of bone marrow cells to the adult stroma. Neoplasia or BPH may stimulate
proliferation or migration of stromal progenitors or MSC. We are not aware of any
published studies that have looked for the presence of stem or primitive progenitor cells in
the UGS mesenchyme and/or examined their role in postnatal stromal proliferation and
smooth muscle differentiation. The fetal mesenchyme may also contain the precursors of
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vascular and lymphatic components of the adult prostate; however, the ontogeny of vascular
development in the prostate has not been studied and their precursors have not been clearly
identified. Indeed, intensive efforts to characterize ductal budding and epithelial
differentiation during prostate development stand in striking contrast to the relative lack of
understanding of mesenchymal proliferation and differentiation during generation of the
adult prostatic stroma. Tissue recombination of human prostate epithelial cells with rat
UGM showed extensive smooth muscle sheet differentiation, which is characteristic of the
human, but not the rodent, prostate. This reveals that epithelial cells control differentiation
of prostate mesenchyme in a species-specific manner (Hayward et al., 1998). Paracrine
interactions of epithelium and mesenchyme are clearly an area in need of further study.

Mesenchymal/stromal—epithelial interactions are a pivotal aspect of prostate development,
differentiation, normal growth regulation, and neoplasia. The mesenchyme is the site of
expression of many critical regulators of ductal budding and development including
transforming growth factor-f, fibroblast growth factor (FGF-10, FGF-7), bone morphogenic
protein (BMP-4, BMP-7), Noggin, secreted frizzled related protein 1, and several Hox genes
(Marker et al., 2003; Tomlinson et al., 2004; Grishina et al., 2005; Joesting et al., 2005;
Cook et al., 2007). Urogenital sinus mesenchyme (UGM) expresses ARs (Thompson et al.,
1986) and participates in the metabolism of steroid hormones (Neubauer et al., 1985). The
stroma contains aromatase (Ellem et al., 2004) and 5-alpha-reductase (Cowan et al., 1977),
enzymes important for converting testosterone to estradiol or dihydrotestosterone,
respectively. Estrogen and androgen are important for prostate growth, development,
carcinogenesis and hyperplasia and our understanding of steroid effects in homeostasis may
explain aberrant roles in the adult prostate (McPherson et al., 2007; Prins et al., 2007; Cunha
etal., 2004). UGM is the target of regulation by signaling molecules secreted by the
epithelium such as Sonic Hedgehog (Shh), Indian Hedgehog, and insulin-like growth
factor-1. Several investigators have performed transcriptional profiling of rat or mouse
prostate mesenchyme (Zhang et al., 2006; VVanpoucke et al., 2007). These studies identified
new pathways controlling prostate development, but further understanding of the biology
requires the use of mesenchymal cell lines. Such cell lines allow deletion or activation of
specific signaling pathways in vitro and in vivo to study the biological effect of these
perturbations. An ideal mesenchymal or stromal cell population would have the following
properties: immortal, genetically stable, responds to known biochemical mediators, gene
expression that is similar to freshly isolated tissue, allows in vivo and in vitro modeling and
can be genetically modified.

Several immortalized prostate stromal cell lines exist: NbF-1, RSPC-2T, PS-1, WPMY-1,
PS30, S2.13, and PM151T (Table 1). These cell lines have been evaluated with respect to
androgen signaling and smooth muscle differentiation because these properties are important
for prostate carcinoma studies and for description of the stromal cell type, respectively.
Human prostate stromal cells were immortalized using large T antigen, HPV16 E6/E7 or
telomerase catalytic subunit. Large T antigen and HPV16 E6/E7 use the p53 or pRb pathway
to prevent senescence and can contribute to future genetic anomalies in the cell line because
of reduced gene surveillance. This is an important factor to consider when selecting an
immortalized cell line. NbF-1 cells were derived from the ventral prostate of four adult rats.
Dihydrotestosterone, but not testosterone, stimulates DNA synthesis in these cells (Chang
and Chung, 1989). RSPC-2T cells were derived from 10-day-old rats and were immortalized
with v-myc. These cells express SMA, but not AR (Hoeben et al., 1995). PS-1 cells are
derived from the adult rat ventral prostate. PS-1 cells are smooth muscle cells that express
desmin and SMA. PS-1 cells express AR and androgen enhances cellular proliferation
(Gerdes et al., 1996). WPMY -1 cells were acquired from a 54-year-old Caucasian male
during cystoprostatectomy who had no evidence of neoplasia and immortalized with large T
antigen. WPMY-1 cells express SMA, vimentin, and fibronectin, but not desmin and is
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therefore characterized as a myofibroblast cell line. WPMY-1 cells express AR and
androgen increases proliferation (Webber et al., 1999). PS30 cells were derived by HPV16
E6/E7 immortalization of primary human prostate cells obtained from normal tissue at
radical prostatectomy for localized prostate cancer. PS30 cells are myofibroblasts that
express SMA, vimentin, but not desmin or heavy chain myosin. PS30 cells express AR, but
androgen does not alter cellular proliferation (Price et al., 2000). S2.13 cells are clonal and
derived from tissues from men aged 51-78 years via transurethral resection for BPH and
immortalized with a temperature sensitive SV40 large T antigen. S2.13 cells are fibroblasts
that express vimentin, but not SMA or AR (Daly-Burns et al., 2007). PM151T cells were
derived from the prostatic normal transition zone of a 62-year-old man during radical
prostatectomy performed for localized prostate cancer. Primary stromal cells were
immortalized by overexpression of human telomerase catalytic subunit. Smooth muscle
PM151T cells express SMA, calponin, heavy chain myosin, and AR (Kogan et al., 2006).

These cells, derived from both rodents and humans, provide important models for study of
stromal—epithelial interactions in the adult prostate. However, these are not suitable for
study of mesenchymal roles in prostate development since these cells have differentiated
and cannot be used to trace mesenchymal differentiation. These cell lines have not been
tested for prostate inductive capacity or the ability to integrate normally into the developing
prostate. These studies require a UGM line that is genetically stable, can be genetically
manipulated, can participate in prostate development in vivo, is responsive to androgen, and
models mesenchymal differentiation and signaling activities related to paracrine epithelial
signals.

In this regard, three immortalized UGM cell lines are available: U4F, rUGM, and UGSM-2
(Table 2). U4F cells were derived from an E18 male rat embryo organ culture.
Mesenchymal cells emanated from the UGS tissue onto the culture dish and immortalized
spontaneously. U4F cells express AR, have vimentin intermediate filaments but do not
express desmin (Rowley, 1992). Another cell line, rUGM, was also derived from an E18
male rat embryo. This cell line expresses AR and vimentin, but not desmin (Zhau et al.,
1994). Neither the U4F nor the rUGM cell lines have been tested in the in vivo prostate
recombination model. The UGM cell line, UGSM-2, also expresses vimentin and AR and
does not express desmin. The UGSM-2 cell line has been further characterized in vivo.

The UGSM-2 cell line is a clonal cell line generated from an INK4a mouse E16 embryo, a
transgenic knockout mouse that lacks the p16/NK4a and p19ARF proteins that trigger
senescence. UGSM-2 cells express AR, vimentin, and SMA but not smooth muscle markers
desmin or heavy chain myosin (Shaw et al., 2006). UGSM-2 cells are myofibroblasts in
culture. Their lack of mature smooth muscle markers is consistent with their origin from the
prenatal UGM, because few mesenchymal cells express mature smooth muscle markers at
E16 (Hayward et al., 1996). Not only do UGSM-2 cells express AR, but androgen treatment
of UGSM-2 cells cultured in vitro changes the morphology of the cells and stimulates
proliferation (A. Shaw et al., unpublished). The cells are stably tetraploid, contact inhibited,
and non-tumorigenic in vivo. These cells participate in prostate development as shown by
the ability of UGSM-2 cells grafted together with E16 intact UGS (i.e., both UGM and
UGE) to proliferate and become part of the periductal stroma in the mature prostate grafts
(Fig. 2). The capacity of UGSM-2 cells to differentiate into bona fide smooth muscle cells in
vivo has not been fully characterized. A distinguishing feature of UGM tissue is its inductive
capacity. Tissue recombination studies have shown that isolated mouse E16 UGM can
induce prostate morphogenesis in epithelia derived from the UGS or adult bladder (Cunha et
al., 2004). To screen for inductive capacity in UGSM-2 cells, we grafted UGSM-2 cells with
isolated E16 UGS epithelium (separated from UGM) under the renal capsule of an adult
male nude mouse. These grafts did not exhibit prostate formation (Shaw et al., 2006).
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However, since UGSM-2 cells can integrate into the developing prostate, UGSM-2 cells are
a useful UGM cell line for studying prostate developmental pathways.

We have used the UGSM-2 cell line to study Hedgehog (Hh) signaling. During prostate
development, Hh peptide is secreted by the epithelium and acts upon the adjacent
mesenchymal cells to activate the intracellular Hh signaling pathway. Our studies showed
that the UGSM-2 cells are Hh responsive and that Shh peptide induces expression of the
conserved Hh target genes Patched-1 and Glil, replicating what is observed in the freshly
isolated UGM (Shaw et al., 2006). Using UGSM-2 cells, we performed a microarray
analysis to identify Hh target genes in the developing prostate (M. Yu et al., unpublished).
The majority of putative target genes examined in detail exhibited Hh-regulated expression
in the intact UGS and/or in primary UGS mesenchymal cells. We have also used UGSM-2
cells to characterize the role of Noggin in prostate development to examine the effect of
BMP-4 on mesenchymal Noggin expression (Cook et al., 2007). These examples illustrate
the broad potential of this cell line to identify potential targets of regulation by signaling
pathways and examine the actions of signaling factors and transcriptional regulators
important in prostate development. Further, the androgen responsiveness of these cells
permits studies examining the influence of testosterone on these interactions.

UGSM-2 cells grow as monolayers in cell culture and can be co-cultured with epithelial
cells. We discovered that co-culture of UGSM-2 cells with BPH-1 prostate epithelial cells in
two-dimensional culture resulted in congregation of human BPH-1 cells in acinar-like
structures surrounded by UGSM-2 stromal cells (Fig. 3). A similar localization was seen
when the cells were grafted together under the renal capsule (Fig. 3). These studies show
that UGSM-2 cells interact with human BPH-1 epithelial cells by grouping cell types to
resemble cell arrangements in solid epithelial cords seen in early prostate development. This
provides a useful system to study mesenchymal—epithelial signaling pathways in vitro and in
vivo.

We have stably labeled UGSM-2 cells with monomeric red fluorescent protein to enable
visualization of the cells in vitro (Fig. 4) and in vivo. This facilitates monitoring of live cells
in co-cultures and allows location of the cells in vivo. Co-culture of UGSM-2 cells with
BPH-1 cells engineered to overexpress Shh results in activation of the Hh pathway and
expression of Glil in UGSM-2 cells. Grafting of UGSM-2 cells engineered to overexpress
the BMP antagonist Noggin with LNCaP tumor cells results in inhibition of BMP signaling
in the xenograft or in culture (A. Shaw et al., unpublished). In both instances, the use of
species-specific RT-PCR primers permits the selective quantitation of gene expression
changes in the human BPH-1 epithelial cells and mouse-derived stroma. This allows
selective monitoring of stromal—epithelial signaling pathways in which Shh elicits Hh
signaling in UGSM-2 cells, but not in BPH-1 cells (Shaw et al., 2006).

Since genetic manipulation of UGSM-2 cells may find use in a wide array of studies, we
will point out several specific methodological considerations. As a consequence of being
derived from the INK4a transgenic mutant created by insertion of a neomycin resistance
gene, UGSM-2 cells are neomycin resistant. Plasmid vectors encoding hygromycin or
zeocin resistance genes may be used for selection and maintenance of UGSM-2 cells in
culture. However, UGSM-2 cells show a low efficiency of transfection using standard
methods. We have found adenovirus vectors useful for transient expression studies and
retroviral infection with vectors expressing green fluorescent protein selection to be most
effective for generating stably transfected cells that can be sorted by fluorescence-activated
cell sorting.
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Conclusions

The UGSM-2 cell line possesses many features that make it useful to study the
mesenchymal—epithelial interactions of prostate development: genetic stability, androgen
responsiveness, and the ability to participate in prostate morphogenesis in vivo. Our studies
of Hh signaling and Noggin regulation suggest that this cell line recapitulates the
transcriptional and regulatory response of the UGS mesenchyme. However, no cell line can
recapitulate in monolayer culture the microenvironment of mesenchymal cells in the fetal
prostate and the regional variation in the identity, response and developmental fate of the
UGS mesenchyme itself. For this reason, in vitro studies using these cell lines are best when
complemented by in vivo studies to corroborate an in vitro observation and determine its
biological significance.
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Fig. 1.
Isolation of UGSM-2 cells. The urogenital sinus of an E16 male INK4a —/— transgenic

mouse embryo was subjected to collagenase digestion to separate epithelial (UGS-E) and

mesenchymal (UGS-M) layers. UGS-M was placed into a culture dish and allowed to

proliferate to confluence. Polyclonal UGSM cells were ring cloned to develop several stable

clones, including the UGSM-2 cell line. Taken from Shaw et al. (2006).
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Fig. 2.

UGSM-2 cell fate in development of the urogenital sinus (UGS). UGSM-2 cells labeled with
BrdU were seeded with dissected UGS tissue and allowed to develop under the renal capsule
of male nude mice. Immunohistochemistry shows UGSM-2 cells (red) in the periductal
regions of mature prostate. Epithelial cells are marked with pancytokeratin (green). Taken
from Shaw et al. (2006).
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UGSM-2 + BPH-1

Fig. 3.
Interaction of UGSM-2 and human BPH-1 epithelial cells. (A) UGSM-2 cells and/or BPH-1

cells grown on rat tail collagen. Co-cultures show small clusters of BPH-1 cells (arrows)
surrounded by UGSM-2 cells (arrows). (B) UGSM-2 and/or BPH-1 cells renal capsule grafts
after 4 weeks. Grafts of UGSM-2 cells alone yields only stromal tissue. BPH-1 cells grafted
alone do not produce identifiable viable grafts. Co-grafting of UGSM-2 and BPH-1 cells
results in small clusters of BPH-1 cells (arrows) surrounded by UGSM-2 cells.
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Fig. 4.

Labeling of cells enables tracking of cell proliferation, morphology, and motility in co-
cultures. UGSM-2 cells are stably labeled with monomeric red fluorescent protein and
LNCaP cells are labeled with green fluorescent protein. This shows proliferation of each cell
type over 7 days in culture. Days 1, 3, 5, and 7 are shown. Taken from Shaw et al. (2006).
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