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Abstract
The embryonic urogenital sinus mesenchyme (UGM) induces prostate epithelial morphogenesis in
development. The molecular signals that drive UGM-mediated prostatic induction have not been
defined. We hypothesized that the TGF-β signaling directed the prostatic induction. UGM from TGF-
β type II receptor stromal conditional knockout mice (Tgfbr2fspKO) or control mice
(Tgfbr2floxE2/floxE2)was recombined with wild-type adult mice bladder urothelial cells. The resulting
urothelium associated with Tgfbr2floxE2/floxE2 UGM was instructively differentiated into prostatic
epithelium, as expected. In contrast, the urothelium associated with Tgfbr2fspKO UGM permissively
maintained the phenotype of bladder epithelial cells. Microarray analysis of UGM tissues suggested
the down-regulation of multiple Wnt ligands and the up-regulation of the Wnt antagonist, Wif 1, by
the Tgfbr2fspKO UGM compared with Tgfbr2floxE2/floxE2 UGM. The overexpression of Wif-1 by
wild-type UGM resulted in the inhibition of prostatic induction. These data suggest that the stromal
TGF-β activity mediated by paracrine Wnt is necessary for the induction of prostatic differentiation.
As Wnt ligands mediate differentiation and maintain the stem cell phenotype, the contribution of
mouse stem cells and somatic cells to prostatic epithelium in the tissue recombination models was
tested. The directed differentiation of mouse embryonic stem cells by UGM is suggested by a
threshold number of mouse stem cells required in prostatic differentiation. To determine the
contribution of somatic cells, the adult bladder epithelial compartment was labeled with green-
fluorescent vital dye (CMFDA) and the stem-like cells marked by bromodeoxyuridine (BrdU) label-
retention. The resulting prostatic epithelia of the tissue recombinants maintained the CMFDA dye,
suggesting minimal cell division. Thus, the UGM can induce endoderm-derived epithelia and stem
cells to form prostate through a transdifferentiation mechanism that requires stromal TGF-β signaling
to mediate epithelial Wnt activity.
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1. Introduction
The importance of mesenchymal cells in organogenesis is established in many organs including
the prostate. The prostate develops from the embryonic urogenital sinus, having both
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mesodermally derived urogenital sinus mesenchyme (UGM) and endodermally derived
epithelial cells. In the presence of androgen, the epithelium undergoes proliferation and
differentiation into luminal and basal subtypes. Concurrently, the UGM proliferates and
differentiates into prostatic smooth muscle (Cunha et al., 1987; Hayward and Cunha, 2000).
Tissue recombination models have been extensively used to examine mesenchymal-epithelial
interactions during the process of prostatic organ formation. They have provided important
insights into the role of paracrine signaling. Yet, the mechanism for this mesenchymal
programming is still not understood. The instructive nature of the UGM toward prostatic
epithelial development suggests that paracrine factors are involved in this process (Shima et
al., 1995). Many androgen-regulated cytokines and growth factors play important roles in
controlling proliferation and differentiation of both epithelial and stromal cells (Cunha et al.,
1992, 1995; Thomson and Cunha, 1999; Hayward et al., 1998). The accumulation of TGF-β1
protein is reported to localize in the mesenchyme of fetal and neonatal prostate (Timme et al.,
1994). TGF-β signals by the binding of type I and II TGF-β receptors at the cell surface to
activate cytoplasmic signaling molecules including the Smad proteins (Massague and Gomis,
2006). However, the role of TGF-β signaling on UGM inductivity is not known. We have used
the tissue recombination model system to study the signaling mechanisms between the stromal
and epithelial compartments in vivo.

The mechanisms gleaned through tissue recombination modeling often recapitulate native
tissue development (Thomson et al., 2002; Donjacour and Cunha, 1995). Tissue recombination
studies illustrated the ability of UGM to instructively induce prostatic differentiation from a
number of endodermally derived epithelia including those of the prostate, bladder, and urethra
(Boutin et al., 1991a, b; Cunha et al., 1983). When applied to human embryonic stem cells,
UGM induces prostatic epithelium in the context of teratoma-like growth (Taylor et al.,
2006). Using a similar model, we have reported bladder epithelial induction from mouse
embryonic stem cells by embryonic bladder mesenchyme (Oottamasathien et al., 2007).
Although it is established that the UGM can differentiate pluripotent embryonic stem cells, it
is not known whether the differentiation of the adult bladder epithelia into prostate is a result
of the differentiation of resident tissue-specific stem cells or the adult urothelium itself. If it
were the latter, the studies would reveal the plasticity of non-transformed adult epithelia and,
further, somatic cell differentiation in prostate development.

In the present study, we identify the role of TGF-β in UGM induction of prostatic differentiation
through the use of tissue recombination techniques. We employed the TGF-β type II receptor
conditional knockout mouse that has a loss of TGF-β responsivity in the mesenchymal
compartment (Tgfbr2fspKO) (Bhowmick et al., 2004). The differences between normal UGM
from the Tgfbr2floxE2/floxE2 mouse and Tgfbr2fspKO UGM on instructing adult mouse bladder
epithelial differentiation were compared. The results suggested that regulation of Wnt paracrine
signaling mediates the role of TGF-β in the inductive effects of the UGM on the adjacent
epithelium. Further, the prostatic inductivity of the UGM was extended to transdifferentiation
of mouse stem and somatic cells.

2. Materials and methods
2.1. Animals and urogenital sinus

Tgfbr2floxE2/floxE2 and Tgfbr2fspKO mice bred on the C57Bl/6 background were generated as
described previously (Bhowmick et al., 2004). Tgfbr2floxE2/floxE2 mice having loxP sites at
introns 1 and 2 of Tgfbr2 were our control mice. Tgfbr2fspKO mice are homozygous conditional
knockout of the Tgfbr2 in fibroblasts. Adult male athymic nude mice and C57Bl/6 mice were
purchased from Harlan (Indianapolis, IN). All animal procedures were approved by the
Vanderbilt Institutional Animal Care and Use Committee.
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The urogenital sinuses from mouse or rat embryos (E16 and E18 day, respectively) were
separated under a dissecting microscope into epithelial and mesenchymal (UGM) components
as described previously (Staack et al., 2003). Rat UGMs were pooled together and further
digested with collagenase into single cells (Hayward et al., 1999).

2.2. Tissue recombination and grafting
UGM from Tgfbr2floxE2/floxE2 or Tgfbr2fspKO mice was recombined with 1/6 of the adult
bladder epithelial cells (approximately 30,000 cells) from one mouse in a 50-μl rat-tail collagen
and incubated overnight at 37 °C. For the recombination of rat UGM with mouse ES cells,
each 50-μl collagen contained 300,000 rat UGM cells with 500-5000 ES cells. The ES cells
were maintained and cultured with a feeder layer of mitotically inactivated primary mouse
embryonic fibroblasts as described before (Oottamasathien et al., 2007). The mouse-derived
tissue recombinants were grafted under the renal capsule of syngenic C57Bl/6, whereas the
tissue recombinants containing rat UGM were xenografted under the renal capsule of athymic
nude mice. The grafts were analyzed after 4 weeks following paraformaldehyde fixation and
paraffin embedding.

2.3. Wif 1 lenti-virus production and transduction of UGM
Mouse Wif 1 cDNA clone in pCMV-SPORT6 vector (clone ID, 3984128) was purchased from
Open Biosystems (Huntsville, AL). It was subcloned into pLenti6/V5-DEST Gateway vector
(Invitrogen Life Technologies, Carlsbad, CA) through Gateway BP and LR recombination
reactions using Gateway Technology with Clonase II (Invitrogen) according to the user
manual. The Wif 1 lenti-virus was generated by transfection of Wif 1 in pLenti6/V5-DEST in
293FT cells using ViraPower Packaging Mix from Invitrogen. Then the supernatants with virus
were collected and stored at -80 °C for further use.

Wif 1 overexpression UGMs were generated by incubation of UGMs from
Tgfbr2floxE2/floxE2 mice embryos with Wif 1 lenti-virus-containing medium overnight. Since
UGMs lose the inductivity 2 or 3 days in vitro, the transduction rate was determined by two
parallel control experiments. In one, the UGMs were transduced with EGFP lenti-virus
generated at the same time with Wif 1 lenti-virus, and the green fluorescence of the UGM was
observed after 3-4 days. In the second experiment, primary cultured Tgfbr2floxE2/floxE2 mice
prostate fibroblast cells were transduced with Wif 1 lenti-virus at the same condition as UGMs,
then the cells were selected by blasticidin, and it was noticed that nearly 100% cells survived.

2.4. BrdU injection and uroepithelial cells preparation
Tgfbr2floxE2/floxE2 mice (7-9 weeks old) received one daily intraperitoneal injection of 0.1-ml
10 mg/ml 5-bromo-2-deoxyuridine (BrdU, Sigma) in sterile saline for 12 days. The urinary
bladders were excised from these mice 1 month after the last injection of BrdU (Kiel et al.,
2007; Lawson et al., 2005; Taupin, 2007; Yan et al., 2007; Kempermann et al., 2003). The
urothelial cells of the bladder from either BrdU-injected or control mice were separated by
EDTA incubation and micromanipulation (Oottamasathien et al., 2006). The bladder epithelia
were labeled with CellTracker CMFDA (5-chloromethylfluorescein diacetate, Molecular
Probes, Eugene, OR) at 37 °C for 1 h and washed prior to tissue recombination (Cheng et al.,
2005).

For counting of BrdU- and CMFDA-labeled urothelial cells, the cells were collected on a slide
by Cytospin (Thermo Shandon, Pittsburgh, PA), 5 min at 1000 rpm. After fixation with ice-
cold acetone, the cells were treated with 2 N HCl at room temperature for half an hour before
incubation with BrdU antibody for immunofluorescent staining. Slides were evaluated using
epifluorescence microscopy.
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We determined the threshold of CMFDA CellTracker dye detection following cell division
under fluorescence microscopy. Simply, a specified cell number was incubated with CMFDA,
washed, and allowed to divide in culture. The cells were counted and visualized at regular
intervals until the cells were not visible by epi-fluorescence microscopy.

2.5. Antibodies and immunohistochemistry
Tissue sections were deparaffinized with xylene and hydrated in graded ethanol. The tissues
were treated with hydrogen peroxide (1%) and antigen retrieval was performed by boiling in
unmasking reagent (1:100, Vector Labs) prior to blocking. The primary antibodies used in this
study were as follows: biotin-conjugated anti-BrdU (Molecular Probes, 1:100), rabbit
polyclonal androgen receptor (N-20), p63 (H-137), Wif-1 (H-180), goat polyclonal FoxA1
(C-20) (Santa Cruz Biotechnology, 1:1000), phospho-Smad2 (Ser465/467) (Cell Signaling,
1:1000), mouse monoclonal anti-prostatic acid phosphatase (Sigma-Aldrich, 1:200), and
uroplakin (a kind gift from Dr. T.T. Sun, New York University School of Medicine, Department
of Dermatology, New York). All antibodies were diluted in PBS containing 10% fetal bovine
serum (FBS) and incubated overnight at 4 °C. The secondary antibodies and detection reagents,
from Dako (Dako, Carpinteria, CA), were applied the next day according to the manufacturer's
instruction. The immunohistochemical stainings were visualized and captured using a Nikon
Coolscope (Nikon Instrument Inc., Melville, NY).

2.6. Microarray and real-time PCR confirmation
Tgfbr2floxE2/floxE2 UGMs from three embryos were pooled together as a common reference
control. Tgfbr2fspKO UGMs from three embryos were collected individually. They were placed
directly in SuperAmplification lysis buffer provided by the Miltenyi Biotec Company (Auburn,
CA), stored on dry ice, and immediately transported to the company for superamplification of
cDNA and microarray analysis using Agilent whole mouse genome oligomicroarray (44k).
The three Tgfbr2fspKO UGM cDNA samples were directly compared with the pooled
Tgfbr2floxE2/floxE2 in three separate arrays. The response measures, average fold changes, from
direct comparison within each array were extracted for each gene of three Tgfbr2fspKO UGM
cDNA samples, and data were analyzed using the EASE software
(http://david.abcc.ncifcrf.gov/ease/ease.jsp). To confirm the differential expression of genes
of interest from the microarray analysis, reverse transcription and quantitative real-time PCR
were performed using iScript and iQ SYBR Green supermix, respectively (Bio-Rad, Hercules,
CA). Relative quantitation was calculated by the ΔΔCt method normalized to GAPDH (Dorak,
2006).

3. Results
Tissue recombination techniques have been used to study stromal-epithelial interactions and
recapitulate development of various tissues under the renal capsule. We have used tissue
recombination to study the role of stromal TGF-β signaling in epithelial differentiation.
Recombinations of UGM from Tgfbr2floxE2/floxE2 15-18-day mouse embryos with adult mouse
wild-type bladder epithelia were grown under the renal capsules of syngeneic mice for 1 month.
The grafts developed into glandular structures with surrounding stromal differentiation, as
shown in Fig. 1. (A summary of all the tissue recombination grafts is shown in Table 1.) The
immunohistochemical staining showed no expression of the urothelial differentiation marker,
uroplakin. However, as expected, the expressions of prostate secretory protein differentiation
markers, dorsal lateral prostate (mDLP), and prostate acid phosphatase (PAP) were detected
in the epithelium (Fig. 1). p63, a basal cell marker, showed the integrity of the glandular
structure of the grafted tissue. The staining for FoxA1 in the epithelium, a transcription factor
in the cells developed from endoderm, confirmed the origin of the epithelium from urothelial
cells (Lee et al., 2005). Additionally, phosphorylated Smad2, an indication of activated TGF-
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β signaling, was localized to the nuclei of both stromal and epithelial cells. Together, the data
were consistent with previous reports that Tgfbr2floxE2/floxE2 UGM, similar to wild-type UGM,
was inductive of bladder epithelial differentiation to prostatic epithelium.

Next we determined the role of TGF-β responsiveness of the UGM in the induction of prostate
differentiation. UGM knocked out for the expression of Tgfbr2 was either obtained from
Tgfbr2fspKO mouse embryos or generated by applying Creadenovirus on Tgfbr2floxE2/floxE2

UGM. The important difference between the two sources of UGM was the extent of Tgfbr2
recombination. The Tgfbr2fspKO UGM had approximately 50% detectible recombination of
the Tgfbr2 gene, and the ex vivo adenoviral-Cre transduction resulted in approximately 80%
recombination as determined by phosphorylated-Smad2 expression (data not shown).
However, both Tgfbr2fspKO and Cre-adenoviral UGM behaved in a similar manner in that they
did not yield glandular prostatic structures when recombined with bladder epithelia. The
grafted tissues were histologically similar to transitional epithelia surrounding the luminal
space (Fig. 2). Immunohistochemical staining indicated uroplakin expression in the epithelium,
suggesting the maintenance of urothelial differentiation. The lack of mDLP secretory protein
and PAP expression in the grafts further suggested the loss of prostatic induction by the Tgfbr2
knockout UGM. Phosphorylated-Smad2 immuno-localization confirmed epithelial TGF-β
signaling, with substantial loss of stromal detection. The representative panels shown in Fig.
2 were from Cre-adenovirus-transduced Tgfbr2floxE2/floxE2 mouse UGM. Thus, stromal TGF-
β signaling played an important role in the UGM induction of prostatic differentiation from
bladder urothelium.

To further identify the mechanism how TGF-β imparts UGM prostate identity on the adjacent
epithelium, gene expression profiles were compared between the Tgfbr2floxE2/floxE2 and
Tgfbr2fspKO UGM. The Wnt signaling emerged from our analysis as a prime candidate to be
the primary regulated signaling pathway. Correspondingly, many Wnt ligands were down-
regulated and the secreted Wnt antagonists (Wif 1, SFRP1, and SFRP2) were consistently up-
regulated by the Tgfbr2fspKO UGM (Fig. 3A). Among those genes, Wnt2, Wnt4, Wnt10a,
SFRP1, and SFRP2 and Wif 1 had greater than two-fold change and a significant p-value
(p<0.0001) by microarray analysis. These changes were further validated by real-time PCR
with the exception of SFRP1 and SFRP2 (Fig. 3B). As many Wnt ligands are stromally secreted
with cognate receptors expressed by the epithelia, Wnts and their antagonists were good
candidates for mediating stromal-epithelial interactions.

To determine the role of paracrine Wnt signaling in mediating prostate induction by the UGM,
Wif 1 was overexpressed by wild-type UGM. Wif 1 is a pan-antagonist for both canonical and
non-canonical Wnt signaling by direct binding to Wnt ligands. Wif 1 lenti-virus-transduced
UGM and control UGM were recombined with bladder epithelia and grafted in mice for 1
month. Histology of recombinants generated using Wif 1-expressing UGM demonstrated the
maintenance of bladder transitional epithelial differentiation expressing uroplakin and no PAP
(Fig. 4). In contrast, the control UGM induced prostate luminal epithelial differentiation with
associated epithelia-expressed PAP and without uroplakin expression. Taken together, these
data demonstrated that TGF-β signaling regulated the inductivity of UGM through inhibition
of Wnt signaling in the adjacent epithelium.

The importance of paracrine Wnt signaling in prostatic induction increased the possibility that
prostatic induction by the UGM is through directed differentiation of the residing stem cells
in the bladder epithelial compartment (Blank et al., 2008; Blanpain et al., 2007). To initially
determine the number of stem cells required in prostatic tissue induction by UGM, mouse
embryonic stem (mES) cells were tested in tissue recombinant experiments in male SCID host
mice. We found that when 500 or 1000 mES cells were recombined with 300,000 rat UGM
cells and xenografted for 6 weeks no tissue grew (Fig. 5A, B). However, under the same
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conditions, 1500 and 5000 mES cells were induced to develop teratoma containing prostatic
structures (Fig. 5C, D). The prostatic structures comprised 10-20% of each graft. The prostatic
phenotype was confirmed by immunohistochemistry staining of FoxA1, p63, AR, and mDLP
secretory protein (Fig. 5E-H). The representative pictures shown in Fig. 5E-H were from the
recombinants using 1500 mES cells with UGM. Greater mES cell numbers (5000) grew into
larger tissue recombinants with similar structures and compositions (Fig. 5D). These
recombination experiments indicate that the threshold number of mouse stem cells can be
induced to form prostate by the UGM.

To differentiate the contribution of adult stem cell differentiation from the alternative
hypothesis of the transdifferentiation of urothelial cells, a set of experiments illustrated in Fig.
6A were designed. BrdU label-retention methods were used to mark potential stem cells of the
donor mouse bladders 4 weeks prior to harvesting (Kempermann et al., 2003;Kiel et al.,
2007). The bladder epithelia were further labeled with a green-fluorescent vital dye, CMFDA,
following harvesting. The CMFDA fluorescent probe can be retained in living cells through
several generations. It can pass freely through cell membranes, but once inside the cell is
transformed into a membrane-impermeable reaction product. The CMFDA dye can be
inherited by daughter cells after cell division and is not transferred to adjacent cells in a
population. In vitro, we have observed that the fluorescence can be detected up to five cell
divisions, but was undetectable after six divisions. Following isolation from the bladder and
cytospin, urothelial cells were counted. By this method an average of 200,000 epithelial cells
were isolated from one adult bladder. qThe number of BrdU label-retaining cells was about
3600 (~1.8% of total). We recombined approximately 30,000 bladder epithelial cells,
containing about 600 BrdU label-retaining cells, with a single-embryo UGM (approximately
90,000 cells) to form each graft. If most of the urothelial cells transdifferentiated into prostate,
after five or less divisions in 1 month, the green CMFDA vital dye would be visible in the
harvested grafts. However, if only the stem cells of the bladder, originally only ~600 in number,
differentiated to prostate, six or more cell divisions would be needed to develop into the
prostatic tissues of the size observed. As the CMFDA concentration is diluted in each cell
division, most of the glandular cells would likely not have green CMFDA fluorescence. There
may be only a few undifferentiated stem cells co-staining of BrdU and CMFDA in either
scenario.

The recombinant tissues utilizing the CMFDA- and BrdU-labeled bladder epithelia were
harvested and analyzed by microscopy. Fig. 6A illustrates the red immunofluorescence for
BrdU and green for CMFDA from the bladder epithelia used in the tissue recombination
experiments. Immunohistochemistry illustrated the BrdU staining in the grafts of bladder
epithelium alone (control, i.e., no mesenchyme) and the recombinant grafts with UGM (UGM
+urothelium), respectively (Fig. 6B, C). The adult bladder epithelium-only grafts had a few
scattered BrdU-positive cells in the small pool of surviving epithelia, with no ductal structure.
The UGM enabled prostatic structure formation with few cells maintaining BrdU staining in
the epithelial compartment. There was a reduction in apparent BrdU-labeled cells in the grafts
compared to the approximate 600 BrdU-labeled stem cells in the starting material (see Fig.
6A). To detect CMFDA fluorescence in the epithelia, the grafts were observed under
fluorescent microscopy (Fig. 6D, E). The negative control of the bladder epithelium not labeled
with CMFDA had no significant green autofluorescence. However, the green fluorescence of
the originally CMFDA-labeled bladder epithelia was still detectable in all of the resulting
glandular prostate epithelium 4 weeks after grafting. The apparent reduction of BrdU label-
retaining cells and the striking retention of CMFDA indicated that most of the adult bladder
epithelia were transdifferentiated to prostatic epithelia with a likely contribution of stem cells
in prostatic induction by the UGM.
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4. Discussion
The role of TGF-β signaling in UGM prostate inductivity was revealed through tissue
recombination with adult bladder epithelium. The embryonic UGM is capable of inducing
prostate-like morphogenesis in endodermally derived epithelial cells from fetal or adult
bladder, urethra, or vagina (Cunha et al., 1983, 1987; Boutin et al., 1991a). Growth factors
such as TGF-β, fibroblast growth factor-7 (FGF-7, also known as keratinocyte growth factor
or KGF), insulin-like growth factors, Wnt ligands, epidermal growth factor, heparin-binding
growth factors, and platelet-derived growth factor have been correlated with epithelial
differentiation of the prostate (Shima et al., 1995; Timme et al., 1994; Cunha et al., 1992,
1995; Sugimura et al., 1996; Thomson et al., 1997). The ability of UGM to induce prostatic
differentiation is likely to be regulated by more than one factor; these factors cross-talk at
multiple levels. The TGF-β family has been extensively studied and is believed to be important
in mediating the interaction between stromal cells and epithelium during development and
pathogenesis. The UGM has been suggested to be the major site of TGF-β isoform expression,
and accumulation of TGF-β1 protein was localized to the mesenchyme surrounding the
developing prostate buds throughout the perinatal period (Timme et al., 1994). The TGF-β
target genes, such as uPA and c-myc, were also expressed more in the UGM compared to the
urogenital epithelia (Timme et al., 1994; Haughney et al., 1998). Our present work illustrates
the necessity of TGF-β signaling in the UGM in prostate epithelial induction, and further
implicates Wnt epithelial activity in this induction.

The Wnt ligands are usually stromally secreted with the cognate receptors on adjacent epithelial
cells. Once the Wnt ligands activate the frizzled receptors at the cell surface, Wnt signaling is
initiated through canonical or non-canonical pathways (Clevers, 2006; Kohn and Moon,
2005). TGF-β and Wnt signaling cross-talk in development and cancer can be both cooperative
and antagonistic (Letamendia et al., 2001; Labbe et al., 2000, 2007; Attisano and Labbe,
2004). However, our understanding of the interactions of these pathways at a paracrine level
is incomplete. In the presence of both Wnt and TGF-β, Smad3 and Smad4 bind to LEF1/TCFs
to enhance β-catenin transcriptional activation of target genes (Labbe et al., 2000; Letamendia
et al., 2001). TGF-β is also reported to promote the physical interaction of smad7 with β-catenin
and LEF1/TCF, and accumulates β-catenin in a p38 MAP kinase-dependent manner (Edlund
et al., 2005). The studies described here suggest that TGF-β action on the stromal cells activates
Wnt signaling, which then acts, presumably in a paracrine manner on adjacent epithelial cells,
to elicit critical aspects of prostatic differentiation.

The comparison of the gene expression profiles between UGM from Tgfbr2floxE2/floxE2 and
Tgfbr2fspKO mice indicated the down-regulation of most Wnt ligands and the up-regulation of
Wnt antagonists (Fig. 3). However, most Wnt signaling target genes, such as VEGF, MMPs,
and CD44, were not changed (Supplemental Table). These data further implied that the
decreased Wnt signaling in the Tgfbr2fspKO UGM was not acting in an autocrine but probably
in a paracrine manner. The role for Wnt signaling was confirmed by antagonizing the pathway
in wild-type UGM by the transduction of Wif 1. Bladder epithelium was not converted to
prostate when Wnt signaling was blocked in UGM tissues (Fig. 4). However, Tgfbr2fspKO mice
develop prostates, albeitwith a transformed phenotype (Bhowmick et al., 2004). It would
suggest that the signal intensity involved in prostate induction of embryonic urogenital sinus
epithelia may differ from that required to re-program adult urothelia to the prostate. The role
of Wnt signaling in cancerous transformation of the prostate is well documented (Voeller et
al., 1998;Bruxvoort et al., 2007;Chesire and Isaacs, 2003;Bierie et al., 2003). Interestingly, our
studies indicate that the same pathway is necessary for the developmental differentiation of
the prostate.
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During prostatic development, the mesenchyme induces epithelial ductal morphogenesis and
differentiation. In tissue recombination models involving heterotypic epithelia, the origin of
the resultant epithelial component is unclear. Two possible explanations have been discussed:
transdifferentiation from apparently “terminally” differentiated urothelium and, alternatively,
induction of a stem cell population residing in the epithelium (Kinbara et al., 1996). Work
showing the formation of human prostate tissue from embryonic stem cells supported the
possibility of urothelial-resident stem cells differentiating to prostatic epithelia (Taylor et al.,
2006). Our data with mES cells further supported this line of reasoning (Fig. 5). However, the
data also suggest that the number of stem-like label-retaining cells residing in the bladder
epithelial compartment is not sufficient to develop into prostate alone (Figs. 5 and 6). Our
experiment with mES cell-UGM recombinations was similar to previous publications with
human ES cells, where a minimum number of stem cells were needed for prostatic glandular
development (Taylor et al., 2006). Indeed, the UGM-mediated induction of mES cells and the
adult label-retaining cells are not the same. The BrdU label-retention studies in fact normally
overestimate the number of stem-like cells in the tissue (Kiel et al., 2007; Kurzrock et al.,
2008). However, the prostatic specificity induced in tissue recombinants from a variety of
epithelial sources by UGM suggests common inductive mechanisms for this model and likely
in normal prostate development. The results with CMFDA vital dye-labeled cells are the most
persuasive in supporting the alternative hypothesis of urothelial transdifferentiation, where the
newly developed prostatic epithelia maintained the dye. If the prostate was a result of stem cell
differentiation, much of the epithelium would have been replaced by cells with no visible dye.
This indicated there was transdifferentiation of the urothelia itself. The contribution of the
terminally differentiated apical umbrella cells of bladder epithelium in prostatic
transdifferentiation is unlikely. The contribution of resident stem cells cannot be ruled out, but
is apparently not the primary means of prostate formation in this model. Yamanaka and
colleagues reported the successful induction of pluripotent stem cells from both mouse
embryonic and adult fibroblast cultures by defined factors (Aoi et al., 2008; Nakagawa et al.,
2008; Takahashi et al., 2007a, b; Takahashi and Yamanaka, 2006). This implied that any
differentiated cell can be reprogrammed to stem cells under certain factors, and the
reprogrammed stem cells can be further induced to any tissues with the respective mesenchyme.
Our studies further support the role of Wnt signaling activity in the reprogramming of adult
urothelia to enable prostatic transdifferentiation. Although in natural prostatic development
urothelial cells are not a contributor, our studies illustrate the capacity and mechanism of the
UGM to transdifferentiate somatic cells.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Appendix

Appendix A. Supplementary material
Supplementary data associated with this article can be found in the online version at doi:
10.1016/j.diff.2008.09.012.
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Fig. 1.
Tissue recombination experiment of Tgfbr2floxE2/floxE2 UGM with adult bladder epithelia.
Bladder epithelia from wild-type C57Bl/6 mice were combined with UGM from
Tgfbr2floxE2/floxE2 mouse embryo into collagen gel plug and grafted under the renal capsule
of synergistic mice for 1 month. The histology of the resulting grafts was visualized by H&E
staining at (A) 200× and (B) 400× magnification. Immunohistochemistry for the (C) endoderm
marker FoxA1, (D) basal cell marker p63, (E) bladder urothelial marker uroplakin, (F)
differentiated prostate epithelial markers mDLP secreted protein, and (G) PAP is shown in
representative pictures as indicated. (H) Immunohistochemical staining for phosphorylated
Smad2 indicated TGF-β signaling in both stromal and epithelial cells. The
immunohistochemically stained sections were counterstained with hematoxylin (blue). Scale
bar represents 200 μm (A) and 25 μm (B-H).
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Fig. 2.
Tissue recombination experiment of Tgfbr2fspKO UGM with adult bladder epithelia. Bladder
epithelia from wild-type C57Bl/6 mice were combined with UGM from Tgfbr2fspKO mouse
embryo into collagen gel plug and grafted under the renal capsule of synergistic mice for 1
month. The histology of the resulting grafts was visualized by H&E staining at (A) 200× and
(B) 400× magnification. Immunohistochemistry for the (C) endoderm marker FoxA1, (D) basal
cell marker p63, (E) bladder urothelial marker uroplakin, (F) differentiated prostate epithelial
markers mDLP secreted protein, and (G) PAP is shown in representative pictures as indicated.
(H) Immunohistochemical staining for phosphorylated Smad2 indicated TGF-β signaling in
the epithelial compartment, diminished in the stromal cells. The immunohistochemically
stained sections were counterstained with hematoxylin (blue). Scale bar represents 200 μm (A)
and 25 μm (B-H).
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Fig. 3.
Microarray analysis indicated that the loss of prostatic inductivity by Tgfbr2fspKO UGM was
associated with the down-regulation of many Wnt ligands and the up-regulation of Wnt
antagonists. (A) The list illustrates the accession number, gene name, and fold change (±
standard deviation) comparing three Tgfbr2fspKO UGM to three pooled Tgfbr2floxE2/floxE2

UGMs. The genes suggested to have greater than two-fold change and significant p-value by
microarray analysis were validated by real-time RT-PCR (asterisk). (B) The graph indicates
mean±standard deviation of real-time RT-PCR data (p<0.01, n = 3).
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Fig. 4.
Tissue recombinations of mouse adult bladder epithelia associated with wild-type control UGM
(left) were compared with Wif 1-overexpressed wild-type UGM (right). The resulting prostatic
histology of the control was illustrated by H&E staining and PAP immunohistochemical
expression with the absence of Wif 1 (inset), and uroplakin expression. In contrast, the
expression of Wif 1 by the UGM resulted in a bladder-like histology, confirmed by positive
immunohistochemistry staining for Wif 1 and uroplakin with the absence of PAP localization.
Scale bar represents 50 μm.

Li et al. Page 15

Differentiation. Author manuscript; available in PMC 2009 August 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Tissue recombination of mES cells with rat UGM. Rat UGM cells (300,000) were recombined
with (A) 500, (B) 1000, (C) 1500, and (D) 5000 mES cells and xenografted under the renal
capsule of nude mice. The resulting grafts after 6 weeks varied in gross size (inset) and histology
(A-D). The recombinant grafts with UGM and the minimum 1500 mES developed teratomas
which contained 10-20% prostatic structures. Positive immunohistology staining for (E)
FoxA1, (F) p63, (G) AR, and (H) mDLP secreted protein supported our interpretation of
prostatic differentiation. The sections were nuclear counterstained with hematoxylin (blue).
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Fig. 6.
Tissue recombination of Tgfbr2floxE2/floxE2 UGM with labeled adult bladder epithelia. (A) The
diagram illustrates the strategy for identifying BrdU label-retaining cells by the injection of
BrdU in wild-type donor mice for 12 consecutive days, then harvesting the bladder 30 days
later. Following the isolation of the bladder epithelia, the cells were further labeled with
CMFDA. Dual labeling was confirmed by cytospin and fluorescence detection. The panel on
the right illustrates urothelial cells immunostained for BrdU in red and green fluorescence of
CMFDA. Two outcomes of the tissue recombinants with the labeled bladder epithelia could
be observed: (1) If majority of the resulting prostatic epithelium in the grafts maintained
detectable green CMFDA-labeled dye, it would suggest urothelial transdifferentiation as only
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a few cell divisions would be required (p5 cell divisions). (2) Alternatively, if only a few green
cells were present maintaining BrdU (red), then it is likely that many more cell divisions (≥6)
would be required, suggesting bladder stem cell induction as the primary means of prostate
differentiation. Immunohistochemistry was used to detect BrdU in tissue recombinants after 1
month of grafting for (B) the control graft with bladder epithelial cells only (no mesenchyme)
and (C) in the tissue recombinants with both bladder epithelia and UGM. Arrowheads indicate
cells positive for BrdU staining. (D) Fluorescence microscopy of the UGM+urothelium tissue
recombinant grafts showed little autofluorescence when the control epithelia were not labeled
with CMFDA. (E) However, tissue recombinants with bladder epithelia pre-labeled with
CMFDA showed nearly all epithelial cells were green 1 month after grafting. The tissue
recombinants with UGM and bladder epithelial grafts in panels (C-E) had prostatic histology.
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