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Abstract
BACKGROUND—Androgens and the androgen receptor (AR) play critical roles in the prostate
development via mesenchymal-epithelial interactions. Smooth muscle cells, differentiated from
mesenchyme, are one of the basic components of the prostate stroma. However, the roles of
smooth muscle AR in prostate development are still obscure.

METHODS—We established the smooth muscle selective AR knockout (SM-ARKO) mouse
model using the Cre-loxP system, and confirmed the AR knockout efficiency at RNA, DNA and
protein levels. Then we observed the prostate morphology changes, and determined the epithelial
proliferation, apoptosis, and differentiation. We also knocked down the AR in a prostate smooth
muscle cell line (PS-1) to confirm the in vivo findings and to probe the mechanism.

RESULTS—The AR was selectively and efficiently knocked out in the anterior prostates of SM-
ARKO mouse. The SM-ARKO prostates have defects with loss of infolding structures, and
decrease of epithelial proliferation, but with little change of apoptosis and differentiation. The
mechanism studies showed that IGF-1 expression level decreased in the SM-ARKO prostates and
AR-knockdown PS-1 cells. The decreased IGF-1 expression might contribute to the defective
development of SM-ARKO prostates.

CONCLUSIONS—The AR in smooth muscle cells plays important roles in the prostate
development via the regulation of IGF-1 signal.
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INTRODUCTION
The androgen receptor (AR) has been detected in the stromal and epithelial cells of the
prostate, and the androgenic effects on prostatic development are mediated via the
mesenchymal-epithelial interactions [1–3]. The tissue recombination studies in immune
deficient mice showed that urogenital sinus mesenchyme (UGM) could regulate the
proliferation and differentiation of urogenital sinus epithelium (UGE) into a well-
differentiated secretory epithelium [4–5]. In addition, the recombinants composed of AR
negative UGM and wild type (WT) UGE failed to form prostatic structure even in the
presence of androgens. These observations initiated people’s attention for the importance of
stromal AR. Yet the prostate stroma is heterogeneous, and consists of many cell types,
including smooth muscle cells (SMCs), fibroblast cells, endothelial cells, nerve cells, etc.
The AR roles in each individual cell type remain to be elucidated.

SMCs, differentiated from the the embryonic mesenchyme, are one of the principle stromal
cells in the normal prostate, and are proposed to play roles in the stromal-epithelial
interactions, as well as prostate development and cancer [6–9]. The imbalanced interaction
between SMCs and epithelium may influence the epithelial function and development [7].
After castration, the prostatic SMCs morphology, transcription, and differentiation have
some alterations [10], which suggest the prostatic SMCs’ function could be regulated by the
androgen signals. However, the previous studies cannot dissect the AR roles specifically in
SMCs or its roles in the epithelium development in mice with intact immune system and
physiological prostatic microenvironments.

The Cre-loxP system allows us to selectively knock out the AR in a single cell type, and to
study each individual cell type in the prostate. Previously, we have shown that the total AR
knockout (ARKO) mice failed to develop prostate [11], but the prostate epithelial ARKO
mice developed prostates with loss of differentiation and increase of basal-intermediate cell
proliferation [12]. Then we knocked out the fibroblasts AR, and found altered prostate
epithelial development with decrease of proliferation, increase of apoptosis, and partial loss
of differentiation (manuscript in preparation). To further probe the SMCs AR roles, we
established the SMCs conditional AR knockout (SM-ARKO) mouse model, and found the
AR loss in SMCs results in abnormal development of the prostate with loss of infolding
structures and decrease of proliferation rate, which is mediated by reduced IGF-1. We then
knocked down the AR in the smooth muscle cell line PS-1 [13] to confirm the in vivo
findings.

MATERIALS AND METHODS
Generation of the SM-ARKO Mice

We mated transgelin-Cre (Tgln-Cre) male mice (C57BL/6*SJL*129S5/SvEvBrd; JAX, Bar
Harbor, Maine) with floxed AR (C57BL_6) female mice to generate SMCs-specific AR
knockout mice. The generation of Tgln-Cre and floxed AR mice has been described
previously [14–16]. Cre and floxed AR alleles in tail genomic DNA of SM-ARKO mice can
be detected by polymerase chain reaction (PCR) as described previously [15,16]. Protocols
for use of animals were in accordance with the National Institutes of Health.

Activity of Cre Recombinase in Tissue Sections
The transgenic Tgln-Cre recombinase activity by 6 weeks (wks) of age was confirmed
through breeding with the ROSA26-LacZ reporter line. The ROSA26-LacZ reporter line
(Jackson Laboratories) harbors a bacterial β-galactosidase (β-Gal) reporter gene, the
expression of which requires Cre-mediated deletion of the floxed “stop” sequence separating
the ROSA26 promoter and the β-Gal gene [17]. Thus, the β-Gal gene is expressed only
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where Cre is expressed and active. Fresh dissected tissues from double transgenic mice
(Tgln-Cre and ROSA26-LacZ) and ROSA26-LacZ transgenic control mice were frozen in
Tissue-Tek, sectioned at 10 µm, and stained by using the β-Gal staining kit from Specialty
Media (Billerica) according to the manufacturer’s suggested protocol.

H&E Staining
The tissue sections were dewaxed and rehydrated routinely. The sections were stained in
hematoxylin for 5 min, and washed in running tap water for 5 min. Then the sections were
stained in eosin for 30 sec, dehydrated, and mounted by routine methods. We then examined
and photographed at least 10 fields per each slide. The consistent and representative fields
were chosen to present in the figures.

Immunohistochemistry (IHC)
For the prostate tissues, all three prostatic lobes were embedded and sections prepared at 5
µm; for the PS-1 cells, 1×104 cells were seeded on the slides and fixed by 4%
paraformaldehyde the next day. Immunostaining was performed as described previously
[12]. The antibodies used were anti-AR (C-19, 1:1000, Santa Cruz Biotechnology), anti-
Ki67 (1:1000, Novocastra, UK), anti-P63 (1:500, Abcam), and anti-IGF-1 (1:500, Santa
Cruz Biotechnology).

Apoptosis Assay
The in situ cell death detection TUNEL kit (Roche Pharmaceuticals) was used for detection
of apoptotic cells according to the manufacturer’s instructions. For the positive control, we
incubated sections with DNase I (3000 U/ml in 50 mM Tris-HCl/pH 7.5, 100 µg/ml BSA)
for 10 min at 15–25 °C to induce DNA strand breaks, prior to labeling procedure. For the
negative control, we incubated sections with label solution only (without terminal
transferase) instead of TUNEL reaction mixture.

Cell Cultures
The cell line PS-1 was cultured in DMEM (Life Technologies) medium containing 10%
fetal bovine serum, and 100 units/ml penicillin/streptomycin. After cloning the AR-shRNA
(5′-
GTCGGGCCCTATCCCAGTCCCACTTGCTCGAGCAAGTGGGACTGGGATAGGGCT
TTTTGAATTCGC-3′) and scrambled RNA into pSuperior-neo vector (Oligoengine), we
transfected these two vectors into PS-1 cells separately. The following day, we replaced the
standard media with media containing 500 µg/ml G418. After 2 wks selection, all surviving
cells were collected for further experiments.

RNA Extraction, Reverse Transcriptase-PCR (RT-PCR), and Quantitative Real-time PCR (Q-
PCR)

Total RNA was extracted and purified using Trizol (Invitrogen, Carlsbad, CA) according to
the manufacturer’s instructions. Three µg total RNA was subjected to reverse transcription
using Superscript III (Invitrogen). RT-PCR has been described previously [15], using
primers from AR exon 1 and exon 3 : AR sense, 5'-TATCCTGGTGGAGTTGTG-3';
antisense, 5'-CAGAGTCATCCCTGCTTC-3' respectively. Q-PCR was performed with first
strand cDNA, specific gene primers, and SYBR Green PCR Master Mix (Biorad, Hercules,
CA). The Q-PCR was performed on an iCycler iQ Multi-color real-time PCR detection
system (Biorad) as described previously [16]. Primer sequences were as follows: Hepatocyte
growth factor (HGF): sense, 5′-AGAGGTACGCTACGAAGTC-3′; antisense, 5′-
GCTTGCCATCAGGATTGC-3′. Fibroblast growth factor-10 (FGF10): sense, 5′-
CTGCTGTTGCTGCTTCTTG-3′; antisense, 5′-TGACCTTGCCGTTCTTCTC-3′. Insulin
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like growth factor 1 (IGF-1): sense, 5′-GGTGGATGCTCTTCAGTTC-3′; antisense, 5′-
TTTGTAGGCTTCAGTGGG-3′. β-actin: sense, 5′-ACCACACCTTCTACAATGAG-3′;
antisense, 5′-ACGACCAGAGGCATACAG-3′. All samples were run in triplicate.

Statistics
The data values were presented as the mean ± SD. To compare data between groups, we
used a two-sided Student’s t test. *P < 0.05 was considered significant.

RESULTS
Generation of Mice with Selective Knockout of AR in SMCs

Using a Cre-loxP conditional knockout strategy, we mated female heterozygous flox-AR
mice with male Tgln-Cre mice to generate SM-ARKO male mice. The DNA fragments of
Cre and floxed AR exon 2 were detected in tail genomic DNA (Fig. 1A).

In addition, RNAs from ventral prostate (VP), dorsolateral prostate (DLP), and anterior
prostate (AP) were harvested at 12 wks. The AP shows obvious deletion of AR exon 2 with
a 220 bp signal from RT-PCR product using primers from exon 1 and exon 3. (Fig. 1B). To
further validate the specificity of Cre expression, we crossed the Tgln-Cre mice with the
Rosa26R reporter mice [17]. As expected, the prostate epithelial cells have no positive
signal, but the SMCs show efficient recombination dominant in the AP, and some in the VP
(Fig. 1C). The DLP only has few positive signals (data not shown). Moreover, the IHC
staining also showed that the loss of AR was selective in the AP SMCs of SM-ARKO mice,
but not in WT mice (Fig. 1D). Taken together, results from genomic DNA genotyping,
tissue mRNA RT-PCR assay, Cre reporter assay, and IHC staining all revealed that the AR
gene was selectively knocked out in the prostate SMCs.

Morphology Changes of the Prostates of SM-ARKO Mice
We compared the prostates of SM-ARKO mice and WT littermates, but found no significant
difference in gross appearance (Fig. 2A-B) and branching morphogenesis (Fig. S1).
However, H&E staining showed defective structures in the SM-ARKO AP with fewer
epithelial infoldings into the lumens (Fig. 2C-H). In the VP, we also found fewer epithelial
infolding structures and thinner epithelium layer especially in 18-week-old SM-ARKO mice
(Fig. 2I-L). In the DLP, we did not find histological changes in SM-ARKO mice (data not
shown). The histological changes in different prostate lobes are consistent with the Cre
activity: AP > VP >> DLP. Previously, we characterized SM-ARKO mice and their
testicular function, and found there is no alteration of the serum testosterone, luteinizing
hormone, and follicle stimulating hormone levels [15]. Thus, the morphology changes of
SM-ARKO mouse prostates are not due to the hormone level changes.

Reduced Epithelial Proliferation in SM-ARKO Prostates
To dissect the mechanism why the SM-ARKO mouse prostates have altered structure with
fewer epithelial folding structures, we detected the proliferation, apoptosis, and
differentiation of epithelium. Ki67 IHC staining was performed to determine the epithelial
proliferation of AP and VP of 6 wks old mice (Fig. 3A-D). Then, we counted 500 epithelial
cells to determine the Ki67 positive numbers. In AP lobes, the average Ki67 positive cells
were 7.6 ± 1.5 in WT mice, but only 2.6 ± 1.2 in SM-ARKO mice (*P<0.05) (Fig. 3G); in
VP lobes, the average of Ki67 positive cells was 5.8 ± 2.03 in WT mice, but 1.8 ± 0.97 in
SM-ARKO mice (*P<0.05). The proliferative signals in mouse prostates are high from birth
to young adult age (8 weeks). After 12 wks, only few cells are positive for proliferation
signals. Therefore, the Ki67 staining at 6 wks old prostates was presented here. In contrast to
the proliferation, the apoptotic signal is barely detectable in prostates at a young age.
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Cellular apoptosis was determine by TUNEL assay, the data did not show significant
differences in the AP (Fig. 3E, F, H), VP, or DLP (data not shown) of WT and SM-ARKO
mice at 26 wks old. Moreover, we detected the basal cell marker P63 (Fig. 3I-L) and the
luminal cell marker keratin 8 (data not shown) using IHC staining. By counting the positive
cells per 100 epithelial cells, we did not find any difference of basal cell and luminal
epithelial cell ratio between the SM-ARKO and WT mice. Together, the above data
indicated that the morphological changes of SM-ARKO mouse prostates are mainly due to
the defected epithelium proliferation, not via apoptosis or differentiation.

Decreased IGF-1 Expression in SM-ARKO Prostates and AR-knockdown Smooth Muscle
Cell Line

IGF-1 is an important growth factor in prostate for the proliferation and morphogenesis,
which was secreted principally in the stromal SMCs [18–20], and is regulated by the AR
signal [20–21]. To probe the effect of AR loss in SMCs, we examined the IGF-1 expression
levels by IHC staining, and showed a dramatically reduced IGF-1 expression in AP and VP
of SM-ARKO mice (Fig. 4A). Then we used an AR positive rat prostate smooth muscle
cells line, PS-1 [13], to confirm the in vivo findings. First, we introduced the pSuperior-AR-
shRNA/scramble to PS-1 cells, and established the PS-1 AR-shRNA (PS-1-ARsh) and
scramble (PS-1-sc) stable cells. Western blotting and Q-PCR were used to confirm the AR
knockdown efficiency in PS-1-ARsh cells (Fig. 4B, C). We then compared cellular growth
rate between PS-1-sc and PS-1-ARsh cells, and found loss of AR could inhibit the growth of
SMCs (Fig. 4D). Furthermore, we used Q-PCR to examine relative gene expression levels of
IGF-1, HGF, and FGF10, and found the IGF-1 gene expression level was obviously reduced
in PS-1-ARsh cells (Fig. 4C). To confirm the Q-PCR data, we performed the
cytohistochemical staining, and also found the lower expression level of IGF-1 in PS-1-
ARsh cells (Fig. 4E). These data suggested that SMCs’ AR could regulate the IGF-1
expression level in the prostate, then further regulate the epithelium proliferation.

DISCUSSION
The initial observation of prostatic epithelial development via mesenchymal-epithelial
interaction was reported two decades ago [3,7,22]. Based on IHC results, AR was detected
in urogenital sinus mesenchyme during early development, but not in epithelium [23],
indicating the importance of mesenchymal AR in the prostate early development. The tissue
recombinants of AR-deficient UGM and WT-epithelium could not form prostate in the nude
mice sub-renal capsules, but the recombinants of WT-UGM and AR-deficient epithelium
could develop to a prostate-like organ [24–25], which indicated the critical roles of
mesenchymal AR in the prostate development. However, the previous tissue recombination
assays were conducted in immune-deficient mice without proper prostate microenvironment,
and could not determine the AR roles in different cell types of the prostate stroma. In this
work, we focused on the SMCs AR role in the prostate development by using the Cre-loxP
gene knockout system.

We generated the SM-ARKO mice by mating floxed AR mice [11] with Tgln-Cre mice [14].
The expression pattern in the organs of Tgln-Cre transgenic mice has been reported
previously [14,26–27]. In the prostate, the AP has the highest Cre expression level, thus has
the highest AR knockout efficiency. Based on the H&E staining, we found that there are
reduced infolding structures mostly in AP. Further studies showed the phenotype change is
mainly due to the defected epithelium proliferation, not apoptosis. Surprisingly, there is no
significant difference in the basal cells ratio between SM-ARKO and WT mice. This
suggests that SMCs AR might play more important roles in the epithelium proliferation,
rather than in apoptosis or differentiation. However, the AR knockout efficiency, even in
AP, is only around 50% (data not shown). The remaining AR positive SMCs might partially
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maintain the basic AR function, thus the prostates could still develop and grow with normal
gross appearance.

The molecular pathways of prostate stromal AR regulating epithelial development are
mediated, at least in part, by stromal growth factors under the influence of androgen signals
[28]. The IGF-1, primarily mediated through the IGF-1 receptor 1 (IGF-R1), is important for
the prostate normal development and cancer [29–30], and is synthesized principally by the
SMCs [19–20]. Androgen/AR signal could regulate IGF-1 expression directly at the
transcriptional level via potential androgen response elements located on the IGF-1 5′
promoter [21]. In this study, we found the IGF-1 expression level (based on IHC staining
data) was obviously reduced in the SM-ARKO prostates, which might contribute to the
altered prostate infolding structure and reduced epithelial proliferation. To further confirm
the in vivo findings, we cultured the prostate smooth muscle PS-1 cells, and found
knockdown of AR could also decrease the IFG-1 expression level, but not the FGF10 or
HGF.

We determined the IGF-1, FGF7, FGF10, HGF, and smooth muscle alpha-actin (SMA)
expression levels in 26-week-old mouse APs using Q-PCR, but only found a significant
difference of SMA expression (Fig. S2, n=5). The decreased SMA expression in SM-ARKO
AP could be due to the growth inhibition of SMCs when knocking out the AR. The in vitro
PS-1-ARsh/sc growth data (Fig. 4D) further support this result. There are two possible
explanations for why we did not observe the changes of those growth factors: (1) SMCs are
not the only cell source to produce those growth factors in prostate, and (2) the SMC
population in the whole prostate is no more than 10%, and the presence of many other cell
types could mask the result. Therefore, the Q-PCR data collected from the whole AP did not
show the difference.

Taken together, by using this SM-ARKO mouse model, we found the AR in SMCs plays
important roles in the epithelial cells normal development. The morphological changes are
mainly due to the reduced epithelium proliferation mediated by IGF-1 signal.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
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Fig. 2.
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Fig. 3.
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Fig. 4.
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