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Abstract

Background—Epigenetic factors influence stem cell function and other developmental events
but their role in prostate morphogenesis is not completely known. We tested the hypothesis that
histone deacetylase (HDAC) activity is required for prostate morphogenesis.

Results—We identified the presence of class | nuclear HDACs in the mouse urogenital sinus
(UGS) during prostate development and found that Hdac 2 mRNA abundance diminishes as
development proceeds which is especially evident in prostatic epithelium. Blockade of HDACs
with the inhibitor trichostatin A (TSA) decreased the number of prostatic buds formed in UGS
explant cultures but not the number of buds undergoing branching morphogenesis. In the latter,
TSA promoted an extensive branching phenotype that was reversed by exogenous NOGGIN
protein, which functions as a bone morphogenetic protein (BMP) inhibitor. TSA also increased
Bmp2 promoter H3K27ac abundance, Bmp2 and Bmp4 mRNA abundance, and the percentage of
epithelial cells marked by BMP-responsive phosphorylated SMAD1/5/8 protein. TSA exposed
UGS explants grafted under the kidney capsule of untreated host mice for continued development
achieved a smaller size without an obvious difference in glandular histology compared to control
treated grafts.

Conclusions—These results are consistent with an active role for HDACs in shaping prostate
morphogenesis by regulating Bmp abundance.
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Introduction

The prostate develops from a compartment of the lower urinary tract known as the
urogenital sinus (UGS). Androgen receptor (AR) activation in UGS mesenchyme instructs
UGS epithelium to form prostatic buds which elongate into surrounding mesenchyme
(Cunha, 1985). Mouse prostatic bud initiation occurs at 16-18 days post coitus (dpc) in a
characteristic pattern that determines the position of anterior, dorsal, lateral and ventral
prostate lobes (Lin et al., 2003). Prostatic buds elongate and undergo branching
morphogenesis which is completed around postnatal day (P) 20 and is characterized by
unique branching patterns in each prostatic lobe (Sugimura et al., 1986; Prins et al., 2006).

Epigenetic modifications are likely to serve an important regulatory mechanism in prostate
development. For example, we recently showed that DNA methylation determines Ar and E-
cadherin abundance during the onset and progression of prostatic bud formation (Keil et al.,
2014a; Keil et al., 2014b). Other epigenetic modifications, such as histone acetylation/
deacetylation, are also powerful regulators of gene expression but their roles in prostate
development have not been examined. Histone acetyl transferases (HATS) add acetyl groups
to lysine residues of histone tails, typically resulting in transcriptional activation while
histone deacetylases (HDACSs) remove acetyl groups typically resulting in gene silencing.
Histone deacetylation regulates the expression of some important morphogens. For example,
during unilateral ureteral obstruction, histone deacetylation represses bone morphogenic
protein 7 (Bmp7) expression, which is reversed by the HDAC inhibitor trichostatin A (TSA)
(Manson et al., 2014).
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Budding and branching morphogenesis in the prostate and other organs requires fine tuning
and localized action of BMPs. BMP4 and BMP?7 inhibit prostatic bud formation and
branching morphogenesis by decreasing proliferation and limiting the effects of growth
promoting signals like fibroblast growth factor 10 (Lamm et al., 2001; Grishina et al., 2005;
Cook et al., 2007; Buresh-Stiemke et al., 2012). BMP inhibitory actions on prostate
development are in part responsible for establishing periodicity of prostatic buds and
patterns of branched ductal tips (Mehta et al., 2011). BMP signaling also regulates prostate
luminal epithelial differentiation (Omori et al., 2014). Some transcriptional regulators of
BMP signaling in developing prostate are known. For example, BMP transcription is
stimulated by beta-catenin signaling and repressed by retinoic acid signaling (Mehta et al.,
2013, Vezina et al., 2008). How these factors regulate BMP expression, and if chromatin
modifications such as histone acetylation and deacetylation are involved, have not been
determined.

In this study, we tested the hypothesis that histone deacetylation is required for prostate
development. Hdacs1-3 are expressed in developing prostate mesenchyme and epithelium in
a pattern that overlaps that which has been described previously for Bmp2, 4, and 7 mRNAs
(Lamm et al., 2001; Grishina et al., 2005; Cook et al., 2007; Mehta et al., 2013). An HDAC
inhibitor decreases the total number of prostatic buds that form from UGS explant cultures.
Although the HDAC inhibitor does not change the percentage of prostatic buds undergoing
branching morphogenesis, it causes an extensive branching phenotype in buds undergoing
branching morphogenesis. Chemical inhibition of HDACSs increases Bmp2 and Bmp4
transcript abundance and Bmp2 promoter histone H3 lysine 27 acetylation (H3K27ac).
Addition of BMP antagonist NOGGIN partially restores budding and branching
morphogenesis in prostate explants treated with HDAC inhibitor. Together these results
suggest that HDACs are indeed critical regulators of prostate development and exert their
actions at least in part by regulating Bmp chromatin structure and expression.

Hdacs 1-3 are present in developing prostate mesenchyme and epithelium during prostatic
bud formation and diminish during branching morphogenesis

We focused our study on nuclear class 1 Hdacs which are known to regulate cell
proliferation and survival (Dokmanovic et al., 2007). We investigated relative abundance of
Hdacs 1-3 across the whole male UGS at 17 days post coitus (dpc) and postnatal day (P) 5
by QPCR. Hdac2 abundance was significantly reduced during the period from 17 dpc to P5,
while Hdac 1 and 3 abundance did not significantly change during this period (Fig. 1C,F,I).
In situ hybridization (ISH) was performed to determine the spatial and temporal expression
of Hdacs 1-3 on 17 dpc and P5 male lower urinary tract sections. Immunohistochemistry
(IHC) was also performed on sections to visualize epithelium using an anti-E-cadherin
(CDHL1) antibody. Hdacs 1-3 are expressed in prostate mesenchyme and epithelium and
exhibit changes in spatial localization during prostatic bud elongation and branching
morphogenesis. Hdac 1 is predominantly expressed in mesenchyme adjacent to prostatic
buds and urethral epithelium, the so called peri-prostatic and lamina propria mesenchyme
(Fig. 1A). This pattern persists to at least postnatal day (P) 5 (Fig. 1B). Hdac 2 and Hdac 3
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are predominantly expressed in prostatic epithelium at 17 dpc but are no longer detected in
prostatic epithelium by P5 (Fig. 1D-E, G-H).

HDAC inhibition decreases prostatic budding and alters branching morphogenesis

To determine the role of histone acetylation during budding and branching morphogenesis,
we pharmacologically inhibited HDACS (class | and 1) with trichostatin A (TSA). Invitro
explant cultures have widely been used in prostate developmental studies. In vitro
development recapitulates androgen dependent budding and branching morphogenesis
observed in vivo and additionally allows androgen and other pharmacological inhibitors to
be introduced in defined concentrations and at specific developmental stages (Doles et al.,
2005). Using this approach, 14 dpc prostate explants were cultured in media containing
androgen (10nM dihydrotestosterone, DHT) and vehicle control (0.1% DMSO) or vehicle
containing increasing concentrations of TSA (1-100nM). Explants were then stained by ISH
to visualize the prostatic marker NK-3 transcription factor locus 1 (Nkx3-1) and by IHC
using an antibody against CDH1 to visualize epithelium (Fig. 2A) (Keil et al., 2012a). TSA
treatment (10-100nM) significantly decreased prostatic bud number (Fig. 2B). The number
of prostatic buds undergoing branching morphogenesis significantly increased in the 10nM
TSA group but was not affected in the 50-100nM groups (Fig. 2C). Interestingly, TSA
(100nM) caused an extensive branching phenotype in prostatic buds undergoing branching
morphogenesis, which was marked by an increase in the number of distal tips per bud (Fig.
2D). These results indicate that histone acetylation is likely to regulate prostatic bud number
and branching morphogenesis.

HDAC inhibition increases Bmp2 and 4 mRNA abundance in developing prostate

To uncover the underlying mechanism for TSA action, we examined abundance of Bmp2, 4,
7 mRNAsS, which are expressed during prostatic bud formation (Lamm et al., 2001; Grishina
et al., 2005; Cook et al., 2007) and abundance of Bmp6, which is overexpressed in prostate
cancer (Dai et al., 2005). TSA treatment significantly increases Bmp2 and Bmp4 mRNA
abundance in UGS explants (Fig. 3 A,B) without significantly changing abundance of Bmp6
or Bmp7 (Fig. 3 C,D). Since histone acetylation is typically associated with transcriptional
activation, we tested whether TSA also increases the activating mark H3K27 acetylation at
Bmp2 and Bmp4 genetic loci. Using chromatin immunoprecipitation (ChlP) we found that
TSA significantly increases Bmp2 but not Bmp4 H3K27 acetylation in the genetic regions
examined (Fig. 3 E,F). We next tested whether TSA increases Bmp signaling in UGS
explants by quantifying abundance of the downstream target phosphoSMAD1/5/8
(pPSMAD1/5/8). There were significantly more prostatic bud epithelial cells and more peri-
prostatic mesenchyme cells marked by detectable pSMAD1/5/8 immunostaining in TSA
treated UGS explants compared to control explants (Fig. 4 A-C). These results indicate that
an HDAC inhibitor increases BMP signaling in prostatic bud tips and surrounding
mesenchyme.

Exogenous BMP2 mimics effects of TSA on branching morphogenesis

Since TSA increased abundance of Bmp2 mRNA and H3K27 acetylation marks, and since
roles for Bmp2 in prostate development have not been examined, we focused the next study
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on a potential role of this molecule in prostate development. 14 dpc prostate explants were
cultured for 7d in media containing androgen (10nM DHT) and graded concentrations of
exogenous human BMP2 protein (1-1000nM). Fetal prostate explants were stained by ISH
for Nkx3-1 and IHC and prostatic buds counted as described above (Fig. 5A). Exogenous
BMP2 did not significantly change the number of prostatic buds formed (Fig. 5B) or the
number of buds undergoing branching morphogenesis (Fig. 5C) but did cause excessive
branches to form in prostatic buds undergoing branching morphogenesis at the 100ng/ml
concentration (Fig. 5D).

A BMP inhibitor rescues TSA induced changes in prostatic branching morphogenesis

We next tested whether a BMP inhibitor would antagonize TSA effects on prostate ductal
morphogenesis. We used recombinant NOGGIN, a peptide inhibitor that binds and
sequesters BMPs to prevent them from activating their receptors. 14 dpc male UGS explants
were cultured for 7d in media containing androgen (10nM DHT) and either TSA (100nM),
recombinant NOGGIN (5ug/ml) or both. This NOGGIN concentration was used previously
in mouse prostate explant culture to antagonize BMP signaling (Cook et al., 2007; Mehta et
al., 2013). TSA treatment alone increased prostatic bud tips per branching bud but this effect
was blocked by exogenous NOGGIN (Fig. 6A-B). Therefore, we conclude that the
excessive branching phenotype caused by TSA is mediated in part by enhanced BMP
signaling.

HDAC inhibition does not significantly impact prostatic ductal maturation

We tested whether HDAC inhibition during prostatic bud formation and the early period of
branching morphogenesis caused enduring effects on prostate glandular development,
differentiation and ductal maturation. 14 dpc male mouse UGS explants were grown 7d in
medium containing androgen (10nM DHT) and either vehicle or vehicle containing TSA
(100nM). Explants were then transplanted under the renal capsule of an intact adult male
syngeneic host mouse and grown for an additional month, a sufficient length of time for
glandular development (Doles et al., 2005). Importantly, the host mouse was not treated with
TSA. We discovered that TSA exposed grafts were smaller than control grafts after a month
of growth under the renal capsule (Fig. 7A-B). However, despite having a smaller volume,
TSA treated grafts formed histologically normal ducts (Fig. 7C). Grafts from both treatment
groups expressed comparable amounts of smooth muscle actin, AR, epithelial markers
cytokeratin 14 and 8, and prostate secretory product probasin (Fig. 7D—H). Thus despite
their smaller volumes, TSA exposed tissue grafts undergo apparently normal differentiation
and form a ductal network capable of producing adult prostate secretory products. These
results indicate the developmental changes observed with TSA affect glandular complexity
but not cell differentiation.

Discussion

Epigenetic modifications such as DNA methylation have been shown to regulate AR to
control the timing and onset of prostatic bud formation (Keil et al., 2014a) and regulate e-
cadherin to regulate prostatic bud outgrowth (Keil et al., 2014b). Roles for other epigenetic
modifications such as histone acetylation have never been examined in developing prostate.
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Here we show that expression of mMRNASs encoding enzymes responsible for histone
deacetylation are expressed in mesenchyme and epithelium of developing prostate during
prostatic bud formation and diminish during branching morphogenesis. We reveal a role for
HDACS in regulating prostatic budding and branching morphogenesis in part by regulating
BMP expression. Inhibition of HDACS decreases total prostatic bud number, increases the
extent of branching in prostatic buds undergoing branching morphogenesis, and increases
Bmp2 H3K27ac and mRNA expression. Increased BMP signaling is in part responsible for
altered branching morphology since inhibition of BMP signaling partially rescues the
branching abnormality seen in tissues treated with the HDAC inhibitor. Together these
results indicate that HDACs act to temporally and spatially restrain the inhibitory actions of
BMPs during prostatic budding and branching morphogenesis (Fig. 8).

Several pathways have been shown to shape BMP expression in the developing prostate.
Overexpression of beta-catenin in developing mouse prostate epithelium induces BMP2, 4,
and 7 expression and represses prostatic bud formation (Mehta et al., 2013). Retinoic acid
signaling decreases Bmp4 expression and enhances prostatic bud formation (Vezina et al.,
2008). Mice deficient in Noggin develop fewer prostatic buds than wild type controls (Cook
et al., 2007). Mice with conditional BMP receptor 1a deletion during prostate development
are deficient in epithelial differentiation and ductal maturation and in adulthood exhibit
hyperplasia and inflammation (Omori et al., 2014). Stromal TGF-f increases BMP6 in
prostate stromal cells and is in part responsible for inducing AR activity (Yang et al., 2014).
While some of these factors act directly to control BMP expression, mechanisms by which
paracrine-acting factors determine BMP abundance are less well understood. Our results are
the first to identify histone deacetylation as an epigenetic mechanism that determines BMP
abundance in developing prostate. Expression patterns of Hdac1-3 overlap temporally and
spatially with Bmps, especially at developing prostatic bud tips and peri-prostatic
mesenchyme (Lamm et al., 2001; Grishina et al., 2005; Cook et al., 2007; Mehta et al.,
2013). A histone deacetylase inhibitor increases Bmp2 and 4 transcript abundance, inhibits
prostatic budding and increases tips per branched bud. These results are in line with those
found in kidney, where histone deacetylation negatively regulates Bmp7 expression (Manson
et al., 2014). Whether signaling pathways known to alter BMP expression induce changes in
Bmp histone acetylation or whether inhibition of histone deacetylation alters beta-catenin
signaling, retinoic acid signaling or Noggin expression to induce Bmps is unknown and a
future area of study.

Fine tuning of BMP signaling dictates both number and patterning of budding and branching
morphogenesis in prostate and other organs (Zhang et al., 2008; Chi et al., 2011; Mehta et
al., 2013). In the prostate Bmp2, Bmp4 and Bmp7 are expressed in epithelium and
mesenchyme especially in peri-prostatic mesenchyme (Lamm et al., 2001; Grishina et al.,
2005; Mehta et al., 2013). Bmp4 and Bmp7 are inhibitors of prostatic bud formation and
branching morphogenesis (Lamm et al., 2001; Grishina et al., 2005; Cook et al., 2007;
Mehta et al., 2013). Our results are the first to examine the role of exogenous BMP2 on in
vitro prostatic bud formation. Unlike BMP4 and BMP7 which are inhibitory to prostatic
budding and branching, BMP2, at the concentrations tested in this study, selectively
influences prostatic branching morphogenesis. Exogenous BMP2 did not alter the total
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number of prostatic buds formed, or number of buds undergoing branching morphogenesis,
but instead caused excessive branches to form in prostatic buds undergoing branching
morphogenesis. Our study is not the first to suggest differential roles for BMP2 and BMP4
in morphogenesis; this has also been observed in the kidney. While BMP4 is inhibitory to
kidney growth and branching morphogenesis, BMP2 does not alter number of glomeruli
formed and though not significant, BMP2 trends toward increasing the number of branch
tips from metonephri grown in the presence of exogenous BMP2 (1-10nM) (Martinez et al.,
2002). Whether a concentration of BMP2 similar to that used in our study (100nM) would
produce a significant increase is possible. Together these results provide evidence of a role
for BMP2 primarily in the patterning of branching morphogenesis. Our results now indicate
that the epigenome, and specifically histone deacetylation plays a role in fine tuning BMP
signaling to direct the course of prostate morphogenesis.

In this study we use TSA as a tool to examine changes in histone acetylation and prostate
development. Like all pharmacological agents, TSA can have off-target or downstream
effects. TSA is an inhibitor of class | and class Il HDAC’s. Thus the effects of TSA on
prostatic budding observed in this study could be occurring through changes in HDACs
other than those examined here (Hdac 1-3). How HDACS are regulated and which HDACS
regulate BMP expression and prostate morphogenesis remains to be determined. Similarly,
some HDACS function outside of the nucleus and thus have other targets besides
transcriptional regulation via chromatin (Dokmanovic et al., 2007). For example, TSA can
also inhibit transcription factor deacetylation thus altering protein interactions and complex
formation (Glozak et al., 2005). Despite these factors we demonstrate that in vitro
administration of TSA to induce changes in branching morphology are reversed by co-
administration with NOGGIN, demonstrating a link to BMP signaling.

This study focused on histone deacetylation roles in prostatic bud formation and branching
morphogenesis. How changes in prostate morphology during development affect prostate
morphogenesis in adulthood or disease is not completely understood. Our results indicate
that TSA administration during prostate development decreases prostatic bud number and
alters branching complexity. When these same tissues are grown as xenografts, they have
diminished volume compared to control grafts. Based on these results it is possible that
changes to prostatic bud number during development may contribute to overall prostatic
volume in adulthood. Interestingly, despite the effects of TSA on diminished graft volume
these tissues go on to differentiate and form mature ducts. One possibility to explain this is
the continued expression of BMPs. This is supported by the fact that conditional BMP
receptor 1la deletion in developing prostate leads to impaired prostate differentiation and
maturation (Omori et al., 2014).

Itis likely that HDACs continue to regulate BMP abundance and prostate homeostasis in
adulthood and during prostate cancer. HDAC expression is higher in prostate cancer
compared to benign tissue and HDAC1 and 2 expression positively correlates with Gleason
score (Patra et al., 2001; Weichert et al., 2008). Consequently, histone deacetylase
inhibitors, including TSA alone or in combination with other therapies, have been a focus of
anti-cancer therapeutics in prostate and other cancers (Marks, 2010). HDAC inhibitors have
been shown to decreases epithelial to mesenchymal transition in prostate cancer cell lines
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(Wang et al., 2015) and sensitize prostate stem-like cells to radiation (Frame et al., 2013).
Clinical trials with HDAC inhibitors have shown some promise with reduction in PSA levels
(Molife et al., 2010; Rathkopf et al., 2010) but overall little benefit in patients with prostate
cancer is seen in part due to toxicity and drug delivery issues (Rathkopf et al., 2010; Pili et
al., 2012; Schneider et al., 2012; Rathkopf et al., 2013). Targeting HDAC inhibitors to
cancer cells by conjugating secondary agents able to bind androgen receptor are now being
evaluated to improve delivery of HDACSs to cancer cells while decreasing off-target
cytotoxic effects (Gryder et al., 2013).

Our study focuses on BMP signaling as a target of histone deacetylation during prostatic bud
formation and early branching morphogenesis. In other developing organs, histone
acetylation has been implicated in regulation of fibroblast growth factors, sonic hedgehog,
transforming growth factor beta, and notch(Xu et al., 2000), all of which are critical prostate
morphogens. Testing whether histone acetylation controls these factors in developing
prostate is an area of future study. Overall, we reveal that histone deacetylation may act as a
reversible means to temporally and spatially regulate BMP signaling to control prostate bud
number as well as shape branching morphogenesis.

Experimental Procedures

Animals

Wild type C57BL/6J mice were purchased from Jackson Laboratory (Bar Harbor, ME) and
housed as described previously (Keil et al., 2012a). All procedures were approved by the
University of Wisconsin Animal Care and Use Committee and conducted in accordance
with the NIH Guide for the Care and Use of Laboratory Animals. To obtain timed-pregnant
dams, females were paired overnight with males. The next morning was considered 0 days
post coitus (dpc). Pregnant dams were euthanized by CO, asphyxiation and UGS tissue
collected from resulting fetuses.

In situ hybridization (ISH)

ISH was conducted on whole mount tissues as described previously (Abler et al., 2011; Keil
et al., 2012a). Detailed protocols for PCR-based riboprobe synthesis are available at
www.gudmap.org. Staining patterns were assessed in at least three litter independent tissues
per group. Tissues were processed as a single experimental unit to allow for qualitative
comparisons among biological replicates and treatment groups.

Organ Culture

Male 14 dpc mouse urogenital sinus (UGS) explants were placed on 0.4-um Millicell-CM
filters (Millipore, Billerica, MA) and cultured as described previously. Medium was
supplemented with one or all of the following: 10 nM 5a-dihydrotestosterone (DHT), 0.1%
dimethyl sulfoxide (DMSO, vehicle control), DMSO containing 1-1000ng/ml trichostatin A
(TSA, T8552, Sigma-Aldrich, St. Louis, MO), exogenous human BMP2 (1-1000ng/ml, 355-
BM-010, R&D Systems, Minneapolis, MN), or recombinant NOGGIN (5ug/ml, 6057-
NG-025, R&D Systems). Medium and supplements were changed every 2 days.
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Immunohistochemistry (IHC)

Immunofluorescent staining of ISH-stained tissues and paraffin sections was performed as
described previously. Primary antibodies were diluted as follows: 1:200 rabbit anti-CDH1
(3195, Cell Signaling Technology, Beverly, MA), 1:250 mouse anti-CDH1 (610181, BD
Transduction Laboratories, San Jose, CA), 1:100 rabbit anti-phosphoSMAD1/5/8 (9511,
Cell Signaling Technology, Danvers, MA). Secondary antibodies were diluted as follows:
1:250 Dylight 549-conjugated goat anti-rabbit 19gG (111-507-003, Jackson
ImmunoResearch, West Grove, PA), and 1:250 Dylight 488-conjugated goat anti-mouse 1gG
(115-487-003, Jackson ImmunoResearch). Immunofluorescently labeled tissues were
counterstained with 4’,6-diamidino-2-phenylindole, dilactate (DAPI), and mounted in anti-
fade medium (phosphate buffered saline containing 80% glycerol and 0.2% n-propyl
gallate). Whole mount immunohistochemistry was performed as described previously.
Primary antibody was diluted 1:750 rabbit anti-CDH1 and secondary antibody was diluted
1:500 biotin conjugated goat anti-rabbit 1IgG (BA-1000, Vector, Burlingame, CA).

Chromatin Immunoprecipitation (ChliP)

UGS explants were pooled (5-6 tissues/pool) and each experimental group consisted of at
least three pools. ChlP was conducted with modifications to the methylated DNA
immunoprecipitation (MeDIP) protocol described previously for developing prostate (Keil et
al., 2014b). All buffers contained protease inhibitor cocktail (Sigma P8340, 1ulP1C:200ul
Buffer). Tissues were homogenized in lysis buffer (0.1M NaCl, 5mM EDTA, 50mM Tris-
HCI pH8) using a pestle followed by continuous vortexing with stainless steel beads for 5
minutes. Homogenates were passed through an 18G needle and sonicated using a tip
sonicator (setting 11, 15 sec on 45 sec off for 15 rounds). Agarose gel electrophoresis on
10ul of sample was used to verify chromatin fragmentation to a length corresponding to
200-1000bp of a double stranded DNA ladder. 300ug chromatin diluted in ChIP buffer
(0.01%SDS, 1.1% Triton X-100, 1.2mM EDTA, 16.7mM Tris-HCI pH 8.1, 167mM NacCl)
to 0.5 ml was used per IP. Samples were split into two tubes, with 10% of the divided
fraction saved as input control. One fraction was incubated with 1ug anti-mouse H3K27ac
(ab4729, Abcam, Cambridge, MA), the other with anti-mouse 1gG control (ab18413,
Abcam) antibody; both fractions were incubated overnight at 4°C. Conjugated antibody was
captured using protein A agarose salmon sperm DNA beads 30ul/ml (#16-157, Millipore,
Billerica, MA) for 2 hours at 4°C. Beads were washed with low salt buffer (0.1% SDS, 1%
Triton X-100, 2mM EDTA, 20mM Tris-HCI pH 8.1, 150mM NaCl), high salt buffer (0.1%
SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris-HCI pH 8.1, 500mM NaCl) and lithium
chloride buffer (0.25M LiCl, 1% IGEPAL-CA630, 1% deoxycholic acid (sodium salt), 1mM
EDTA, 10mM Tris pH 8.1). Precipitated chromatin and 10% input was incubated in elution
buffer (1% SDS, 0.1M NaHCQO3, 200mM NaCl, 0.05mg/ml Proteinase K) at 65°C for 4
hours, supernatant was collected and DNA purified using Qiagen PCR Purification kit
according to manufacturer’s instructions. Real time quantitative PCR (QPCR) was
performed as described previously using gene specific primers listed in Table 1. Results
were analyzed using the AACt method as described previously and expressed as enrichment
over IgG (Livak and Schmittgen, 2001).
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Real Time Quantitative PCR (QPCR)

QPCR was conducted as described previously (Keil et al., 2012b) on UGS explant pools (5-
6 tissues/pool) with five pools per experimental treatment group using the gene specific
primers listed in Table 1. Relative mRNA abundance was determined by the AACt method
as described previously and normalized to peptidyl prolyl isomerase a (Ppia) abundance
(Livak and Schmittgen, 2001).

Statistical analyses

For prostatic bud counting, UGSs were stained by ISH for Nkx3-1 mRNA and counted as
described previously. For immunolabeled cell counting, pPSMAD1/5/8 positive cells were
counted in at least two sections from three litter independent tissues per treatment group.
Statistical analysis was performed using R version 2.13.1. Homogeneity of variance was
determined using Levene’s test. Student’s T-test, one way analysis of variance (ANOVA),
followed by Tukey’s Honest Significant Difference (HSD) were used to identify significant
differences (p < 0.05) between or among treatment groups.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Type 1 histone deacetylase (Hdac) mRNAs ar e expressed and change in localization in
fetal male mouse lower urinary tract during prostate budding and branching mor phogenesis

In situ hybridization (ISH, purple) for Hdac mRNAs combined with immunohistochemistry
(IHC) using antibodies targeting epithelium (E-cadherin, red) were used to pinpoint
localization of (A-B) Hdacl, (D-E) Hdac2 and (G-H) Hdac3 in male mouse lower urinary
tract sections from 17 days post coitus (dpc) and postnatal day (P)5. QPCR was used to
determine relative abundance of Hdac 1-3 mRNAs across whole male UGS at 17 dpc and P5
relative to a Ppil control (C,F,1). Results are mean + SEM, n=5 mice per group. Asterisk
indicates significant differences (p < 0.01) between groups.
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Figure 2. Chemical inhibition of histone deacetylases decr eases prostatic bud number and alters
branching mor phogenesisin mouse UGS explant culture

14 dpc male mouse UGS explants were grown for 7 days in media containing androgen
(10nM, dihydrotestosterone, DHT) and vehicle alone (0.1%DMSO) or vehicle containing
trichostatin A (10-100nM TSA). (A) In situ hybridization was used to visualize NK3
transcription factor locus 1 (Nkx3-1, purple), which marks prostatic bud epithelium and
immunohistochemistry (IHC) was used to visualize E-cadherin (orange), which marks UGS
epithelium. (B) Prostatic bud number and (C) buds undergoing branching morphogenesis
and (D) number of tips per bud undergoing branching morphogenesis were quantified from
n=5 UGSs per group. Results are mean + SEM. Asterisk indicates significant differences (p
< 0.05) from control, arrowheads and insets indicate representative buds undergoing
branching morphogenesis.
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Figure 3. Chemical inhibition of histone deacetylasesin mouse

UGS explant cultureincreases

Bmp2 and 4 transcript abundance and enhances Bmp2 histone acetylation

14 dpc male mouse UGS explants were grown for 7 days in

media containing androgen

(10nM, dihydrotestosterone, DHT) and vehicle alone (0.1%DMSO) or vehicle containing

trichostatin A (100nM TSA). (A-D) Real time quantitative

PCR (QPCR) was used to

determine relative transcript abundance of Bmp2, Bmp4, Bmp6 and Bmp7. (E-F) Chromatin

immunoprecipitation (ChlP) was used to determine histone

H3 lysine 27 acetylation

(H3K27ac) at the Bmp2 and Bmp4 promoter region. Results are mean + SEM. Asterisk

indicates significant differences from control p < 0.05, n=5
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Figure 4. Chemical inhibition of histone deacetylation increases BMP target gene
phosphoSM AD1/5/8 expression in epithelium and mesenchyme of mouse UGS explants

14 dpc male mouse UGS explants were grown for 7 days in media containing androgen
(10nM, dihydrotestosterone, DHT) and vehicle alone (0.1%DMSO) or vehicle containing
trichostatin A (100nM TSA). (A) Tissues were sectioned and stained with antibodies against
BMP target gene phosphoSMAD1/5/8 (red), and E-cadherin (green). Nuclei were
counterstained with DAPI. The percent of (B) pPSMAD1/5/8 positive epithelial cells within
prostatic bud tips and (C) pPSMAD1/5/8 positive cells within mesenchyme surrounding
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prostatic buds was quantified. Results are mean + SEM. Asterisk indicates significant
differences from control p < 0.05, n=5 per group.
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Figure 5. Exogenous BMP2 does not alter total prostatic bud number but causes excessive
branching in prostatic buds under going branching mor phogenesis

14 dpc male mouse UGS explants were grown for 7 days in media containing androgen
(10nM, dihydrotestosterone, DHT) and increasing concentrations of exogenous recombinant
human BMP2 (1-1000ng/ml). (A) Explants were stained as described in Fig. 2 to visualize
prostatic buds. (B) Total prostatic bud number, (C) total prostatic buds undergoing
branching morphogenesis and (D) number of terminal tips at the end of each branching
prostatic bud were quantified. Results are mean = SEM. Asterisk indicates significant
differences from control p < 0.05, n=5 per group; arrowheads and insets indicate
representative buds undergoing branching morphogenesis.
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Figure 6. Inhibition of BM P signaling partially restores prostatic branching mor phogenesisin
UGS explantstreated with a histone deacetylase inhibitor

14 dpc male mouse UGS explants were grown for 7 days in media containing androgen
(10nM, dihydrotestosterone, DHT) and trichostatin A (100nM, TSA), recombinant
NOGGIN (5ug/ml) or both. (A) Explants were stained as described in Fig. 2 to visualize
prostatic buds. (B) The number of tips per branching bud was determined from the stained
explants. Results are mean £ SEM. Asterisk indicates significant differences from control p
< 0.05, n=5 per group; arrowheads and insets indicate representative buds undergoing
branching morphogenesis.
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Figure 7. Inhibition of histone deacetylase-induced decreasesin prostatic growth cannot be
restored by renal grafting

14 dpc male prostate explants were grown for 7 days in media containing androgen (10nM,
dihydrotestosterone, DHT) and trichostatin A (100nM, TSA). (A) Following culture tissues
were transplanted under the renal capsule of a syngeneic adult intact male host mouse and
allowed to grow for an additional month. After one month (B) graft volume and (C)
hematoxolin and eosin staining were performed. Quantification by QPCR of (D) smooth
muscle actin (Acta2), (E) androgen receptor (Ar), (F) cytokeratin 14 (Krt14), (G) cytokeratin
8 (Krt8) and (H) probasin (Pbsn) in explant grafts.
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Proposed Mechanism of Histone Deacetylation During Prostate Morphogenesis
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Figure 8. Proposed role of histone deacetylation in regulating BM P expression to shape prostate
budding and branching morphogenesis

Over the course of prostate development HDAC expression decreases, relieving BMP
repression leading to appropriate BMP expression to control prostate budding and branching
morphogenesis. Inhibition of HDACs with TSA leads to inappropriate increase in Bmp
acetylation and expression leading to decreased prostatic bud formation and a greater
number of tips per branch in branching buds.
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