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Abstract
Background—Prostate morphogenesis initiates in the urogenital sinus (UGS) with epithelial bud
development. Sulfatase-1 (SULF1) inhibits bud development by reducing extracellular heparan
sulfate (HS) 6-O sulfation and impairing FGF10 signaling via the ERK1/2 mitogen activated
kinases.

Results—We characterized the expression patterns of HS 6-O sulfation modifying enzymes in
the developing prostate by in situ hybridization and showed that Sulf1 and Hs6st1 had overlapping
but distinct expression domains. Notably, Hs6st1 was present while Sulf1 was excluded from the
tips of elongating epithelial buds. This predicted relatively high HS 6-O sulfation at the tips of
elongating epithelial buds that was confirmed by immunohistochemistry. The pattern of Sulf1
expression in the peri-mesenchymal epithelium matched predicted locations of BMP signaling.
Exogenous BMP4 and BMP7 induced Sulf1 expression in the UGS, decreased epithelial HS 6-O
sulfation, and reduced ERK1/2 activation in response to FGF10.

Conclusions—These data suggest that BMPs limit FGF10 action in the developing prostate at
least in part by inducing Sulf1.
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Introduction
The prostate is a male-specific exosecretory gland that develops from the urogenital sinus
(UGS) in response to androgens during late embryonic development. Paracrine interactions
between the urogenital sinus mesenchyme (UGM) and the urogenital sinus epithelium
(UGE) are required for prostate development (Marker et al., 2003). Some paracrine growth
factor pathways have been shown to promote growth and/or branching morphogenesis
during prostate development while other paracrine pathways inhibit growth and/or
branching morphogenesis (Prins and Putz, 2008).
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Normal prostate development occurs through the coordinated actions of these paracrine
pathways that are determined, in part, by the spatially and temporally regulated expression
patterns of growth factors, receptors, and other signaling pathway components. Epithelial
growth and branching are promoted by fibroblast growth factor-10 (FGF10)(Huang et al.,
2005). Fgf10 is expressed in regions of the UGM known as the mesenchymal pads that are
located adjacent to the epithelial bud forming domains. FGF10 promotes epithelial duct
outgrowth by binding the epithelial specific isoform of fibroblast growth factor receptor-2-
IIIb (FGFR2IIIb) and subsequently activating mitogen activated protein kinase (MAPK)
signaling (Thomson and Cunha, 1999; Kuslak and Marker, 2007). FGF10-null (Fgf10−/−)
UGSs fail to develop into prostates in the presence of active androgen signaling (Donjacour
et al., 2003). Furthermore, conditional loss of FGFR and the FGFR substrate-2α in the
developing mouse prostate impaired branching morphogenesis (Zhang et al., 2008; Lin et
al., 2007). Thus, the FGF10 signaling pathway has been identified as necessary for prostate
development. Epithelial growth and branching are inhibited by bone morphogenetic proteins
(BMPs) including BMP4 and BMP7. Bmp4 localizes to the lamina propria [also known as
the peri-epithelial mesenchyme (Abler et al., 2011a)] of the E17 and P1 UGS and is also
localized to the mesenchyme separating epithelial bud outgrowths (Prins et al., 2006; Lamm
et al., 2001). Exogenous BMP4 impaired testosterone-induced prostate ductal budding and
epithelial proliferation in cultured UGS tissues. Similarly, Bmp7 localizes to the lamina
propria adjacent to the most proximal portion of prostatic buds on E17 but is not present in
the mesenchyme near the tips of invaginating epithelial buds. As ductal morphogenesis
progresses to branching morphogenesis, Bmp7 expression is induced in the epithelium of the
bud tips (Grishina et al., 2005; Huang et al., 2005). Exogenous BMP7 impaired UGS bud
development in cultured UGS tissues by reducing the number of NOTCH1 signaling
domains and has overlapping function with BMP4 (Grishina et al., 2005). Furthermore, the
endogenous BMP4 and BMP7 antagonist, Noggin, promotes P63-positive cell proliferation
in the epithelial bud tips further contributing to functional patterning of growth factors and
growth factor modulators in UGS development (Cook et al., 2007). Knockout mice
containing null alleles for either Bmp4 (Bmp4+/−) or Bmp7(Bmp7lacz/lacz) also have
increased branching morphogenesis of the prostate further confirming their inhibitory roles
during prostate development (Lamm et al., 2001; Grishina et al., 2005).

Heparan sulfate (HS) can modulate paracrine growth factor signaling either by binding
growth factors and impairing the interaction with their cognate receptors or by facilitating
ligand-receptor complexes to activate signaling pathways. HS is the polysaccharide
component of heparan sulfate proteoglycans, which make up part of the extracellular matrix.
HS is comprised of disaccharide repeats that contain glucosamine and uronic acid
monomers. These disaccharides are modified by sulfation at the N-, 3-O and 6-O moieties of
glucosamine and the 2-O moiety of uronic acid (Esko and Lindahl, 2001). The specific
sulfation patterns on the HS polysaccharide contribute to the regulation and patterning of
paracrine growth factor signaling pathways. The interaction of HS with FGF10-FGFR2IIIb
in a ternary complex promotes signaling and is specifically facilitated by 6-O sulfation of
glucosamine (Yeh et al., 2003). In contrast, 6-O sulfated HS can bind to Noggin
extracellularly which further impairs BMP4 signaling in vitro (Viviano et al., 2004).

Three heparan sulfate 6-O sulfotransferases (HS6ST-1, -2, and -3, as well as one
alternatively spliced form HS6ST-2S) introduce 6-O sulfation on specific HS disaccharide
sequences during intracellular synthesis (Habuchi et al., 2003; Habuchi et al., 2000). These
enzymes have functional redundancy but favor the addition of sulfates to an uronic acid
residue neighboring the N-sulfoglucosamine. The expression patterns of the three HS6ST
enzymes overlap but are distinct during vertebrate development (Zhao et al., 2006; Ratzka et
al., 2010), but Hs6st1 knockout mice (HS6ST1−/−) have the most significant phenotype with
late embryonic lethality (Habuchi et al., 2007; Izvolsky et al., 2008).
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The secreted endosulfatase enzyme Sulfatase-1 (SULF1) cleaves HS 6-O sulfation and
modulates BMP and FGF signaling pathways during development (Lamanna et al., 2008;
Pownall et al., 2010). Loss of Sulf1 expression by siRNA silencing in human chondrocytes
impaired BMP-induced SMAD1 phosphorylation but enhanced FGF2-induced ERK1/2
phosphorylation (Otsuki et al., 2010; Pownall et al., 2010). Embryonic fibroblasts derived
from Sulf1−/− mice are 5-fold more sensitive to FGF2 signaling as determined by ERK1/2
phosphorylation (Lamanna et al., 2008).

We previously showed that there is an increase in highly sulfated HS in the E18 male UGS
relative to the female UGS, and this correlated with decreased Sulf1 expression (Buresh et
al., 2010). Ectopic Sulf1 expression also impaired UGS bud development and FGF signaling
indicating that SULF1 acts as an inhibitory factor during prostate development. However,
our previous study did not address the spatial regulation of HS sulfation during prostate
development or the potential regulation of Sulf1 by other inhibitory prostate developmental
signaling pathways. For the current study, the mRNA expression patterns for Sulf1 and other
HS 6-O modifying enzymes were examined during the initial stages of prostate
morphogenesis. Of particular interest, Sulf1 and Hs6st1 were found to have overlapping but
distinct expression patterns leading to relatively high HS 6-O sulfation in elongating
epithelial buds. Additional studies identified a role for BMP4 and BMP7 as inducers of
Sulf1 expression in the UGS. BMP-induced Sulf1 expression reduced epithelial HS 6-O
sulfation and reduced ERK1/2 activation in response to FGF10. Collectively, these data
indicated that BMPs limit FGF10 action in the UGS at least in part by inducing Sulf1. This
represents a novel mechanism for coordinating the opposing actions of the FGF and BMP
paracrine signaling pathways during prostate morphogenesis.

Results
Expression heparan sulfate 6-O sulfation modifying enzymes during early prostate
development

The expression patterns of the HS 6-O sulfation modifying enzymes were determined during
early prostate development using in situ hybridization on E17 UGS tissues. Sulf1 expression
was localized to an outer region of the UGM defined as the muscularis propria that was
separated from the UGE by a Sulf1 non-expressing region of the UGM referred to as the
lamina propria (Fig. 1A, B) (Abler et al., 2011b). Sulf1 was also expressed in the peri-
mesenchymal epithelium of the E17 male and female UGS (Fig. 1A, B), but was excluded
from the prostatic buds (arrows in A). Sulf2 expression was limited to the muscularis propria
and to the ventral muscularis mucosa of the male UGS (Fig. 1D). In the female UGS, Sulf2
expression was also present in the muscularis propria and in the musclaris mucosa in the
regions adjacent to the lower vagina (Fig. 1E, arrow). Expression of Hs6st1 was present in
the epithelium of E17 male and female UGSs, including the developing prostatic buds of the
male UGS (Fig. 1G, arrow). Hs6st2 was expressed in muscularis propria of the male and
female UGS, in the lamina propria of the female UGS (Fig. 1J, K), and in the basal
epithelium of the developing prostatic bud of the male UGS (Fig. 1J, arrow). Hs6st3
transcripts were not detected in the UGS by RT-PCR and were subsequently not examined
by in situ hybridization.

The expression patterns of the HS 6-O sulfation modifying enzymes suggested that distinct
but overlapping patterns of Sulf1 and Hs6st1 expression may be critical determinants of 6-O
sulfation and growth factor action at the tips of elongating prostatic buds. To further clarify
this possibility, the expression patterns of Sulf1 and Hs6st1 were examined at additional
stages of prostate development. Sulf1 expression was dynamic and included expression in
the muscularis propria during fetal development (Fig. 2A, C, D) that transitioned to
expression in the peri-ductal stroma postnatally (Fig. 2F, G, H). Additional Sulf1 expression
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was observed in the peri-mesenchymal epithelium of the UGS and proximal prostatic ducts
(Fig. 2C, D, E, G). However, Sulf1 was not expressed in the tips of developing epithelial
buds of the E18 male UGS (Fig. 2C, D) or in the distal epithelial ducts during postnatal
prostate development (Fig. 2F-H). During both prenatal and postnatal prostate development,
Hs6st1 was strongly expressed throughout the epithelium of the UGS (Fig. 1E) and the
epithelium of developing prostatic ducts (Fig. 3). Lower-level expression of Hs6st1 was also
present in the peri-epithelial stroma of the prostate (examples indicated by arrowheads in
Fig. 3D).

Highly-sulfated heparan sulfate localizes to the prostatic epithelial buds of the developing
UGS

The presence of Hs6st1 and absence Sulf1 expression at the tips of developing prostatic
buds predicted relatively robust 6-O sulfated HS at the bud tips. Antibodies directed against
HS domains with specific sulfation patterns have previously been developed using phage-
display techniques and have been used to detect HS in a variety of tissues including the
kidney and testes (van Kuppevelt et al., 1998; Dennissen et al., 2002). The HS specific
antibody, RB4CD12, generated by this method has been shown bind specifically to tri-
sulfated HS oligosaccharides (containing 2-O, 6-O, and N-sulfation) but cannot bind HS that
has been 6-O desulfated by SULF1 (Hossain et al., 2010). In the E18 male UGS, the
RB4CD12 antibody fragment localized highly sulfated HS to the UGE with particularly
robust staining in the developing prostatic epithelial buds (arrows in Fig. 4A and B). The
specificity of the antibody for HS was confirmed by the absence of staining in E18 male
UGS tissues that were pretreated with heparinase (Fig. 4C).

BMP4 and BMP7 induce Sulf1 expression in the UGS
The epithelial Sulf1 mRNA expression pattern appeared to match predicted sites of BMP4
and BMP7 signaling in the UGS and developing prostate suggesting possible regulation of
SULF1 by BMPs. To test this possibility, UGSs were cultured in the presence of BMP4 or
BMP7, and these treatments resulted in a 2-fold and 4-fold increase in Sulf1 expression,
respectively (Fig. 5A). Further analysis of BMP-treated UGS tissues by in situ hybridization
indicated that increased Sulf1 expression could be attributed to an increase in the number of
peri-mesenchymal epithelial cells that expressed Sulf1 (Fig. 5B-D).

BMPs modulate epithelial HS sulfation in the UGS
The induction of Sulf1 expression by BMP4 and BMP7 in cultured UGS tissues suggested
that HS 6-O sulfation would be reduced by BMP treatments. To test this possibility,
immunofluorescent staining with the RB4CD12 antibody was performed on male UGS
tissues that were cultured for 48 hours with BMP4 or BMP7. Staining for tri-sulfated HS
was decreased in the epithelium of UGSs cultured with either BMP4 or BMP7 (Fig. 6B and
C, respectively) compared with control cultured UGS tissues (Fig. 6A). This confirmed that
BMP-induced Sulf1 expression resulted in reduced tri-sulfated HS in the UGS.

BMP-induced Sulf1 expression impairs FGF10-induced ERK1/2 phosphorylation
FGF10 signaling promotes growth and branching of the UGS via the activation and
phosphorylation of mitogen-activated protein kinases ERK1 and ERK2 (Kuslak and Marker,
2007), and tri-sulfated HS promotes signaling by FGF10 through interactions with the
ligand-receptor complex (Makarenkova et al., 2009). This suggested BMP induced Sulf1
expression might impair FGF signaling through modifications to HS sulfation. E15 UGS
tissues were cultured with exogenous BMP4 or BMP7 for 48 hours and then stimulated with
FGF10. FGF10 induced ERK1/2 phosphorylation in the epithelium of control UGS tissues
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(Fig. 7A, D) but phosphorylation of ERK1/2 was impaired in the epithelium of BMP-treated
UGS tissues (Fig. 7B, C, E-G).

Discussion
The regulation of HS sulfation is an important determinant of developmental growth factor
signaling in many organ systems. Of particular importance is the regulation of 6-O sulfation
by the intracellular sulfotransferases, Hs6st1, Hs6st2, and Hs6st3 as well as the extracellular
sulfatases, Sulf1 and Sulf2. Each of these sulfation-modifying enzymes has a unique
developmental expression pattern that contributes to overall spatial and temporal regulation
of 6-O sulfation. Multiple studies have shown that these enzymes are critical for normal
development in both vertebrates and invertebrates (Habuchi et al., 2007; Danesin et al.,
2006; Kleinschmit et al., 2010), and our previous study implicated down-regulation of Sulf1
as an important feature of prostate development (Buresh et al., 2010).

The development of the prostate occurs through branching morphogenesis that is regulated
by complex crosstalk among paracrine growth factor signaling pathways (Prins and Putz,
2008; Marker et al., 2003). Each step of branching morphogenesis including epithelial bud
development, ductal elongation, and branch point formation are temporally and spatially
regulated by growth factors that individually promote or impair epithelial morphogenesis.
Signaling events occurring at the interface between the developing prostatic epithelium and
mesenchyme/stroma are viewed as particularly critical because many epithelial-expressed
growth factors bind mesenchymal receptors while many mesenchymal-expressed growth
factors bind epithelial receptors. In the present study, we sought to identify how spatial and
temporal regulation of HS 6-O modifying enzymes might contribute to the regulation of
growth factor signaling during prostate development. Hs6st1, Hs6st2, Sulf1 and Sulf2 were
each expressed during prostate development in distinct patterns (Figs. 1-3). Notably, Hs6st1
was expressed throughout the epithelium of developing prostate from the bud stage onward
while Sulf1 expression was present in the epithelium except at the tips of prostatic buds and
ducts. This predicted the enhanced presence of highly sulfated HS in the developing
prostatic buds/ductal tips, and this was confirmed by immunostaining with the RB4CD12
antibody that localized highly sulfated HS to the epithelium of the E18 male UGS with
strong staining in the epithelial prostatic buds (Fig 4).

Higher levels of highly sulfated HS at the tips of prostatic buds/ducts likely enhances FGF
signaling at the ductal tips. Both FGF7 and FGF10 are expressed in the UGS during
prostatic epithelial bud development and ductal morphogenesis, but Fgf7−/− UGSs develop
into normal prostates while Fgf10c−/− UGSs fail to form prostates (Donjacour et al., 2003).
Both FGF7 and FGF10 bind epithelial FGFR2IIIb to promote epithelial proliferation
(Kuslak et al., 2007), but Mohammadi and colleagues have shown the interaction between
FGF10 and FGFR2IIIb requires 6-O sulfated HS, which is not necessary for FGF7 ligand-
receptor binding (Yeh et al., 2003). The modulation of HS sulfation in the UGS likely
contributes to the differential roles of FGF10 and FGF7 during ductal morphogenesis, and
our data suggests Hs6st1 and Sulf1 modulation of HS likely contributes to this effect. The
present study also further clarified the relationship among BMP signaling, Sulf1 action, and
FGF signaling during prostate development. Bmp4, Bmp7, and Sulf1 all act as inhibitors of
prostate morphogenesis (Grishina et al., 2005; Lamm et al., 2001; Buresh et al., 2010). The
expression pattern of Sulf1 in the UGS/prostate epithelium also matched predicted sites of
BMP signaling. Both BMP4 and BMP7 induced Sulf1 expression in the UGS epithelium
(Fig. 5). This correlated with reduced HS sulfation (Fig. 6) and impaired activation of the
ERK1/2 mitogen activated kinases in response to FGF10 stimulation (Fig. 7). Collectively,
these data suggest a model for prostate development in which BMP signaling contributes to
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the spatial patterning of prostate epithelial bud formation and ductal outgrowth by limiting
FGF10 signaling, at least in part, through induction of Sulf1 expression.

Experimental Procedures
Experimental Animals

Female CD1 mice (Charles River Laboratories) were obtained as timed pregnant animals
and sacrificed in the morning 15, 16, or 18 days after being bred and C57BL6 mice were
obtained 17 days after being bred. UGSs were dissected out of female and male embryos as
previously described (Staack et al., 2003). C57BL6 tissues were used for the in situ
hybridization experiments in Fig. 1 while the experiments in Figs. 2-7 were performed using
CD1 mouse tissues. All animal experimentation in this study was conducted in accord with
accepted standards of humane animal care as outlined in the NIH Guide for the Care and
Use of Laboratory Animals, and the experimentation was approved by the Animal Care and
Use Committee of the University of Wisconsin-Madison.

In vitro organ cultures
UGSs were dissected out of mice and cultured at 5% CO2, 37°C at the air/medium interface
as previously described (Buresh et al., 2010). Basal medium was supplemented as indicated
in the figure legends and sometimes included 10−8 M testosterone, 300 ng/mL human
BMP4, 300 ng/mL human BMP7, and 2.5 μg/mL human FGF10. All recombinant proteins
used in this study were obtained from Peprotech, Inc. Culture medium was changed every
24 hours during culture. For experiments with FGF10 stimulation, tissues were cultured with
BMP growth factors but without FGF10 for 48 hours, and then media was replaced with
basal medium containing BMP growth factors and FGF10. Tissues were then cultured for 20
minutes at 37°C, 5% CO2. Tissues were immediately processed for RNA or
immunochemistry.

RNA isolation, reverse transcriptase PCR and quantitative real time PCR
Pools of 3-4 UGSs were combined following UGS culture, homogenized with pestle, and
processed with the Nucleospin RNA II kit (McHerey-Nagel) with DNase digest per the
manufacturer's protocol. Reverse transcription was completed using 1 μg RNA and the
Superscript II (Invitrogen) reagents as previously described (Buresh et al., 2010). Real-time
PCR was completed using the OneStepPlus PCR system (Applied Biosystems, Inc.) and
Power Sybr Green Mix (Applied Biosystems, Inc.) with 5 μl of cDNA from the reverse
transcriptase reaction. Relative mRNA expression levels were calculated as described
previously (Wong and Medrano, 2005). Primer sequences were as follows: mSulf1 F: TGC
TCA CTG GGA AGT ACG TG and R: AGG GAT GTA GCT GCC ATT GT. Transcript
levels were normalized to m18S; primer sequences were F: GCC GCT AGA GGT GAA
ATT CTT G and R: CAT TCT TGG CAA ATG CTT TCG.

Western Blotting
Protein was obtained from pools of 3-4 UGS tissues following culture. Tissues were lysed
by sonication in modified RIPAS buffer (50 mM Tris-HCl, 1% Nonidot-P40, 0.25% sodium
deoxycholate, 150 mM NaCl, 1 mM EDTA, 10 mM NaF) with protease inhibitor cocktail
(Roche). 5-μg of protein was run on a 10% polyacrylamide gel and transferred to a PVDF
membrane (GE Healthcare). Protein was detected with the Amersham chemiluminescent
reagent (GE Healthcare) on the Storm imager. Antibodies for phospho-MAPK42/44
(1:2000; #4376), and total-MAPK42/P44 (1:2000; #9102) were obtained from Cell
Signaling Technology.
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In situ Hybridization and Riboprobe Synthesis
Primers used to amplify the Sulf1, Sulf2, Hs6st1, and Hs6st2 mRNA transcripts from pooled
adult mouse prostate and E16 male and female mouse embryo cDNA contained either T7
(antisense) or SP6 (sense) polymerase sequences. Primer sequences were as follows: Sulf1,
CGC ATA CGA TTT AGG TGA CAC TAT AGA CAT CCG TGT GCCTTT CTT C and
CGA TGT TAA TAC GAC TCA CTA TAG GGT TGG TGT TCC CTT GTT CCT C;
Sulf2, CGC ATA CGA TTT AGG TGA CAC TAT AGA CTG GAT ATC GCT GGA CTG
G and CGA TGT TAA TAC GAC TCA CTA TAG GGT GTG CAG CAG CTT GTG GTC
TTT C; Hs6st1, CGC ATA CGA TTT AGG TGA CAC TAT AGG CTT TCA AGG TCA
GGG TCA G and CGA TGT TAA TAC GAC TCA CTA TAG GGT CAC AGG TCT GCT
GGA AAT G; Hs6st2, CGC ATA CGA TTT AGG TGA CAC TAT AGT TCG CAT GCT
ATC TGA CCT G and CGA TGT TAA TAC GAC TCA CTA TAG GGA GGA AGC AGG
ATG TGT TTG G. cDNA templates were amplified by standard PCR techniques (Abler et
al., 2011b). Antisense and sense digoxigenin (DIG)-labeled probes were transcribed with
their respective polymerases and DIG-labeled nucleotide mixture (Roche Applied Science)
and subsequently purified using the Nucleospin RNA II kit (McHerey-Nagel) with DNase
digest per the manufacturer's protocol. Probe sequences were confirmed by sequencing
analysis and final DIG-riboprobe purity was confirmed by gel electrophoresis.

Embryo UGS tissues from E17 C57BL6 mice were sectioned at 50-μm thickness (Fig. 1)
and processed using the whole mount in situ hybridization (ISH) procedure previously
reported (Abler et al., 2011b). For thin-section ISH, E16 and E18 UGS tissues were obtained
from CD1 mice and prostate tissues were obtained from postnatal day 1, 3 or 14 CD1 mouse
pups (Figs. 2, 3, and 5). Immediately following dissection or culture, UGS tissues were
embedded in OCT compound and flash frozen. Tissues were cryosectioned at 10-μm
thickness and immediately fixed in 4% paraformaldehyde in PBS (pH 7.4) for 1 hour.
Tissues were further digested with Proteinase-K and quenched with 6% H2O2 in PBS.
Tissues were hybridized with DIG-labeled probes at 61°C overnight, rinsed extensively, and
localized with an alkaline phosphotase conjugated anti-DIG antibody (Roche). Tissues were
developed with BM Purple AP substrate (Roche) for 1-2 days before being mounted and
imaged.

Immunohistochemistry and Immunofluorescence
Following culture, UGSs were immediately embedded in O.C.T. medium and flash frozen.
Tissues were cryosectioned at 8-μm thickness, fixed in 4% paraformaldehyde in PBS for 30
minutes and quenched with 3% hydrogen peroxide solution for 10 minutes. For phospho-
ERK staining, slides were blocked with 5% goat serum and incubated with 1:200 dilution of
anti-phospho-MAPK42/44 (Cell Signaling Technology #4376) in blocking solution
overnight. Following a series of washes, slides were incubated with secondary biotinylated
anti-rabbit antibody for one hour. Slides were washed, incubated with the Vectastain ABC
kit (Vector Laboratories), washed again, and stained using peroxidase substrate kit DAB
(Vector Laboratories). Finally slides were counterstained with hematoxylin, dehydrated, and
mounted.

For immunofluorescence with anti-HS antibody, tissues were blocked in 3% BSA in PBS
for one hour and then overnight with the RB4CD12 antibody (1:10 dilution of periplasmic
fraction, Myc-tagged VH fragment) in 3% BSA in PBS (Hossain et al., 2010). Following a
series of washes, slides were incubated with 1:1000 dilution of AlexaFluor-647 anti-Myc
antibody (Cell Signaling Technology #2233) in 2.5% Sheep Serum/3% BSA/PBS. Slides
were washed and mounted with Vectashield hard-set mounting media with DAPI (Vector
Labs). Slides were imaged by confocal microscopy on the Olympus BX61 microscope
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equipped with the Fluoview1000 confocal imaging system and the Olympus Fluoview v1.7b
software package.

Statistical Analyses
Statistics were evaluated by ANOVA analysis with Bonferroni post hoc correction using the
Prism v5.0b software program.
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Bullet points

• Heparan Sulfate sulfation modifying enzymes Sulf1 and Hs6st1 have distinct
but overlapping expression domains in the developing prostate

• BMP4 and BMP7 induced Sulf1 expression in the developing prostate and
decreased epithelial HS 6-O sulfation

• BMP4 and BMP7 reduced ERK1/2 activation in response to FGF10

Buresh-Stiemke et al. Page 11

Dev Dyn. Author manuscript; available in PMC 2013 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1. Expression of HS 6-Osulfation modifying enzymes during early prostate development
In situ hybridization was used to localize Sulf1 in male (A) and female (B), Sulf2 in male
(D) and female (E), Hs6st1 in male (G) and female (H), and Hs6st2 in male (J) and female
(K) e17 UGSs. Sulf1 was expressed in the muscularis propria and UGE immediately
adjacent to the UGM but not in prostatic epithelial buds (arrows in A). Sulf2 was expressed
was in the muscularis propria and musclaris mucosa adjacent to the lower vagina (arrow in
E). Hs6st1 was expressed throughout the epithelium including prostatic epithelial buds
(arrow in G). Hs6st2 was expressed in the muscularis propria, in a thin layer of peri-urethral
mesenchyme adjacent to the epithelium, and in the lamina propria surrounding the
developing prostatic epithelial buds (arrow in J). Sense riboprobes were used as negative
controls to confirm the specificity of staining for Sulf1 (C), Sulf2 (F), Hs6st1 (I), and Hs6st2
(L). The UGE, lamina propria (lp), muscularis mucosa (mm), and muscularis propria (mp)
are labeled in D and E for clarity. Asterisks indicate the approximate center of the UGS. A
scale bar for all panels is shown in L.
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Figure 2. Sulf1 expression is dynamically regulated during prostate development
Sulf1 transcripts were detected in the developing mesenchyme (mes) but not the epithelium
(epi) at E16 (A). A Sulf1 sense probe was used as a negative control (B). At E18, Sulf1
transcripts were detected in the muscularis propria (mp in C and D), and in the peri-
mesenchymal epithelium (C, arrow). Expression was not detected in the tips of developing
prostatic buds (indicated by *) or in the peri-epithelial mesenchyme (C, arrowhead). A high
magnification view (D), shows Sulf1 expression was detected in the most proximal region of
the epithelial buds (arrowheads) but not in the bud tips (indicated by *). At P1, Sulf1
expression was localized to the peri-mesenchymal epithelium of the proximal ducts (E
arrow; * indicate epithelial ducts). At P3, Sulf1 was expressed in the distal stroma (str) but
not in the distal epithelium (F; * indicate epithelial ducts). A longitudinal section through a
P3 duct (G) further illustrates the pattern of Sulf1 expression (str, stroma; arrows indicate
branch points; P, proximal; D, distal). At P14, Sulf1 expression was restricted to the stroma
(H, arrow) surrounding epithelial ducts.
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Figure 3. Hs6st1 is expressed in the epithelium of the developing prostate
Antisense riboprobes complementary to the Hs6st1 mRNA detected strong expression in
throughout the developing epithelial ducts at P1 (A), P3 (C), and P14 (D). An Hs6st1 sense
probe was used as a negative control, and it did not stain developing prostatic tissues (P1
shown as example in B). Lower expression that was above the background staining of the
sense probe was also observed in the peri-epithelial mesenchyme (examples indicated
between the arrowheads in C and D). A scale bar for all panels is shown in B.
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Figure 4. RB4CD12 staining localizes tri-sulfated HS to developing epithelial buds in the UGS
The RB4CD12 antibody fragment was used to localize the tri-sulfated HS epitope
(containing 2-O, 6-O, and N-sulfation) in the E18 UGS male UGS. (A and B). Highly tri-
sulfated HS (red) was localized to the epithelium of the male UGS during bud development,
and staining was most intense in developing epithelial buds (arrows in A and B). As a
negative control, E18 male UGS tissues were pre-treated with heparinase to cleave HS (C).
Heparinase treated sections did not bind the RB4CD12 antibody, confirming the HS-
specificity of RB4CD12 staining in the UGS (arrow in C indicates epithelial-mesenchymal
boundary). All images were counterstained with DAPI nuclear stain (blue) and imaged at
20× magnification with confocal microscopy. Scale bar in C indicates 100 μm scale for A-
C.
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Figure 5. BMP4 and BMP7 induce Sulf1 expression
E15 male UGS tissues were cultured with 10−8M testosterone (T) with or without the
addition of 300 ng/mL BMP7 or 300 ng/mL BMP4 for 48 hours. Sulf1 mRNA relative
expression was determined by real-time RT-PCR and was normalized to 18S mRNA
expression (A). Graphs depict the average fold-change (± SEM) in expression relative to
controls for a representative experiment (n=3 per group). Statistically significant increases in
Sulf1 expression in response to BMP treatments were observed in four independent
experiments (A, and data not shown). Statistical significance was determined by ANOVA
with Bonferroni post-hoc analysis (*:P<0.01, **:P<0.0001). Spatial expression of Sulf1
mRNA was determined in serial sections of UGS tissues cultured in the presence of
testosterone only (B) or with testosterone and BMP4 (C) or testosterone and BMP7 (D).
Representative images show epithelial Sulf1 expression was restricted to a narrow band of
peri-mesenchymal cells approximately three cell layers thick in testosterone only control
tissues, and was expressed in a thicker band of peri-mesenchymal epithelial cell layers
(arrows indicate Sulf1 expressing epithelial cells in each panel) in BMP treated UGS tissues.
A scale bar for B-D is shown in D.
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Figure 6. Heparan sulfate sulfation is reduced in BMP treated UGS tissues
E15 UGS tissues were cultured for 48 hours in the presence of testosterone only (A),
testosterone + BMP4 (B), or testosterone + BMP7 (C). Tissue sections were evaluated using
immunofluorescence staining with the RB4CD12 antibody to detect the tri-sulfated HS
epitope (containing 2-O, 6-O, and N-sulfation). Significant UGE staining (red) was present
in the testosterone only treatment (arrow in A) and undetectable in the UGE following
BMP4 or BMP7 treatments (arrows in B and C). Tissue sections were counterstained with
DAPI (blue stain in all panels).
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Figure 7. FGF10-induced ERK1/2 activation is reduced in BMP treated UGS tissues
E15 UGS tissues were cultured for 48 hours in the presence of testosterone only (A, D),
testosterone + BMP4 (B, E), or testosterone + BMP7 (C, F). At the end of the culture period,
tissues were treated with FGF10 for 20 minutes and then processed for analysis of ERK1/2
activation. Tissue sections were evaluated using immunostaining with an antibody to detect
phosphorylated (activated) ERK1/2. Significant staining (brown stain) was present in the
testosterone only treatment and reduced in the UGE following BMP4 or BMP7 treatments
(UGE indicted by the arrows in A-C and shown at higher magnification in D-F). Overall
reductions in UGS phospho-ERK1/2 were also detected by Western blotting following
BMP4 treatment in four independent experiments (G and data not shown). Results from two
independent experiments (Exp. 1 and Exp. 2) are shown in G. Tissue sections were
counterstained with hematoxylin (purple stain in A-F). Scale bars for A-C and D-F are
shown in panels C and F respectively.
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