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Abstract

Sulfatase enzymes remove sulfate groups from sulfated steroid hormones, including estrone-

sulfate and dehydroepiandrosterone-sulfate, and from sulfated glycosaminoglycans (GAGs),

including chondroitin sulfates and heparan sulfate. The enzymes N-acetylgalactosamine-4-

sulfatase (Arylsulfatase B; ARSB) and N-acetylgalactosamine-6-sulfatase (GALNS), which

remove sulfate groups from the sulfated GAGs chondroitin 4-sulfate (C4S) and chondroitin 6-

sulfate, respectively, have not been studied in prostate development previously. In this report, the

endogenous variation and the impact of exogenous estradiol benzoate on the

immunohistochemistry and activity of ARSB and GALNS in post-natal (days 1–30) ventral rat

prostate are presented, as well as measurements of steroid sulfatase activity (STS), C4S, total

sulfated GAGs, and versican, an extracellular matrix proteoglycan with chondroitin sulfate

attachments on days 5 and 30. Findings demonstrate distinct and reciprocal localization of ARSB

and GALNS, with ARSB predominant in the stroma and GALNS predominant in the epithelium.

Control ARSB activity increased significantly between days 5 and 30, but following estrogen

exposure (estradiol benzoate 25 µg in 25 µl sesame oil subcutaneously on days 1, 3, and 5),

activity was reduced and the observed increase on day 30 was inhibited. However, estrogen

treatment did not inhibit the increase in GALNS activity between days 5 and 30, and reduced STS

activity by 50% on both days 5 and 30 compared to vehicle control. Sulfated GAGs, C4S, and the

extracellular matrix proteoglycan versican declined between days 5 and 30 in the control, but these

declines were inhibited following estrogen. Study findings indicate distinct variation in expression

and activity of sulfatases, sulfated GAGs, C4S, and versican in the process of normal prostate

development, and disruption of these events by exogenous estrogen.
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Introduction

Sulfatase enzymes comprise a group of cellular and extracellular enzymes that are key

regulators of the degradation of sulfated glycosaminoglycans, including chondroitin sulfate,

dermatan sulfate, keratan sulfate, heparin, and heparan sulfate, and of sulfated steroids,

including estrone sulfate and dehydroepiandrosterone sulfate. Arylsulfatase B (ARSB; N-

acetylgalactosamine-4-sulfatase) and N-acetylgalactosamine-6-sulfatase (GALNS) are

enzymes that remove sulfate groups from the sulfated glycosaminoglycans (GAGs)

chondroitin 4-sulfate (C4S) and chondroitin 6-sulfate (C6S), respectively. Deficiency of

ARSB or GALNS leads to accumulation of sulfated glycosaminoglycans, resulting in the

lysosomal storage diseases Mucopolysaccharidosis (MPS) VI from ARSB deficiency and

MPS IVA from GALNS deficiency. Removal of the 4-sulfate group is required for the

degradation of C4S, and removal of the sulfate group is required for activity of steroid

hormones. Prior experiments in human mammary cell lines demonstrated that 1) estrone

(100 pg/ml) and estradiol (200 pg/ml) exposure significantly reduced activity of steroid

sulfatase (STS) and ARSB, but not of GALNS in MCF-7 and T47D cells; and 2) GALNS

activity was significantly higher in primary mammary epithelial cells, whereas ARSB and

STS activity were higher in primary myoepithelial cells [1]. In this report, we present in vivo

data that expand on these prior in vitro observations of sulfatase activity and response to

exogenous estrogen and report the endogenous sulfatase activity and expression and the

impact of estrogen exposure on sulfatase activity in a rodent model of prostate development.

This study, by elucidating differences between activity and distribution of sulfatases in both

the native prostate and following estrogen treatment, presents a novel approach to prostate

morphogenesis, focusing on activity and expression of sulfatases that modify chondroitin

sulfate and on the associated changes in total sulfated GAGs, C4S, and the ECM

proteoglycan versican. Decline in ARSB activity has been shown in malignant prostate

tissue, malignant colon tissue, malignant mammary cells, and metastatic colonic cell lines

[1, 2–6]. In human prostate cells, decline in ARSB produced increases in total sulfated

GAGs, C4S, and versican [2, 3]. Previously, both versican and chondroitin sulfate have been

identified as biomarkers of more aggressive prostate cancer [7, 8]. Versican is a large,

aggregating extracellular matrix proteoglycan with chondroitin sulfate attachments that

interacts with multiple cell surface receptors and recruits signaling molecules to the cell

surface, thus modulating signaling pathways and stromal-epithelial interactions [3, 9–11].

The profiles of ARSB, GALNS, and STS enzyme activity and localization and of total

sulfated GAGs, C4S and versican in the developing rat prostate have not previously been

addressed. In the rodent, prostate development occurs predominantly in early post-natal life,

and high doses of exogenous natural estrogens caused developmental and differentiation

defects in the adult prostate [12]. In this report, measurements of ARSB, GALNS, and

steroid sulfatase (STS) activity, total sulfated GAGs, C4S, and the proteoglycan versican on
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days 5 and 30 of post-natal development in rat prostate tissue are presented. The impact of

an intermediate dose of exogenous estradiol benzoate (25 µg) exposure on days 1,3, and 5 of

post-natal life on these parameters and on ARSB and GALNS immunohistochemistry on

post-natal days 1, 3, 6, 10, 15, and 30 is presented. Since decline in ARSB activity has been

associated with prostate neoplasia [2, 3], insight into the interactions among estrogen,

ARSB, GALNS, and STS in prostate development may lead to better understanding of the

effects of steroid hormones on stromal-epithelial interactions and on mechanisms of prostate

carcinogenesis.

Methods

Animal Care and Treatment

All procedures were approved by the Institutional Animal Care and Use Committee

(IACUC) of the University of Illinois at Chicago. 96 male Sprague-Dawley rats (Zivic-

Miller, Pittsburgh, PA) were treated with subcutaneous injections of either 25 µl sesame oil

alone (controls) or high-dose estrogen (25 ug estradiol benzoate in 25 µl sesame oil) on post-

natal days 1, 3, and 5 as previously described [12, 13]. Twelve animals (6 control and 6

estrogen-treated) were euthanized on days 1, 3, 6, 10, 15, and 30, and the prostates were

removed, formalin-fixed, paraffin-embedded and sectioned, as previously detailed [14–17].

In addition, prostate tissue from similarly estrogen-treated and vehicle control animals was

obtained from rats sacrificed on day 5 (total n=12) and on day 30 (total n=12).

ARSB and GALNS immunohistochemistry

Sections of the estrogen-treated and control ventral prostate tissues were mounted on the

same slide and immunostained. Antigen retrieval was done with pH 6.1 citrate buffer at

90°C for 40 minutes. For ARSB, the slides were incubated overnight with rabbit polyclonal

antibody (1:50; Open Biosystems, Huntsville, AL), then for 1 hour with anti-rabbit IgG-

HRP at 1:1000 dilution. Color was developed with 3,3’-Diaminobenzidine (DAB) for 5

minutes. For GALNS, slides were incubated overnight with rabbit polyclonal antibody

(1:200; Open Biosystems, Huntsville, AL), followed by anti-rabbit IgG-HRP at 1:1000

dilution for 1 hour and DAB for 5 minutes and counterstained with hematoxylin. The

sections were blocked with a serum-free Universal Blocking Solution from Biocare Medical

(Concord, CA). Negative control used normal rabbit IgG diluted in buffer at the same

dilution as used for the primary antibody (1:50 for ARSB; 1:200 for GALNS), and all other

staining procedures were similar. Positive controls were sections of adult human prostate.

Digitized images were obtained with QCapture software (QImaging, Surrey, BC, Canada) at

20X magnification. Background and brightness were modified with GIMP Portable software

(Portable Apps, New York, NY) or with Adobe Photoshop (CS2). Qualitative assessments

of intensity and distribution of ARSB and GALNS immunostaining were made by three

study investigators (LF, GSP, JKT), who agreed on the descriptive findings that are

reported.

Determination of ARSB, GALNS, and STS activity in prostate tissue homogenates

Homogenates were prepared from ventral prostate tissue of estrogen-treated and control rats

on days 5 and day 30 of post-natal development (total n=24). Arylsulfatase B (ARSB; N-
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acetylgalactosamine-4-sulfatase) activity measurements were performed using a

fluorometric assay, as previously, with 20 µl of tissue homogenate, 80 µl of assay buffer

(0.05 M Na acetate buffer, pH 5.6), and 100 µl of substrate [5mM 4-methylumbelliferyl

sulfate (MUS) in assay buffer] in wells of a microplate [1, 18, 19]. The microplate was

incubated for 30 minutes at 37°C, and the reaction was stopped by 150 µl of stop buffer

(Glycine-Carbonate buffer, pH 10.7), and fluorescence was measured at 360 nm (excitation)

and 465 nm (emission) in a microplate reader (FLUOstar, BMG, Cary, North Carolina).

Activity was expressed as nmol/mg protein/hour, based on a standard curve for ARSB

activity prepared with known quantities of 4-methylumbelliferyl at pH 5.6. Protein was

determined by total protein assay kit (Pierce, Thermo Fisher Scientific, Inc., Rockford, IL).

For STS determination, six 20 µl prostate tissue homogenates were incubated with 80 µl of

assay buffer (0.5M Tris-Cl Buffer, pH 7.5), and 100 µl of substrate (0.5 mM 4-MUS in assay

buffer), as previously detailed [1, 18, 20]. The reaction mixture was incubated for 4 hours at

37°C, at which time 100 µl of stop buffer (1M Tris-Cl buffer at pH 10.4) was added, and

fluorescence was measured in a microplate reader (BMG). Activity was expressed as

nmol/mg protein/h, and was derived from a standard curve prepared with known quantities

of 4-methylumbelliferyl at pH 7.5. Protein was determined by total protein assay kit

(Pierce).

The measurement of Galactose-6-sulfatase (GALNS) activity was performed using 5 µl of

tissue homogenate made in ddH2O by sonication with metal tip, combined with 5 µl 0.2%

heat-inactivated BSA (or 10 µl of 0.2% heat-inactivated BSA for blank) and 20 µl of

substrate [10 mM 4-methylumbelliferyl-β-D-galactoside-6-sulfateNH4 (MU-βGal-6S)] in

substrate buffer (0.1M sodium acetate / 0.1M acetic acid at pH 4.3 with 0.1M NaCl, 5mM

Pb-acetate (1.9 mg/ml) and 0.02% Na-azide) in wells of a microplate [1, 18, 21]. After

incubation for 17 hours at 37°C, 5µl 0.9 M Na-Phosphate buffer at pH 4.3 with 0.02% Na-

azide was added, as well as 10µl of 10 U β-D-Galactoside galactohydrolase (Sigma) / ml

0.2% heat-inactivated BSA. After incubation for 2 hours at 37°C, 200 µl of stop buffer

(0.5M NaHCO3 / 0.5M Na2CO3 at pH 10.7 with 0.025% Triton-X-100) was added, and

readings of fluorescence were taken at 360 nm and 465 nm in a plate reader (BMG).

GALNS activity was expressed as nmol/mg protein/h, and protein was determined by total

protein assay kit (Pierce).

Measurement of total sulfated glycosaminoglycans

Total sulfated glycosaminoglycans (GAG) in control and estrogen-treated rat prostate tissue

were measured using 1,9-dimethylmethylene blue (Blyscan™, Biocolor Ltd.,

Newtownabbey, Northern Ireland), as previously detailed [5, 22]. The sulfated

polysaccharide component of proteoglycans (PG) and protein-free sulfated GAG chains

were detected, whereas disaccharides and hyaluronan were not detected. The reaction was

performed in the presence of excess unbound dye. The cationic dye and sGAG at acid pH

produced an insoluble dye-GAG complex, and the GAG content was determined by the

amount of dye that was recovered from the test sample following exposure to Blyscan

dissociation reagent. Absorbance maximum of 1,9-dimethylmethylene blue is 656 nm;

sulfated GAG concentration was expressed as µg / mg protein of tissue extract.
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Immunoprecipitation of tissue lysates by chondroitin 4-sulfate antibody

Tissue lysates were prepared using RIPA buffer (50 mmol/l Tris-HCl containing 0.15 mol/l

NaCl, 1% Nonidet P40, 0.5% deoxycholic acid and 0.1% SDS, pH 7.4). Antibody specific to

native C4S (4D1, Abnova, Littleton, CO) was added to lysates in tubes at a concentration of

1 µg/mg of tissue protein, and tubes were rotated overnight in a shaker at 4°C. Next, 100 µl

of pre-washed Protein L-Agarose (SCBT, Santa Cruz, CA) was added to each tube, tubes

were incubated overnight at 4°C, and the Protein L-Agarose treated beads were washed

three times with PBS containing Protease Inhibitor Cocktail, as previously [2, 4]. The

precipitate was eluted with dye-free elution buffer and subjected to sulfated GAG assay.

Determination of versican by competitive ELISA

Versican was measured by competitive ELISA (My BioSource, San Diego, CA), in which

color development was inversely proportional to the versican content in the test samples.

Standards ranging from 1 to 25 ng/ml, samples, and versican-horseradish peroxidase

conjugate were added to wells pre-coated with versican antibody, incubated for 1 hour at

37°C, and washed three times. Color was developed by adding hydrogen peroxide /

tetramethylbenzidine (TMB) substrate, the reaction was stopped by 2N H2SO4, and the color

intensity was read at 450 nm in a plate reader (BMG). The concentration of versican in the

samples was extrapolated from the standard curve and expressed per mg of total tissue

protein, measured by protein assay (Pierce).

Statistics

Unless stated otherwise, one-way ANOVA with Tukey-Kramer post-test was performed

using InStat (GraphPad Software, Inc., La Jolla, CA), to compare the measurements between

day 5 and day 30 samples and between oil-control and estrogen-treated samples. Six

independent tissue samples were analyzed for each time point and for treated and control

conditions. Measurements are presented as mean values ± standard deviation (S.D.). P-value

of less than 0.05 is considered statistically significant, and * represents p≤0.05, ** represents

p≤0.01, and ***represents p≤0.001.

Results

Changes in sulfatase activity, total sulfated glycosaminoglycans, chondroitin-4-sulfate and
versican between day 5 and day 30

In the control, oil-treated, rat ventral prostate tissue, the ARSB activity and the GALNS

activity both increased significantly between day 5 and day 30, (p<0.001, 1-way ANOVA

with Tukey-Kramer post-test, n=6 in each group) (Table 1; Fig. 1A, 1B). In contrast, the

steroid sulfatase (STS) activity was similar at both time points (Fig. 1C). In association with

the increases in ARSB and GALNS, the total sulfated glycosaminoglycans (GAGs) and the

chondroitin-4-sulfate (C4S) both declined significantly (p<0.001, p<0.001) (Fig. 2A, 2B).

The extracellular matrix proteoglycan versican, which has chondroitin sulfate attachments,

also declined significantly between days 5 and 30, corresponding to the decline in sGAG

and C4S (Fig. 2C) (p<0.001).
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Impact of estrogen exposure on sulfatase activity, total sulfated glycosaminoglycans,
chondroitin-4-sulfate, and versican

Following treatment with estradiol benzoate (25 µg / 25 µl sesame oil) on days 1, 3, and 5,

the ARSB activity in the prostate tissue was ~14% less on day 5 (p<0.05) in the estrogen-

treated than in the control tissue (Fig. 1A; Table 1). On day 30, ARSB activity was similar

to the day 5 level in the estrogen-treated tissue, but was ~35% less than in the control tissue

(p<0.001). In contrast, the increase in GALNS activity between days 5 and 30 that occurred

in the control tissue also occurred following estrogen, and the day 30 GALNS activity was

~12% higher following estrogen than in the control tissue (p<0.01) (Fig. 1B). Following

estrogen, steroid sulfatase (STS) activity declined to ~50% of the control level on both days

5 and 30 (p<0.001) (Fig. 1C), and was similar at both time points.

ARSB is the enzyme which regulates chondroitin-4-sulfate degradation, so a decline in

ARSB activity is anticipated to be associated with increased total sGAG and C4S. Hence,

following estrogen exposure and decline in ARSB activity, the normal maturation-associated

declines in total sGAG and in C4S between day 5 and day 30 did not occur (p<0.001,

p<0.001) (Fig. 2A, 2B). Levels of total sGAG and C4S were similar on days 5 and 30

following estrogen exposure suggesting that the maximum effect was achieved by day 5.

The increase in C4S accounted for ~45% of the total increase in sGAG. In a similar manner,

the content of versican in the estrogen-exposed ventral prostate tissue did not decline with

maturation between days 5 to day 30. While the versican level in the estrogen exposed

ventral lobe on day 5 was the same as levels in the control animal, it was 35% greater than

the control value on day 30 (p<0.001).

Predominant localization of ARSB in stroma and of GALNS in prostate epithelium

The prostate arises in the urogenital sinus from solid epithelial cords, which are canalized in

a proximal to distal direction, beginning on day 1 in the rat ventral prostate. Images of rat

ventral prostate on days 1, 3, 6, 10, 15, and 30 present the evolving distinct localization of

ARSB (brown) in the stroma and in the luminal membrane of the epithelial cells (Figs.

3A-3F). Reciprocally, GALNS appears more prominent in the developing nests of

epithelium (Days 1, 3, 6, and 10), which are negative for ARSB on days 3 and 6 (Figure

3B,C) and positive for GALNS (brown in Figure 4A-4F). ARSB continues to be prominent

in the stroma throughout days 1–30, whereas the GALNS staining in the stroma declines,

with increased localization in the developing acinar epithelium. An overall increase in

intensity and distribution of ARSB is evident between the early and late control images,

consistent with the rise in ARSB activity between days 5 and 30 in the control tissue.

Similarly, the epithelial GALNS staining intensity appears increased in the Day 30 images,

consistent with increased GALNS activity.

Decline in ARSB positive immunostaining with delay in acinar development following
exogenous estrogen

Prostate development following estrogen exposure (estradiol benzoate 25 µg on days 1, 3,

and 5) is presented in Figs. 5A-5F and 6A-6F. Delay in acinar development post estrogen

exposure appears at 15 days (Fig. 5E vs. Fig. 3E) with ARSB immunostaining on day 30

(Fig. 5F) post estrogen resembling vehicle control on day 15 (Fig. 3E). With GALNS
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immunostaining, the lumen and acinar structures on day 15 without estrogen (Fig. 4E)

appear more advanced than on day 15 following estrogen exposure (Fig. 6E). In the

estrogen-treated ventral prostates, the stromal compartment has relatively reduced

immunostaining for ARSB, evident on all days 1–30 (Fig. 5A-5F), compared to the day-

matched vehicle control (Fig. 3A-3F), and consistent with the measured decline in ARSB

activity between days 5 and 30. Negative ARSB immunostaining of epithelium is best seen

in control on day 3 (Fig. 3B) and in estrogen-treated on day 6 (Fig. 5C), consistent with a

developmental delay. Luminal membrane appears positive for both ARSB and GALNS on

day 30 (Figs. 5F6F). These findings suggest that the decline in stromal ARSB delays the

development of the acinar structures, indicating impaired stromal-epithelial interaction

following exogenous estrogen.

Discussion

This study presents new information about activity and expression of sulfatases in rat

prostate development, and the impact of estrogen exposure on sulfatase activity, as well as

on content of total sulfated glycosaminoglycans, chondroitin-4-sulfate, and the extracellular

matrix proteoglycan versican. In the normal developing rat ventral prostate, ARSB activity

and GALNS activity increased between days 5 and 30, with an associated decline in the total

sulfated GAGs, C4S, and versican. In contrast, steroid sulfatase activity was similar at these

two time points. Following exposure to estradiol benzoate (25 µg subcutaneous injection on

days 1, 3, and 5), ARSB activity was 14% less than vehicle control on day 5 and 35% less

than vehicle control on day 30. In contrast, GALNS activity increased in both control and

estrogen-treated tissue between days 5 and 30, and was slightly higher in the estrogen-

treated tissue. Steroid sulfatase activity was reduced by ~50% following estrogen treatment

at both time points. Total sulfated GAGs, C4S, and the extracellular matrix proteoglycan

versican were significantly increased at 30 days, compared to vehicle controls. Hence,

neonatal exposure to this dose and preparation of estrogen inhibited the normal increase in

ARSB, suppressed STS, and increased C4S, total sulfated GAGs, and versican. These

responses suggest that some of the mechanisms by which estrogen produces its effects in

prostatic tissue may be mediated through changes in sulfatases and chondroitin sulfate.

Since estrogen receptor alpha (ERα) is present in the stromal tissue of the developing

prostate [23, 24], but not in the epithelial cells, the decline in ARSB is consistent with a

response to estrogen in the stromal cells where ARSB predominates, as shown by

immunostaining. In contrast, the increase in GALNS is not inhibited by estrogen, since the

epithelial cells, where GALNS immunostaining predominates, does not have ERs. The

reciprocal localization of ARSB and GALNS immunostaining seen in the developing rat

ventral prostate indicates that these sulfatase enzymes may have an impact upon the

interaction between stromal and epithelial compartments in prostate morphogenesis.

Disruption of their normal coordinated increases by estrogen may contribute to disordered

development of the prostate. Disruption of normal prostate development can lead to

irreversible morphogenic defects which affect the function of the prostate throughout life, as

evidenced by the impact of aberrant estrogenic exposures during early development,

predisposing the prostate to chronic inflammation and neoplasia with aging [13, 16, 25].
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The dose of estradiol used in the studies of this report is intermediate in the range of

estradiol benzoate previously tested, which included 0.015 ug/kg body weight to 15 mg/kg

body weight [26]. Changes in body weight or in relative weight of the ventral prostate lobe

(ventral lobe in mg/ 100 mg body weight) did not vary in a dose-dependent manner when

the rats were euthanized on day 35 or day 90, following subcutaneous injections on days 1,

3, and 5. No significant change in the relative weight of the ventral prostate lobe was evident

with an estradiol benzoate (EB) dose of 150 ug/kg body weight on days 1, 3, and 5, which is

comparable to the EB dose used in the current studies (25 µg / ~160 g body weight). Body

weight was significantly reduced on day 35 (183.8 ± 5.59 g for vehicle control vs. 161.6 ±

7.2 g for EB dose of 150 µg/kg body weight, n=8 for each group; p<0.001) or on day 90

following EB, compared to vehicle control. At the low dose (0.15 µg/kg body weight), EB

did not modify the presence or localization of androgen receptors, the number of basal cells,

the number of differentiated luminal cells, or the characteristics of periacinar and

perivascular smooth muscle cells. However, increasing concentrations of EB caused

progressive decline in the number of androgen receptor positive cells, increasing numbers of

basal cells, decline in luminal epithelial cells, and increased extension of the multilayered

fibroblast sheath into the distal tips of the prostatic ducts, so that smooth muscle cells were

no longer in contact with the epithelium [26].

Prostate gland development involves significant remodeling of tissue architecture that

includes reorganization of stromal and epithelial cells, basement membranes and

extracellular matrices (ECM) [12]. Neonatal estrogen exposure perturbs the normal stromal-

epithelial development [14, 16, 25–28], such as suggested by the changes in sulfatases,

sulfated GAGs, and versican in our studies. Following neonatal estrogen exposure in this

study, the ARSB immunostaining in the stroma was less intense. When ARSB was reduced

following estrogen exposure, C4S and sGAG increased, due to decline in their normal

degradation which requires ARSB. The increases in total sGAG and C4S in the prostate

tissue when ARSB was reduced may contribute to impaired morphogenesis, due to

inhibition of the normal stromal-epithelial signaling of chemokines and growth factors by

the increased sGAG content [29–31]. The mechanism by which estrogen exposure leads to

reduced ARSB is unknown at this time, and the extent to which decline in ARSB (with the

associated increase in C4S) and in STS activity contributes to the overall impact of estrogen

on the prostate is not yet discernible. The decline in versican, however, is likely attributable

to a transcriptional mechanism which follows from the decline in ARSB and the associated

increase in chondroitin-4-sulfation. Galectin-3, a β-galactoside-associated lectin, binds less

to more highly sulfated C4S when ARSB is reduced, and is more abundant in the nucleus,

where it activates the versican promoter in association with AP-1 components c-jun and c-

fos [3, 32].

The effects of ARSB and of GALNS in prostate development have not been reported

previously, although changes in chondroitin sulfates (CS) and in versican have been studied

in prostate development [33, 34]. When guinea pigs were given estradiol, the CS was

increased compared with the post-pubertal level, similar to the present findings in the

estrogen-treated neonatal rat prostate. In contrast, when circulating dihydrotestosterone

increased at puberty, periglandular and fibromuscular stromal staining intensity for native

total chondroitin sulfate (immunostained with CS56 antibody) decreased 11-fold in the
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guinea pig prostate. Similarly, chondroitin sulfate declined in castrated guinea pigs given

DHT replacement. Sakko et al hypothesized that both chondroitin sulfate and versican

expression were negatively regulated by androgen, and showed that versican in the

periacinar fibromuscular stroma peripheral to the basal epithelial cells as well as in loose

fibrovascular connective tissue between acini decreased during normal pubertal

development in association with increased circulating levels of androgen [34].

Other proteoglycans, including small-leucine rich proteoglycans (decorin, biglycan, and

lumican), syndecan-1, betaglycan, and perlecan are also present in the prostate [35]. The

GAG attachments of the proteoglycans affect the binding of ligands, including fibroblast

growth factor (FGF)2 and FGF10, which bind to heparan sulfate (HS). Perlecan, which has

both chondroitin sulfate and heparan sulfate attachments, has been proposed as a likely

candidate for the HS proteoglycan that is active during prostate development [35]. Other

sulfatases, including iduronate 2-sulfatase and Sulf1, have been identified in prostate tissue.

The enzyme iduronate 2-sulfatase, which removes 2-sulfate groups from iduronate residues

of HS or heparin, was one of 13 genes overexpressed in 16-month-old rat ventral prostate

tissue compared with three-month-old rat tissue, suggesting a role in aging prostate tissue

[36]. In cultured urogenital sinus (UGS) tissues from mouse embryos at different stages of

development, expression of Sulfatase 1 (Sulf1), the enzyme that catalyses the hydrolysis of

6-O sulfates from heparan sulfate, was significantly decreased in male compared to female

UGS as development progressed [37, 38]. This decrease was correlated with morphological

changes in prostatic epithelial bud outgrowth, and interruption of HS 6-sulfation by ectopic

expression of Sulf1 partially inhibited the testosterone-induced ductal morphogenesis and

impaired FGF10 signaling. This further supports the present data and indicates a specific

role for multiple sulfatases in tissue remodeling necessary for the development of normal

prostate gland architecture.

Future work will be designed to integrate the findings in the current report to other

observations about the programmed development of the prostate and the role of sulfatases,

GAGs, and proteoglycans. Further evaluation of the interrelationships among ARSB,

GALNS, C4S, C6S, and versican with estrogens and testosterone are anticipated to provide

new insights into stromal-epithelial interactions in the developing prostate and into the

mechanisms that affect cell fate determinations in prostate carcinogenesis.

Conclusions

Study findings demonstrate significant differences between the localization and the response

to estrogen of the chondroitin sulfate modifying enzymes ARSB and GALNS in the

developing ventral rat prostate. Immunohistochemistry demonstrated predominance of

ARSB in the cytoplasm of the stroma and of GALNS in the cytoplasm of the epithelium.

Between days 5 and 30, in the vehicle-only controls, ARSB activity increased, GALNS

activity increased, STS did not change, and total sulfated GAGs, C4S, and versican

declined. Following estrogen exposure, ARSB activity declined significantly, GALNS

increased slightly, STS declined by almost 50%, and total sulfated GAGs, C4S, and versican

all increased significantly. These results indicate that ARSB and GALNS are important in

the development of the normal prostate architecture, and that some of the mechanisms by
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which estrogen produces its effects in the prostate may be mediated through changes in

sulfatases and chondroitin sulfates.
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Highlights

• Developing rat prostate has distinct and reciprocal localization of sulfatases

• Arylsulfatase B predominates in stroma, and galactose-6-sulfatase in epithelium

• Arylsulfatase B (ARSB) and galactose-6-sulfatase (GALNS) increased from d5

to

• Increase of ARSB, but not of GALNS, was inhibited by estrogen

• Exogenous high-dose estrogen inhibited steroid sulfatase on d5 and d30
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Figure 1. Sulfatase activity in rat prostate tissue on Days 5 and 30
A. ARSB activity increases between days 5 and 30 (p<0.001, one-way ANOVA with

Tukey-Kramer post-test) in the oil control, but is significantly less in the estrogen-treated

prostate tissue (p<0.001).

B. GALNS activity increases significantly between days 5 and 30 in both the control and

estrogen-treated prostate tissue (p<0.001), and is significantly greater on day 30 following

estrogen (p<0.01).
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C. Steroid sulfatase activity is stable between days 5 and 30 for both control and estrogen-

treated tissue, but is significantly less following exogenous estrogen (p<0.001).

[Statistical test is one-way ANOVA with Tukey-Kramer post-test. N for controls is 6 and for

estrogen-treated is 6 for each time point. ARSB=arylsulfatase B; GALNS=Galactose-6-

sulfatase; STS=steroid sulfatase]
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Figure 2. Total sulfated GAG, C4S, and versican in rat prostate tissue on Days 5 and 30
A. Total sulfated glycosaminoglycans decline between days 5 and 30 (p<0.001) in the

control tissue, consistent with the increase in ARSB activity. With exogenous estrogen, total

sGAG level is stable between days 5 and 30, reflecting both the inhibition of ARSB and the

increase in GALNS between day 5 and day 30.

B. C4S decreases significantly in the control tissue between days 5 and 30 (p<0.001),

consistent with the increase in ARSB activity. In the estrogen-treated tissue, the C4S is

stable, consistent with the estrogen-induced inhibition of increase in ARSB activity.
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C. Versican level declined between days 5 and 30 in the control (p<0.001), but this decline

is inhibited by exogenous estrogen. The changes in versican are similar to those of total

sulfated GAG and C4S.

[Statistical test is one-way ANOVA with Tukey-Kramer post-test. N=6 for controls, and

N=6 for estrogen-treated at each time point. sGAG=sulfated glycosaminoglycan;

C4S=chondroitin-4-sulfate; ARSB=arylsulfatase B; GALNS=Galactose-6-sulfatase]
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Figure 3. ARSB immunohistochemical staining of prostate tissue in oil control rats on Days 1–30
A-F. ARSB immunohistochemistry on days 1(A), 3(B), 6(C), 10(D), 15(E), and 30(F)

demonstrates increasing definition of brown cytoplasmic immunostaining of ARSB in the

stromal compartment, surrounding developing epithelial structures that do not stain at early

time points. Negative ARSB epithelial staining is very well seen on days 3 and 6 (B), in

which blue areas are prominent and are consistent with lack of epithelial ARSB. White

arrows indicate representative sites of brown stromal immunostaining for ARSB. By days 15
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and 30, ARSB is present at the luminal surface of epithelial cells (black arrows).

[ARSB=Arylsulfatase B]

Feferman et al. Page 19

J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4. GALNS immunohistochemical staining of prostate tissue in oil control rats on Days 1–
30
A-F. GALNS immunohistochemistry on days 1(A), 3(B), 6(C), 10(D), 15(E), and 30(F)

demonstrates increasing definition of brown immunostaining of GALNS in the developing

epithelial areas, surrounding an evolving lumen and distinct from the relatively non-staining

(blue) stroma. White arrows denote representative sites of positive brown cytoplasmic

staining of epithelial cells in developing acini. [GALNS=galactose-6-sulfatase]
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Figure 5. ARSB immunohistochemical staining of prostate tissue in estrogen-treated rats on
Days 1–30
A-F. ARSB immunohistochemistry on days 1(A), 3(B), 6(C), 10(D), 15(E), and 30(F)

following exogenous estrogen (estradiol benzoate 25 µg on days 1, 3, and 5) demonstrates

prominent stromal immunostaining of ARSB (brown), surrounding the developing epithelial

structures which are predominantly non-staining for ARSB and are blue. Overall staining

intensity appears less than in the vehicle-only treated control (Fig. 3 A-F). Negative

epithelial staining is prominent by day 6, in contrast to day 3 in the control, consistent with a
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developmental delay. Luminal development at day 30 appears comparable to day 15 in the

control. White arrows indicate representative stromal immunostaining for ARSB, which is

less than in the vehicle control. Black arrows (E, F) indicate representative sites of

prominent luminal epithelial cell membrane staining for ARSB [ARSB=Arylsulfatase B].
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Figure 6. GALNS immunohistochemical staining of prostate tissue in estrogen-treated rats on
Days 1–30
A-F. GALNS immunohistochemistry on days 1(A), 3(B), 6(C), 10(D), 15(E), and 30(F)

following exogenous estrogen (estradiol benzoate 25 µg on days 1, 3, and 5) reveals

increasing definition of the brown epithelial acinar structures surrounding a lumen and

distinct from the relatively non-staining (blue) stromal regions. White arrows denote

representative sites of brown epithelial cytoplasmic immunostaining for GALNS. Luminal
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epithelial membrane appears to be positive for both ARSB and GALNS on days 15 and 30,

indicated with black arrows. [GALNS=galactose-6-sulfatase]
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Table 1

Sulfatase activity and total sulfated GAG, C4S, and versican on Days 5 and 30 in control and following

exposure to estrogen

Measurement ± (S.D.) (n=6) Day 5 Day 30 Day 5 +
Estrogen

Day 30 +
Estrogen

ARSBa(nmol/mg protein/h) 112.4 (10.5) 146.5 (9.0) (***;###)f,g 96.1 (5.8) (*, NS)h,i 94.9 (8.4)

GALNSb(nmol/mg protein/h) 7.2 (0.2) 9.1(0.5) (***, NS) 6.8 (0.3) (***,##) 10.2 (0.7)

STSc (nmol/mg protein/h) 30.7 (1.5) 30.6 (2.4) (NS,###) 15.6 (0.5) (NS,###) 15.8 (0.9)

C4Sd(µg/mg protein) 7.0 (0.3) 4.7 (0.3) (***,###) 8.0 (0.5) (NS,##) 7.8 (0.5)

Total sGAGe (µg/mg protein) 19.0 (1.0) 14 (1.0)(***,###) 20.8 (0.8) (NS, #) 20.9 (1.4)

Versican (ng/mg protein) 179.0 (7.5) 136.0 (5.5) (***,###) 179.4 (10.4) (NS,NS) 183.2 (7.9)

a
ARSB = arylsulfatase B;

b
GALNS = Galactose-6-sulfatase;

c
STS = steroid sulfatase;

d
C4S = chondroitin-4-sulfate;

e
sGAG = sulfated glycosaminoglycans;

f
control day 5 vs. control day 30;

g
control day 30, vs. estrogen-treated day 30;

h
estrogen=treated day 5 vs. estrogen treated day 30;

i
estrogen-treated day 5 vs. control day 5;

***,###
for p<0.001,

##
for p<0.01,

#
for p<0.05;

NS = not significant
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