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Abstract
Endochondral bone formation is a highly orchestrated process involving coordination among cell-
cell, cell-matrix and growth factor signaling that eventually results in the production of mineralized
bone from a cartilage template. Chondrogenic and osteogenic differentiation occur in sequence
during this process, and the temporospatial patterning clearly requires the activities of heparin binding
growth factors and their receptors. Heparanase (HPSE) plays a role in osteogenesis, but the
mechanism by which it does so is incompletely understood. We used a combination of ex vivo and
in vitro approaches and a well described HPSE inhibitor, PI-88 to study HPSE in endochondral bone
formation. In situ hybridization and immunolocalization with HPSE antibodies revealed that HPSE
is expressed in the peri-chondrium, peri-osteum, and at the chondro-osseous junction, all sites of key
signaling events and tissue morphogenesis. Transcripts encoding Hpse also were observed in the pre-
hypertrophic zone. Addition of PI-88 to metatarsals in organ culture reduced growth and suggested
that HPSE activity aids the transition from chondrogenic to osteogenic processes in growth of long
bones. To study this, we used high density cultures of ATDC5 pre-chondrogenic cells grown under
conditions favoring chondrogenesis or osteogenesis. Under chondrogenic conditions, HPSE/Hpse
was expressed at high levels during the mid-culture period, at the onset of terminal chondrogenesis.
PI-88 addition reduced chondrogenesis and accelerated osteogenesis, including a dramatic up-
regulation of osteocalcin levels. In normal growth medium, addition of PI-88 reduced migration of
ATDC-5 cells, suggesting that HPSE facilitates cartilage replacement by bone at the chondro-osseous
junction by removing the HS component of proteoglycans, such as perlecan/HSPG2, that otherwise
prevent osteogenic cells from remodeling hypertrophic cartilage.
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Introduction
Osteogenesis, the development of bone, is a complex process that requires coordination
between cell-cell, cell-matrix, and growth factor mediated signaling events that conclude with
the ossification and mineralization of bone [1]. In the craniofacial skeleton, mesenchymal cells
differentiate into osteoblasts and form bone by intramembraneous ossification. In contrast, in
the axial and limb skeleton, mesenchymal cells differentiate into chondrocytes and are later
replaced by osteoblasts, a process known as endochondral ossification. Key events in this
process include the commitment and differentiation of mesenchymal cells from the mesoderm
into chondrocytes, condensation and proliferation of these committed mesenchymal cells, and
subsequent invasion of blood vessels along with osteoblasts, bone forming cells, osteoclasts,
bone resorbing cells, and hematopoietic cells to form the bone marrow [2]. Various studies
have demonstrated that bioactive heparin binding factors such as Indian hedgehog (Ihh), Wnts,
fibroblast growth factors (FGFs), and bone morphogenetic proteins (BMPs), in addition to
components of the pericellular matrix in cartilage, are critical regulators of lineage commitment
and cell proliferation and differentiation [3–9]. Dynamic paracrine interactions exist between
the developing cartilage core of endochondral bone and the perichondrium (Pc) and support
bone elongation and widening [10,11]. A hallmark of developing endochondral bone is the
chondro-osseous junction (COJ) the demarcation between terminally differentiated cartilage
and mineralizing bone.

Investigations in our laboratory and others, using both human and animal models, revealed that
heparan sulfate proteoglycan (HSPG) core proteins, including perlecan/HSPG2 [12] and their
heparan sulfate (HS) chains influence the key events that occur during cartilage development
[12–20] and fracture repair [21]. More specifically, it has been demonstrated that
glycosaminoglycan (GAG)-bearing perlecan/HSPG2 domain I, but not perlecan/HSPG2
domain I lacking GAG chains, supports aggregation and expression of mature chondrogenic
markers in C3H10T1/2 cells and assists growth factor delivery [22–25]. Accumulating
evidence implicates a critical function for HSPGs in facilitating the interactions among HBGFs
and their receptors [26]. Cleavage of HS chains facilitates formation of diffusible complexes
of growth factors complexed with HS fragments which together form a trimolecular signaling
complex [27]; however, the importance of HPSE as a modulator of growth factor bioavailability
and HS catabolism during the transition from chondrogenesis to osteogenesis during
endochondral ossification remains unclear.

HPSE, an endo-β-D-glucuronidase, is synthesized as an inactive 65kDa form (pro-HPSE) and
is processed to an active heterodimer consisting of 50 and 8kDa subunits (active HPSE). As
an active heterodimer, it cleaves HS chains attached to proteoglycans including perlecan/
HSPG2 [28–30]. HPSE activity is inhibited by a structural mimic of HS, PI-88 [31]. HPSE
also possesses non-enzymatic functions such as cell adhesion, proliferation, migration, and
invasion [32]. HPSE has been identified in normal and malignant cells including skin
fibroblasts, cytotrophoblasts, hepatocytes, Chinese hamster ovary (CHO) cells, and endothelial
cells and tissues including skin, placenta, lung, and kidney [33–38] and is implicated in a
number of normal and pathological conditions [31,39–41]. Interestingly, HS chains have been
identified in the pericellular matrix of both developing and mature cartilage and the Pc of
developing growth plate. [12] Identifying the relationship between HPSE and HS expression
will allow us to better understand the role of HPSE in growth plate development.
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Most studies of HPSE have focused on its regulatory role in cancer progression. Constitutive
overexpression of human HPSE in mice alters tissue architecture, vascularization, and
metabolism [42]. In bone, HPSE overexpression creates a complex phenotype that favors
osteogenesis, increases bone mass, but retards bone elongation in female transgenic mice
[43]. Previous studies in our laboratory demonstrated a dramatic loss of HS at the COJ as
endochondral bone formation progresses, suggesting that HS inhibits osteogenesis [12]. To
expand on these observations, we sought to determine if HPSE influences the transition from
chondrogenesis to osteogenesis during endochondral bone formation in mouse models. We
designed our studies to identify HPSE/Hpse localization within the developing growth plate
and to provide additional functional insight in the role of HPSE/Hpse during the process of
endochondral bone formation.

Materials and Methods
Animals

All animal handling procedures were approved by the University of Delaware Institutional
Animal Care and Use Committee. Long bones from C57/BL6 and ICR strain mice (Taconic,
Germantown, NY) were dissected at various developmental stages and preserved in Tissue-
Tek® Optimal Cutting Temperature (O.C.T.) (Sakura Finetechnical, Torrance, CA) at −80°C
until cryosectioning.

Cell Culture
ATDC5 cells, a murine carcinoma-derived chondrogenic cell line, were obtained from Dr.
Véronique Lefebvre (The Cleveland Clinic, Cleveland, OH) and maintained as monolayer
cultures under conditions previously described [44]. Briefly, they were cultured at 37°C in
air:CO2 [95:5% (v/v)] in regular growth media, Dulbecco’s Modified Eagle’s medium-Ham’s
F12 (DMEM-F12) supplemented with 5% (v/v) fetal bovine serum (FBS), 100 units/ml
pencillin G sodium and 100 µg/ml streptomycin sulfate in 0.085% (w/v) saline (PS). All cell
culture reagents were purchased from Invitrogen (Carlsbad, CA) unless otherwise stated. For
monolayer differentiation, cells were seeded into six-well tissue culture plates (Becton
Dickinson Labware, Franklin Lakes, NJ) until they reached post-confluency at which culture
medium was replaced with regular growth media (DMEM-F12 + 5% [v/v] FBS) containing
10 µg/ml bovine insulin (I), 10 µg/ml human transferrin (T), and 3 × 10−8 mol/L sodium selenite
(S), (ITS). After 21 days in differentiation media, cells were transferred to 37°C in 97% air:
3% (v/v) CO2 and switched to α-MEM containing 5% (v/v) FBS, PS, and 1% (v/v) ITS for
further differentiation into calcifying chondrocytes as described in [44].

In situ Hybridization
In situ hybridization followed a protocol previously described [31,45]. Briefly, E18.5 mouse
limbs were cryosectioned at 12µm thickness and mounted onto poly-L-lysine coated slides.
Hybridization probes were generated as described in [31]. Sections hybridized with sense
probes served as negative controls and indicated specificity of anti-sense probe. Sections were
post-stained with hematoxylin and eosin to confirm orientation.

Immunohistochemistry
Frozen limb sections (10–12µm thickness) were fixed in methanol for 10 min at room
temperature, rehydrated in PBS containing Ca2+ and Mg2+ and blocked with 1% (w/v) bovine
serum albumin (BSA) (Sigma-Aldrich) in PBS for 30 min at room temperature. Sections were
incubated at room temperature for 1 h with mouse monoclonal anti-human HPSE 1 antibody
(Insight Biopharmaceuticals Limited, Rehevot, Israel) and Zenon™ reagent at 1:40 dilution
and Draq5™ ( Biostatus Limited, Leicestershire, UK) at 1:2000 dilution. One µg of this
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antibody was used to prepare Zenon™ labeling complex using Zenon™ Technology
(Invitrogen/Molecular Probes, Eugene, OR) according to the manufacturer’s protocol. Samples
were rinsed three times with PBS containing Ca2+ and Mg2+ for 5 min at room temperature
each. Next, sections and cells were post-fixed for 10 min at room temperature in 4%
paraformaldehyde (w/v) in PBS. Finally, samples were mounted in Gel/Mount ™ (BioMeda
Corp., Foster City, CA) to prevent fading. As a control for specificity, sections were incubated
with mouse IgG2b. Samples were imaged with a Zeiss LSM 510 multi-photon confocal
microscope at the Microscopy Core Facility of the University of Delaware.

Organ Culture
The three center metatarsals were microdissected from the feet of 2 day old ICR mice as
described in [10,46–48]. Metatarsals were placed in 24 well tissue culture treated plates
(Corning Inc) containing 500µl of α-MEM (Gibco-BRL) supplemented with 0.05mg/ml
ascorbic acid, 0.3mg/ml L-glutamine (SIGMA- Aldrich, St Louis, MO),1mM β-
glycerophosphate (SIGMA- Aldrich), 250µg/ml of Amphotericin B (Invitrogen) (Fungizone
Equivalent) and PS (Invitrogen). Explants were grown at 37°C in a humidified air:CO2 (95:5,
v/v) incubator. Explants were cultured in media containing 0, 100, or 500µg/ml of PI-88. For
PI-88 treated samples, the drug was generously provided by Progen Pharmaceuticals Ltd.
(Toowong, Queensland, Australia). Media was changed every 2–3 days. Fresh PI-88 was added
with each media change. Cultures were observed for contamination and photographed using a
digital camera DXM1200F (Nikon, Japan) attached to phase-contrast microscope SMZ1500
(Nikon, Japan). Histomorphometric analyses of dissected metatarsals were performed as
reported by Ueda et al., 2007 [49] with the relative contributions of the Rz, Pz, and Hz to the
longitudinal length of the bone indicated. Images then were processed further and the length
of the bones as well as the lengths of the growth plates and marrow cavities were measured on
day 0 and after 5 days of culture using Adobe Photoshop® 7.0. The percentage of total bone
growth and relative contribution of growth of each compartment was calculated from the
measured values. The mean and standard deviation and significance were determined using
GraphPad Software©. Groups with probability value less than 0.05 (p<0.05) were considered
significantly different. To observe any morphological differences in the growth paltes that
could result from treatment with PI-88, bones were sectioned on D5 of culture as described
above and stained with hematoxylin and eosin. Bones were photographed at 10X.

Real Time PCR
Total RNA of differentiated ATDC5 cell was extracted using the RNeasy Mini Kit and
QIAshredder column (Qiagen) and digested with DNAse I with the DNA free kit (Ambion)
following the manufacturer’s instructions. Reverse transcription (RT) was performed with
Omniscript Reverse Transcriptase (RT) kit (Qiagen) for conventional and real time quantitative
(Q) polymerase chain reaction (PCR). Conventional PCR and Q-PCR were performed using
the HotStar Taq DNA Polymerase kit (Qiagen) and the SYBR® green PCR master mix
(Applied Biosystems, Foster City, CA). Oligonucleotide sequences were designed using
Primer Express (Applied Biosystems, Foster City, CA) unless otherwise indicated.
Oligonucleotide sequences used in PCR reactions are listed in Table 1. After 10 min of
preincubation at 95°C, samples were incubated for 30 s at 55–65°C, and 60 s at 72°C for 35
cycles with a final extension for 10 min at 72°C. For Q-PCR, samples were cycled for 15 s at
95°C and 60 s at 60°C for 45 cycles. All data collected from real-time PCR was calculated
using the ABI Prism® 7000 software (Applied Biosystems). The relative amounts of Hpse
mRNA were identified using the comparative threshold cycle (Ct) method (User Bulletin No.
2, ABI Prism 7700 Sequence Detection System). The Ct value of each target sequence was
subtracted from the Ct value of ACTB, to derive ΔCt. The calculation of ΔΔCt involved
subtraction of the ΔCt value of D0 differentiated ATDC5 cells. Similarity in amplifying
efficiency (slope difference < 0.1) of the targets (Hpse) and reference (ActB) were validated.
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Each sample was assessed in triplicate. To confirm amplification specificity of the fluorescent
detection system, Q-PCR products were analyzed in a 2% (w/v) agarose gel stained with
ethidium bromide.

Immunoblotting
For analysis of protein expression, total cell extract was used from ATDC5 cells that were
lysed in buffer including 0.05M Tris pH 7.0, 8M urea, 1% (v/v) sodium dodecyl sulfate (SDS),
1% (v/v) β-mercaptoaethanol and 0.01% (v/v) phenylmethylsulphonyl fluoride (PMSF). Cell
extracts were incubated for 5 min at 100°C with Laemmli Sample Buffer (BioRad Laboratories,
Hercules, CA) containing 1% (v/v) β-mercaptoethanol and separated by SDS-polyacrylamide
gel electrophoresis (PAGE) using a 4–12% (w/v) Bis-Tris gradient polyacrylamide gel with
MES buffer (Invitrogen) or a 10% (w/v) polyacrylamide Porzio and Pearson SDS-PAGE gel
[50,51]. After electrophoresis, gels were transferred to Protran® Pure Nitrocellulose Transfer
and Immobilization Membrane (Scheleicher & Schuell Bioscience Inc, Keene, NH) for
immunoblotting with anti-heparanase polyclonal (1453) raised against the entire 65 kDa
HPSE precursor which was kindly provided by Dr. Israel Vlodavsky (Cancer and Vascular
Biology Research Center, The Bruce Rappaport Faculty of Medicine, Technion, Haifa 31096,
Israel). Briefly, the blots were blocked for 3 h-overnight at 4°C with 5% (w/v) non-fat dry milk
in phosphate buffer saline (PBS) plus 0.1% (v/v) Tween 20 (PBS-T) then incubated overnight
at 4°C with the primary antibody at a final dilution of 1:2500 in 5% (w/v) non-fat dry milk/
PBS-T. Blots were rinsed three times, 5 min each at room temperature with PBS-T to remove
unbound antibody. Next, blots were incubated for 2 h at 4°C with anti-rabbit IgG peroxidase
conjugate (Sigma, St Louis, MO) at a final dilution of 1:200,000 in 5% (w/v) non-fat dry milk/
PBS-T. Finally, the blots were rinsed three times with PBS for 5 min each at room temperature
and detected using the ECL system (Pierce, Rockford, IL) as described by the manufacturer.
Blots were immunoblotted with anti-ACTB to determine equivalent loading. Statistical
analyses were performed using one-way ANOVA and the Tukey-Kramer multiple
comparisons test (GraphPad InStat program; GraphPad Software Inc., San Diego, CA).

Effects of PI-88 on HPSE Activity
Radiolabeled extracellular matrix-heparan sulfate proteoglycans (ECM-HSPGs) were
prepared as described previously [31]. In summary, WiDR cells were cultured in Eagle’s
Minimum Essential Medium (ATCC, Manassas, VA) supplemented with 10% (v/v) FBS, 2mM
L-glutamine, 100U/ml penicillin and 100µg/ml streptomycin sulfate. Following the second
passage, the cells were plated in a 24-well cell culture treated plate (Corning Inc) until they
reached 80% confluency. The media was removed, cells were rinsed with low sulfate media
containing RPMI-1640 (Invitrogen), 3.3mM magnesium chloride, 1.5mM HEPES, 1.2g/L
sodium bicarbonate and 0.05% (v/v) penicillin/streptomycin solution. The pH of low sulfate
media was adjusted to 7.3 before use. Cells were incubated in 1ml of low sulfate media
containing 100µCi of Na2 35SO4 for 48h. After 48h, cells were rinsed, briefly, four times with
PBS free of Ca2+ and Mg2+ to remove unincorporated Na2 35SO4. The wells were treated with
0.5% (v/v) Triton X-100/ 20mM ammonium hydroxide in PBS for 10min to solubilize the cell
layer followed by four washes with PBS free of Ca2+ and Mg2+. The ECM-H(35S)PGs which
remained intact and attached to the cell culture well were used immediately to test for HPSE
activity as described [31,52]. Total cellular extract from differentiated ATDC5 cells and
B16BL6 cell was homogenized in a buffer containing 10mM TBS pH 7.2, 0.5% (v/v) Triton
X-100, 0.1µg/ml (w/v) leupeptin, 0.1µg/ml (w/v) pepstatin and 0.2mM PMSF and prepared
for HPSE activity assay as described in [31]. Prior to incubating samples with the ECM-H
(35S)PGs, 50µg protein extracts were incubated with various concentrations of PI-88.
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High Density Chondrogenic Culture
To prepare micromass cultures, ATDC5 cells were plated at a density of 1.0 × 105 cells in a
total volume of 10µl of DMEM/F-12 supplemented with 5% (w/v) FBS in the center of four-
well tissue culture treated plate (Nunc™, Rosklide, Denmark) as described in Denker et al.
(1999) [53] . Cells were allowed to attach for 3 hr. After attachment, 0.5ml of regular growth
media containing ITS and PS was added to each well. Media was changed every other day.
For micromass cultures treated with PI-88, the procedure was as follows: a single cell
suspension of cells was pretreated with 100µg/ml of PI-88 for 30 min at room temperature with
occasional gentle resuspension prior to plating. Following 30 min incubation, 10µl of the
pretreated cell suspension was plated at a density of 1.0 × 105 cells in DMEM/F-12
supplemented with 5% (w/v) FBS in the center of four-well tissue culture treated plate. Fresh
PI-88 was added with each media change. For subsequent experiments, total RNA of
differentiated ATDC5 micromasses were extracted using the RNeasy Mini Kit and
QIAshredder column (Qiagen, Valencia, CA) and digested with DNAse I with the DNA free
kit (Ambion, Austin, TX) following the manufacturer’s instructions. Reverse transcription
(RT) was performed with Omniscript Reverse Transcriptase kit (Qiagen) for conventional and
real time quantitative (Q) RT-polymerase chain reaction (PCR).

High Density Mineralization Culture
ATDC5 cells were cultured in micromass as described above with minimal modifications.
Following attachment, 0.5ml of α-MEM containing 5% (v/v) FBS, 0.05mg/ml ascorbic acid,
10mM β-glycerophosphate (SIGMA- Aldrich), ITS, and PS. Media was changed every other
day. For PI-88 treated samples, fresh PI-88 was added with each media change. Total RNA
was extracted as described above. Whole-mount cell cultures were fixed and stained with
Alcian Blue 8GX (Sigma-Aldrich) as described in [54–57] and Von Kossa stain as described
in [46,48] at the indicated time point(s).

Migration Assay
The effect of PI-88 on cell migration was determined using wound healing assay procedures
as described [58]. Prior to plating cells, ATDC5 cell suspension was pre-incubated with 100µg/
ml of PI-88 for 30 min at room temperature with occasional mixing. As a negative control
single cell suspension was incubated with PBS alone. Immediately following incubation, cells
were plated in six well tissue culture treated plates (Becton Dickinson) and grown to confluency
in regular growth media. For cells treated with PI-88, fresh PI-88 was added to the regular
growth media. Next, the cell monolayer was wounded by a sterile plastic micropipette tip and
rinsed two times with PBS containing Ca2+ and Mg2+ to remove any unbound cells. The cells
were imaged using a digital camera CoolPix 990 (Nikon Japan) attached to a phase contrast
microscope (Nikon Japan) immediately following the creation of the wound. Cells were
incubated at 37°C in a humidified incubator of air:CO2 (95:5). After 210 min, cells were re-
imaged under phase-contrast microscopy. The percentage of cells repopulating the scratch zone
was calculated by direct observation of the cell density in this area using Image J software
(http://rsb.info.nih.gov/ij/).

Statistical Analysis
Statistical analyses were performed using one-way analysis of variance (ANOVA) and the
Tukey-Kramer multiple comparisons test GraphPad Software©. Groups with probability value
less than 0.05% (p<0.05) were considered significantly different.
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Results
HPSE is present in the developing growth plate

In the first series of experiments, we determined the expression of Hpse mRNA and HPSE
protein in developing mouse long bone and throughout the different regions of the growth plate.
To determine Hpse mRNA localization in vivo, in situ hybridization was conducted using
radioactively-labeled Hpse antisense probes on limbs obtained from day 18.5 mouse embryos,
a time when all regional zones of endochondral bone are clearly evident. To confirm
chondrogenic regions and orientation, cryosections were counterstained with hematoxylin and
eosin (Figure 1A). The proliferative zone (Pz) is indicated by numerous closely packed round
cells. Prehypertrophic (PHz) cells were identified by an increase in cell size and the initial
formation of cells into a columnar organization flowing into the hypertrophic region (Hz) with
large columnar cells. The chondro-osseous junction (COJ), the distinct area that lies between
the Hz and mineralized tissue (MT), marks the initiation of large scale osteogenesis. In our in
situ studies, the most intense signal for Hpse mRNA was observed in the Pc, Po, MT, and
especially the COJ (Figure 1B), indicated by bright yellow hybridization signal (black arrows).
Faint signal also was observed in the PHz and Hz as indicated by orange signal (arrowheads)
(Figure 1B).

Next, we determined the localization of HPSE protein in 18.5 day mouse embryos using
immunohistochemistry. An antibody against perlecan/HSPG2, the major HSPG in cartilage,
was used to show the regions where the highest concentrations of HS are located (red in Figure
1C). The highest HPSE immunoreactivity was observed in the Pc surrounding the Hz region
and Po along the edge of the developing long bone (white arrow). Expression also was evident
in the COJ and MT as indicated by the asterisks. In contrast, expression throughout the Pz and
PHz of cartilage was only moderately above background and did not appear to change
throughout early differentiation. (Figure 1C) The expression of HPSE also was examined
earlier in development. Figure 1D shows the very bright site of immunolocalization of HPSE
in 16.5 day mouse embryos with intense staining in the Pc surrounding the transition to the
Hz. In whole bone, this would appear as a “ring” of HPSE-expressing Pc demarcating the PHz-
Hz boundary. It was of interest that very little overlap was observed for perlecan/HSPG2 and
HPSE except for the Pc surrounding the PHz-HZ boundary, where a bright green/yellow signal
(white arrow) was observed at high magnification (Figure 1D). HPSE staining also was evident
in trabecular bone at the COJ (Figure 1E, white arrow), shown without the perlecan/HSPG2
staining.

PI-88 reduces growth plate expansion and increases bone marrow cavity proportion of
Cultured metatarsals

To determine the effects of the HPSE inhibitor, PI-88, on long bone growth, metatarsal bones
were dissected from 2–3 day old ICR mice and cultured ex vivo in the presence of 0, 100 or
500µg/ml of PI-88. Each study group consisted of five bones that were on average 3.53 mm
in length at the initiation of the culture period. In the absence of PI-88, metatarsal bones
increased in total length by approximately 21.5% when comparing D0 to D5 (Figure 2). There
was no significant difference between untreated and metatarsal bones treated with 100µg/ml
of PI-88 (Figure 2A). At 500µg/ml, the total mean increase in metatarsal bone length was only
15.4%, about a 6% reduction (Figure 2A, C). Similar results were seen when the data were
analyzed as the median rather than the mean (Figure 2C). At D5 of culture, metatarsals were
frozen in OCT and cryosectioned, then stained with hematoxylin and eosin. There was no
indication of necrotic cell death as a result of PI-88 toxicity. Interestingly, bones from cultures
treated with PI-88 (500 µg/ml) showed a significant reduction in cells in the Pz with a
coordinate increase in the number of cells showing clear signs of hypertrophy (Figure 2B).
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To determine if there was a ratiometric change in the lengths of the growth plate relative to
bone cavity, the length of each bone cavity was measured relative to total bone length (Table
II) similarly to the method of Ueda et al. [49]. In freshly dissected bones, the growth plates
occupied 62% of the total bone length, with the rest (38%) taken up by bone cavity. By D5,
the growth plates occupied 69% of total bone length, with the remaining 31% occupied by
cavity, reflecting the overall increase in bone volume occupied by expanding cartilage cells.
The same was true for metatarsals treated with 100µg/ml PI-88. In contrast, metatarsals treated
with 500µg/ml maintained dimensions of 60.2% growth plate and 39.8% bone cavity, similar
to bones at the start of culture. Similarly, the bone cavity ratio of untreated metatarsal bones
decreased by some 7% during the culture period compared to a nearly 2% increase in cavity
ratio in metatarsals treated with PI-88 at 500µg/ml. These proportional changes in bone
structure and increase in cells undergoing hypertrophy led us to examine HPSE/Hpse
expression in an in vitro system where the processes of chondrocyte and osteoblast
differentiation could be independently evaluated in the presence and absence of PI-88.

HPSE/ Hpse is expressed in a differentiating chondrocytic cell line
Using the ATDC5 in vitro model of chondrocyte differentiation, we examined Hpse mRNA
expression as a function of differentiation in culture. By conventional PCR, a 349bp band
appeared at D5 of culture revealing the first expression of Hpse mRNA. Sequencing confirmed
the identity of this amplimer as a Hpse derived sequence. As assessed by the increase in
intensity of the 349bp band, expression continued to increase through D15 and D20 of culture.
The intensity of the band dramatically decreased by D30 and D35 of culture, approaching the
levels observed at D5 and 10 of culture (Figure 3A). Q-PCR confirmed that Hpse mRNA
increased significantly at D15 and 20 compared to D0, p<0.01 (Figure 3B). There was
approximately a 60-fold increase in expression relative to D0.

To determine the stage of differentiation mimicked by the cultures, early and late stage markers
of chondrogenesis were examined using conventional PCR. Parallel studies established that
collagen type II/COLII, an early stage marker of chondrogenesis, mRNA was detected at D5
of differentiation and increased until approximately D10 and then remained high through to
D30. Collagen type X/COLX, a late stage marker of chondrogenesis, mRNA first was detected
at D10 and gradually increased until D30. Aggrecan/Agg, an early stage marker of
chondrogenesis, mRNA was expressed throughout the culture period, as was perlecan/HSPG2
(Figure 3C). Interestingly, up-regulation of Hpse mRNA occurred at the same time as did the
initial up-regulation of collagen X, a marker normally expressed in the Hz at the time of terminal
differentiation [56].

We extended our in vitro studies of HPSE expression by performing immunoblotting using an
anti-HPSE polyclonal (1453) antibody raised against the entire 65kDa HPSE precursor.
Recombinant human HPSE and total cellular extract from B16BL6 cells served as positive
controls, and as additional molecular weight guides for the unprocessed (65kDa/pro-HPSE)
and processed form (50kDa) of HPSE. Both the unprocessed and processed forms of HPSE
were observed at all time points from differentiated ATDC5 cells. There was a modest increase
in the processed form of HPSE at D10–20 when compared to D5. There was a significant
decrease in both unprocessed and processed forms of HPSE at D25 and 30. (Figure 4) These
trends at the protein level were similar to the observations when investigating Hpse expression
at the mRNA level, although the degree of increase was not as dramatic as that observed for
Hpse mRNA (compare Figure 3A to Figure 4).

Because HPSE can be expressed as both an enzymatically unprocessed and a processed form
[30], we performed an activity assay to determine if active HPSE was produced during ATDC5
cell differentiation. Consistent with the Western blotting studies, HPSE activity was initially
low, and continued to increase as differentiation progressed. HPSE activity in the cell
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associated fraction was increased through day 21, and was detected through the end of the
differentiation period (D33) (data not shown). Because it represented the time of peak increase
of HPSE activity, D19 was used to assess the inhibitory effects of PI-88 on differentiating
chondrocytic cultures (see below). To determine if the expression of HPSE was required for
chondrogenic differentiation, we differentiated ATDC5 cells while perturbing HPSE activity
using a competitive inhibitor, PI-88.

PI-88 decreases HPSE activity in ATDC5 cells in a dose-dependent manner
ECM pre-labeled metabolically with [35S]sulfate was treated with cellular extract from D19
differentiated ATDC5 cells in the absence and presence of 5, 50, and 100µg/ml of PI-88. The
ability of endogenous HPSE to cleave radioactively-labeled HS chains was measured and
quantified after chromatographic separation as described previously [31]. Total cellular extract
from B16BL6 melanoma cells served as a positive control. Specificity for HS first was
demonstrated by beta-elimination to confirm that the released fragments were not derived from
the protein component of the proteoglycans. Second, nitrous acid degradation, which acts only
on HS and not on other glycosaminoglycans, was used to verify that the released fragments
were HS. A buffer control was used to determine background levels and subtracted from all
experimental samples. There was a significant and dose-dependent decrease in HPSE activity
in all cellular extracts containing PI-88. In the presence of 100µg/ml of PI-88, a 56% reduction
in HPSE activity was observed when compared to no treatment control (Figure 5). For the
remaining in vitro studies, 100µg/ml of PI-88 was used.

PI-88 decreases the rate of GAG accumulation during ATDC5 differentiation
To determine the effects of PI-88 on chondrogenic differentiation, high density chondrogenic
cultures of ATDC5 cells were treated with PI-88 (100µg/ml). GAG accumulation, which
correlates with early chondrogenic differentiation, was assessed by staining micromasses with
Alcian blue and quantitating dye accumulation spectrophotometrically. There was no
indication of Alcian blue staining at D0 for either the control or experimental group (Figure
6A), normalized to 0.05 units in Figure 6B. At D4 and D6, both treated and control micromass
cultures stained positively with Alcian blue for GAG accumulation as indicated by the presence
of a blue-green circle in the center of the culture dish. The intensity of the staining, assessed
by A600 nm, was significantly less in all PI-88 micromasses tested (Figure 6B). Thus,
micromass cultures exposed to PI-88 accumulated a significantly smaller amount of GAG at
both D4 and D6 of culture.

To further investigate gene expression relevant to chondrogenic or osteogenic differentiation,
RNA was extracted from both control and PI-88 treated micromass cultures on D6 and
conventional RT-PCR was performed using specific primers for well accepted markers of
chondrogenesis and osteogenesis. There was no change in AGG and COLII mRNA expression
between ATDC5 cells treated with 100µg/ml of PI-88 and untreated controls. (Figure 6C). In
contrast, examination of late stage markers of chondrogenesis, COLX and OCN, showed that
while COLX was only slightly increased (1.3-fold), micromass cultures treated with 100µg/ml
of PI-88 consistently displayed a significant increase in OCN expression (>3-fold) (Figure 6C).
Because the OCN signal was saturated beyond the linear range, the 3-fold increase is likely
underestimated.

PI-88 decreases cell migration in proliferative and terminally differentiated chondrocytes
To further investigate the change in OCN, the marker of osteogenesis, high density cultures
were grown under conditions conducive to mineralization in the presence of PI-88. When
micromass cultures were stained with von Kossa, an indicator of mineralization, after 6 days
in culture, an unexpected observation was made. Surprisingly, control cultures (Figure 7A)
were found to stain intensely not only in the central high density portion of the micromass, but
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also in the periphery of the plate where it appeared that a significant number of the cells had
migrated during the culture period. In contrast, in the presence of 100µg/ml of PI-88, while
strong von Kossa staining, i.e. mineralization, was evident in the center of the dish, there was
no staining in the periphery of the plates (Figure 7A). To determine if PI-88 had a direct
inhibitory effect on migratory behavior of ATDC5 cells, we next tested the effects of PI-88 on
cell migration. A standard wound healing scratch assay was performed using ATDC5 cells.
The dotted lines in Figure 7B (panels 1 and 3) trace the initial area of cells removed following
the scratch. Cells treated with PI-88 displayed a marked decrease in cell migration (Figure 7B,
panel 4) illustrated by the persistence of a clear area into which the cells have not yet migrated.
In contrast, control cells appeared to fill the scratch space after 210 min (Figure 7B panel 2).
Quantitative densitometry using Image J indicatd that the coverage density in panel 2 was 65%
versus 25% in PI-88 treated samples.

Discussion
This study identifies HPSE as a key regulator of the differentiation processes that take place
during endochondral bone formation. In particular, expression is very high in a “ring” of Pc
surrounding the region of growth plate that functions as a key signaling center regulating bone
growth in both length and width dimensions [2]. This region also is the site where heparin
binding growth factors, including FGFs [59], are expressed in developing cartilage. This
finding supports a role for HPSE as a regulator between chondrogenic and osteogenic
differentiation during endochondral bone formation, an axis in which the Pc is crucial for the
proper invasion of blood vessels into the hypertrophic cartilage and for mineralization. [60].
During the chondrogenic process, cells in the upper growth plate proliferate and increase in
cell number. In contrast, as chondrocytes differentiate, they exit the cell cycle and begin to
express markers of terminal differentiation. A key regulator of this transition is the Ihh/PTHrP
signaling pathway which modulates the balance of activity between proliferation and
differentiation by controlling signaling between the PHz and the surrounding Pc [61–63].
Interestingly, perlecan/HSPG2 was recently shown by our laboratory to modulate hedgehog
protein activity [64], indicating a role for HS in these processes, presumably through control
of morphogen gradients as has been well documented in Drosophila [65]. It is thus of interest
that the highest levels of HPSE/Hspe expression are in the Pc in the area bordering the PHz-
Hz transition.

Further support for a function of HPSE in function of Pc comes from our recent studies in
which we used a panel of antibodies specific for unique HS species present on HSPGs present
in cartilage including glypican-3, perlecan/HSPG2, and syndecan 3, all of which are important
in cartilage patterning and development [66–70]. These studies clearly showed that HS species
are dynamic structures within developing growth plate cartilage and the Pc. In particular,
GlcNS6S-IdoUA2S-GlcNS6S species were down regulated and localization of GlcNS6S-
IdoUA-GlcNS6S species within the Hz of the growth plate was lost during normal
development. Such regional differences in HS structures present within developing growth
plates demonstrate that interactions with and responses to HS-binding proteins such as HPSE
are temporospatially modulated during endochondral bone formation [12] The existence of an
active tri-molecular complex involving HS, HBGFs, and HBGF receptors [71] suggests that
HPSE, by virtue of its ability to degrade HS, provides an additional key molecule required for
these receptor signaling systems to function.

The COJ is the site at which both perlecan/HSPG2 (Figure 1) and HS [12] abruptly disappear
from bone, suggesting that HPSE activity plays a key role in perlecan/HSPG2 degradation and
the onset of mineralization, an idea consistent with published findings that HPSE
overexpression increases osteogenesis [43]. Interestingly, the COJ also is the site at which a
number of important ECM degrading enzymes including MMPs have been found [72]. Highly
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basic, isoelectric point > 10, HS binding growth factor FGF18 that regulates skeletal
vascularization and subsequent recruitment of osteoblasts/osteoclasts through regulation of
early stages of chondrogenesis and VEGF expression, also is found in this region of the COJ
[73]. Because heparin is a potent inhibitor of mineralization [74] and HPSE activity, it also is
intriguing to speculate that HPSE driven catabolism of HS at the COJ not only supports HS
dependent signaling and angiogenesis, but also removes a critical barrier to bone formation,
namely perlecan/HSPG2 and HS.

Of interest, previously published studies showed that PI-88 accumulates in the Pc and Po in
living rats given a single subcutaneous dose of [35S]PI-88 [75], presumably by binding to HS
present there. To test the idea that active HPSE plays a role in bone growth, we cultured
metatarsals in the presence of PI-88 which at high doses inhibited bone growth. We believe
this reflects a direct effect of PI-88 on HPSE activity in the Pc, a site at which drug penetration
was not expected to be a major problem even in the absence of a functional vasculature for
drug delivery. Our observation of decreased growth plate expansion, ratiometric expansion of
the bone marrow cavity, and decrease in total bone length in the presence of PI-88 is likely the
result of premature hypertrophy and accelerated osteogenesis including Ocn expression, as a
consequence of disruption of the Pz-Pc signaling axis owed to loss of HPSE digestion of HS.
These observations are well in accord with the previous work identifying HPSE as an important
molecule in bone formation. Zcharia et al. demonstrated that human HPSE could be
overexpressed under the constitutive control of the ActB promoter [42]. Subsequent studies by
the same group showed that while the HPSE transgene was weakly expressed throughout the
bone marrow, there was a significant increase in expression in osteoblasts and osteocytes. Mice
expressing this transgene displayed increased trabecular bone mass, cortical thickness, and
bone formation rates [43]. Bone marrow stromal cells derived from transgenic mice expressing
recombinant human HPSE and MC3T3 E1 osteoblastic cells receiving exogenous HPSE
spontaneously underwent osteogenic differentiation. All of these findings, combined with our
observations of HPSE/Hpse expression in the Pc and COJ reported in this work, are consistent
with the idea that HSPGs suppress osteoblast function and that this inhibition is overcome by
HS degradation with HPSE [43]. Furthermore, our data also suggest that HPSE present in the
Pc directly contributes to bone lengthening by supporting HS-dependent growth factor
signaling.

To mechanistically investigate the role of HPSE in endochondral bone formation, we used the
well accepted ATDC5 cell in vitro model system, because it permits study of both
chondrogenesis and osteogenesis within the same cell culture system [76]. ATDC5 also can
mineralize spontaneously without the addition of an exogenous substrate such as β-
glycerophosphate [77]. The mid-culture increases in HPSE expression are consistent with the
elevation in Hpse expression seen in the PHz-Hz in the in situ hybridization experiments. One
function of this short lived increase in expression at this critical time may be to liberate heparin
binding growth factors sequestered in the PHz so that they diffuse to the Pc where they can
interact with the growth signaling center located there.

To investigate further the importance of HPSE activity, we used PI-88 in the in vitro culture
system. To reduce the time required for these experiments, we prepared high density cultures
of ATDC5 cells which rapidly differentiate over a six day period. Biomarker analysis
confirmed that by D6 terminal differentiation had occurred, and thus these cultures can be
compared to the earlier studies using the longer monolayer culture period. In the presence of
100µg/ml of PI-88, an effective dose under these culture conditions, there was a 56% decrease
in HPSE activity in D19 differentiated ATDC5 cells. We did not use the higher dose because
of concerns about effects on cell attachment owing to the nonenzymatic activities of HPSE
[32]. PI-88 treated cell cultures showed decreases in GAG accumulation at both days tested
suggesting a role of HPSE activity in chondrocyte differentiation and ECM secretion. While
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there was only a modest effect of PI-88 on ColX expression under these conditions, there was
a dramatic increase in Ocn expression, a late stage marker of osteogenesis. This is interesting
in the context of the earlier observations of Kram et al [43] and suggests that HPSE activity
must be carefully titrated at the transition from chondrogenesis to osteogenesis, as either its
overexpression as seen with the transgene, or its inhibition, as seen here, tips the balance toward
osteogenesis. One explanation for the high levels of Ocn seen in the presence of PI-88 may lie
with the function of Runx2, the key transcription factor regulating Ocn expression. If inhibition
of HPSE disrupts MAPK signaling, known to lie downstream of HPSE [78], then exit from
the cell cycle and concomitant up-regulation of Runx2 may be sufficient to increase Ocn
expression and support osteogenesis in the presence of PI-88 [79]. The increase in Ocn
expression in the growth plate treated with PI-88 is indicative of an advanced stage of
chondrocyte hypertrophy or a trans-differentiation of chondrocytes to an osteoblastic like cell,
as described [80]. This is consistent with the histological findings shown in Figure 2B. The
anti-proliferative and pro-differentiation effect of PI-88 is the one that forms the cornerstone
of its testing in clinical trials as an anti-neoplastic agent [81].

When ATDC5 cells were cultured under conditions favoring osteogenesis, we were surprised
to note the high number of cells migrating away from the central micromass and taking up
residence in the perimeter of the cultures. This inhibition of migration was substantiated in the
scratch assays. This novel finding is important because it reveals a new mechanism by which
HPSE can modulate the balance between chondrogenic and osteogenic differentiation during
endochondral bone formation. The ability of chondrocytes to migrate during
transdifferentiation has only recently been addressed [82], but has important implications for
cartilage and bone healing after injury and in conditions such as osteoarthritis.

In summary, the data presented here suggests that inhibition of HPSE activity by PI-88 in
vitro and ex vivo leads to premature termination of chondrogenic growth and differentiation
and favors premature osteogenic differentiation perhaps by promoting transdifferentiation of
Hz cells. This effect appears to be due to actions at two distinct signaling centers at which
HPSE is expressed: the PHz-Pc growth signaling center and the COJ where terminally
differentiated cartilage gives way to trabecular bone and associated angiogenesis. Further
understanding of the signal transduction pathways that are disrupted when HPSE activity is
perturbed during endochondral ossification will provide valuable insight into skeletal
abnormalities observed when HS biosynthetic enzymes and HSPGs are misexpressed during
development [83].
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Figure 1. HPSE is present in the Pc and COJ of developing mouse limb
Panel A shows hematoxylin and eosin counterstaining of the cryosection shown in (B). (B)
Hpse mRNA (orange and yellow) was detected by in situ hybridization, in the periosteum (Po)
and perichondrium (Pc), hypertrophic zone (Hz), and chondro-osseous junction (COJ) and
mineralized tissue (MT) of day 18.5 embryos. (C) A cryosection of mouse hindlimb was
analyzed by indirect immunofluorescence using a mouse monoclonal anti-human HPSE
antibody as described in “Materials and Methods.” Positive HPSE immumostaining is
indicated by green fluorescence in the Pc, Po, COJ, and MT. The section was double labeled
with anti-perlecan/HSPG2, the major HSPG in the matrix of developing endochondral bone
(red). (D) Close up view of HPSE immunostaining (green) in the Pc at the PHz/Hz boundary
shown with perlecan/HSPG2 double stain (red). (E) HPSE staining of the COJ. No specific
signal was observed using isoform matched normal mouse IgG under similar conditions used
as a negative control (not shown). Arrows highlight areas of high HPSE/Hpse expression.
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Figure 2. PI-88 reduces growth of cultured metatarsals
Freshly dissected mouse metatarsals were cultured for 5 days as described in “Materials and
Methods.” Cultures received either 100 or 500 µg/ml PI-88, or no treatment. Metatarsals were,
on average, 3.53 mm in length at the initiation of the culture period. (Panels A, C) In the absence
of PI-88, metatarsal bones increased in total length by 21.5% over the culture period. No change
was observed at the lower dose (100 µg/ml) of PI-88. At the higher dose, a significant (p <
0.05) reduction in bone lengthening, expressed as a percent, was seen both by calculation of
the mean and the median. (Panel B) Immunohistochemical analysis of sections of metatarsal
bone treated with PI-88 (500 µsg/ml) showed a loss of cells in the proliferating zone (Pz) and
a concomitant increase in cells in the hypertrophic zone (Hz). These features are consistent
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with limb shortening. (Panel C) Mean and median growth was assessed at two doses of PI-88
(n ≥ 8). The data shown is compiled from two independently performed experiments in which
five bones were used in each treatment group (30 bones total).
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Figure 3. Hpse mRNA is elevated as ATDC5 cells approach terminal differentiation
ATDC5 cells were submitted to chondrocytic using culture conditions as described in
“Materials and Methods.” (A) Conventional RT-PCR was performed using total RNA from
differentiated ATDC5 cells at the indicated time points of differentiation as described in
“Materials and Methods.” Hpse mRNA expression is initially expressed at D5 and continues
to be expressed throughout culture. Interestingly, HPSE mRNA expression peaks at D15–20
of culture. The Hpse peak expression was confirmed by QRTPCR. (B) QRTPCR reveals that
Hpse mRNA significantly peaks in mid-stage culture (D15 and D20) and displays an increase
in relative expression 73% at day 15 and 67.6% at day 20 after normalizing to ActB as described
under “Materials and Methods.” C) Gene expression of early and late stage markers of
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chondrogenesis was investigated to determine the stage of ATDC5 differentiation at different
time points. Collagen II/ColII mRNA was initially detected at D5. Its expression is maintained
throughout differentiation. Collagen X/ColX transcript was initially detected at D10 but did
not reach its peak until D30 of differentiation indicating late stage differentiation. Aggrecan/
Agg mRNA, an early stage marker of chondrogenesis, was expressed and maintained
throughout the duration of the culture. Perlecan/HSPG2 was detected at D0 and maintained
expression throughout the entire differentiation process.
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Figure 4. HPSE expression peaks as ATDC5 cells approach terminal differentiation
Total protein was extracted from differentiated ATDC5 cells at various time points and assayed
for HPSE expression. Although, HPSE is not abundant in ATDC5 cells, there is an increase
in HPSE expression as ATDC5 cells progress through chondrogenic differentiation. ATDC5
cells were submitted to chondrocytic using culture conditions as described in “Materials and
Methods.” To determine protein expression, total cellular extract was electrophoresed,
transferred, and immunoblotted using anti-heparanase polyclonal antibody 1453. The proform
of HPSE is detected at 65kDa, and the enzymatically active form is detected at 50kDa. The
proform was detected at high levels from D5 to D20 of chondrogenic differentiation, however,
expression decreased at D25 and D30 of culture. The enzymatic form was initially detected at
D5 and expression levels increased up until D20. At D25 and D30 there was little to no detection
of the enzymatic form. Recombinant human HPSE and total cellular extract from B16BL6
cells, mouse melanoma cell line, was used as a positive control. Equivalent loading was
confirmed by immunblotting with anti- ACTB. HPSE intensity was quantified as described in
the “Materials and Methods.” Normalizing expression to ACTB indicates an increase in HPSE
expression as the cells differentiate.
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Figure 5. PI-88 inhibits HPSE activity in differentiated ATDC5 cells
ATDC5 cells were differentiated for 35 days as described in “Materials and Methods.” Cellular
extract from differentiated ATDC5 cells at D19 was treated with 5, 50, and 100µg/ml of PI-88.
HPSE activity was inhibited by approximately 56% (p<0.01, 100µg/ml vs. control and 5µg/
ml PI-88) using 100µg/ml of PI-88. To determine background, the amount of released 35S in
the presence of buffer only was subtracted from all samples. There was a dose-dependent
decrease in HPSE activity in the presence of increasing concentrations of PI-88.
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Figure 6. PI-88 decreases GAG accumulation and increases OCN transcript levels during high
density chondrogenic cultures of ATDC5 cells
ATDC5 cells were pretreated with 100µg/ml of PI-88, plated, and differentiated under
micromass culture conditions in the presence of PI-88. (A) At D0, 4, and 6, micromasses were
stained with Alcian blue, an indicator of GAG accumulation. Alcian blue staining was easily
detected at D6 of high density chondrogenic differentiation. (B) After 6 days of culture, Alcian
blue was extracted from all high density cultures and all time points to quantify GAG
accumulation. D4 and D6 micromass cultures treated with 100µg/ml of PI-88 displayed
significantly less Alcian blue staining compared to control micromass cultures at identical time
points. At 100µg/ml, PI-88 decreases GAG accumulation in high density chondrogenic
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cultures. (C) Micromass cultures treated with PI-88 were analyzed for changes in chondrogenic
markers, aggrecan/Agg and collagen II/CollII on D6 of culture. Osteocalcin (Ocn) mRNA, a
marker of osteogenic differentiation, expression was assayed to evaluate the effects of PI-88
on osteogenesis and collagen X/CollX was assessed as an index to terminal chondrogenesis.
Cultures treated with 100µg/ml of PI-88 displayed an increase in OCN mRNA indicating an
increase in mineralization potential. A slight increase in CollX also was observed. Aggrecan/
Agg and Collagen II/ColII mRNA levels remained unchanged on D6. ActB was used as a load
control which remained constant.
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Figure 7. PI-88 decreases cellular migration of ATDC5 cells during proliferation and
mineralization
ATDC5 cells in both treated and untreated cultures were subjected to high density
mineralization culture. To observe mineralization, micromass cultures were stained with von
Kossa. (A) PI-88 caused a decrease in migratory cells during high density mineralization. This
is indicated by an absence of a black halo surrounding the micromass. To confirm the effects
of PI-88 on migration, the wound healing assay was employed . (B) Cells first were imaged
immediately after the scratch was made (0h). At 210 min, cells were re-imaged to determine
migration of ATDC5 cells in the wound. Cells treated with 100µg/ml of PI-88 migrated slower
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than untreated cells. After 210 min, untreated cells had occupied 65% of the original scratch
area whereas treated cells had only occupied 25% of the space.
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Table II
Effects of PI-88 on metatarsal growth proportions.

Fraction Occupied by
Marrow Cavity (%)

(D0)

Fraction Occupied by
Marrow Cavity (%)

(D5)

Fraction Occupied by
Growth Plate (%)

(D0)

Fraction Occupied by
Growth Plate (%)

(D5)
Control (No Treatment) 38** 31 62** 69

100µg/ml PI-88 38** 30.8 62** 69.2
500µg/ml PI-88 38** 39.8 62** 60.2

*
The average control bone was 3.53 mm in length at Day 0 (D0).

**
The D0 data were averaged for all bones prior to random division into treatment groups. See Materials and Methods for specifics and statistics.
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