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Abstract
Lowering the efficacious dose of bone morphogenetic protein-2 (BMP-2) for the repair of critical-
sized bone defects is highly desirable, as supra-physiological amounts of BMP-2 have an
increased risk of side effects and a greater economic burden for the healthcare system. To address
this need, we explored the use of heparan sulfate (HS), a structural analog of heparin, to enhance
BMP-2 activity. We demonstrate that HS isolated from a bone marrow stromal cell line (HS5) and
heparin each enhances BMP-2-induced osteogenesis in C2C12 myoblasts, through increased ALP
activity and osteocalcin mRNA expression. Commercially available HS variants from porcine
kidney and bovine lung failed to generate similar effects. Heparin and HS5 influence BMP-2
activity by (i) prolonging BMP-2 half-life, (ii) reducing interactions between BMP-2 with its
antagonist noggin, and (iii) modulating BMP2 distribution on the cell surface. Importantly, long-
term supplementation of HS5 but not heparin greatly enhances BMP-2-induced bone formation in
vitro and in vivo. These results show that bone marrow-derived HS effectively support bone
formation, and suggests its applicability in bone repair by selectively facilitating the delivery and
bioavailability of BMP-2.

Keywords
heparan sulfate; heparin; BMP-2; glycosaminoglycan; osteogenesis

Introduction
Bone morphogenetic protein-2 (BMP-2) has been shown to be efficacious for the treatment
of critical-sized bone defects with results comparable to autologous bone graft (1-3). As
BMP-2 treatment replaces the need for autologous bone graft, its use is associated with
shortened hospital stays for patients (4). However, the high dose of BMP-2 required for a
successful therapy carries with it an increased risk of side effects and a greater economic
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burden for the healthcare system (4). To reduce the efficacious dosage, efforts have focused
on improving BMP-2 half-life and/or sustaining and localizing its release (5-9). Heparin, a
hyper-sulfated glycosaminoglycan (GAG) sugar harvested from mast cell-rich tissues, has
been investigated extensively and shown great promise in this regard. Heparin can bind to
and modulate various extracellular molecules including growth factors, adhesion molecules,
and receptors (10). Heparin binds to and stabilizes BMP-2 (9,11) and reduces inhibition by the
antagonist noggin (11,12), thereby enhancing its osteogenic activity. It has also been
suggested that heparin prevents BMP-2 from binding to endogenous cell-surface heparan
sulfate proteoglycans (HSPGs), thus enhancing its bioavailability (9). The use of heparin in
bone repair has been extended to various types of scaffolds as a means to increase the
incorporation of BMP-2 and sustain its delivery in vivo, thereby improving BMP-2
efficacy (5,7,13-15).

Despite promising results, the use of heparin to augment BMP-2 therapy may pose
unwanted effects due to heparin's affinity for a wide range of proteins. For instance,
heparin's ability to interact and activate antithrombin III promotes its wide use in anti-
coagulant therapy (16). As the fracture hematoma acts as a reservoir for cytokines and
growth factors important for bone repair (17), the use of anti-coagulant compounds like
heparin may be counter-productive. Furthermore, heparin treatment is known to reduce bone
density and has been linked to the development of osteoporosis (18,19) through its pro-
osteoclastic actions in vitro (20,21) and in vivo (19). Indeed, heparin is known to inhibit the
interaction between receptor activator of NF-κB ligand (RANKL), a cytokine responsible
for the formation and activation of osteoclasts, and its decoy receptor osteoprotegerin (22).

The current work identifies a novel heparan sulfate (HS) that stabilizes and enhances BMP-2
activity. Like heparin, HS is a GAG sugar with repeating disaccharide units of N-
glucosamine and uronic acid. Importantly however, HS is less sulfated (40-60%) compared
to heparin (>80%), and has a greater variability in its sulfation pattern (10) that is critical for
binding specific signaling molecules (23). This specificity is of major biomedical
significance, because HS retains the advantageous bioactivity of heparin without the adverse
effects associated with its pleiotropic protein affinity.

In this study we isolated HS from a stromal cell line derived from the human bone marrow
microenvironment, an active site for the regulation of hematopoiesis and bone remodeling.
The HS was characterized based on: (i) disaccharide composition and interactions with
BMP-2, (ii) BMP-2 potentiating effects compared to commercially available heparin and
HSs and (iii) the mechanisms responsible for enhancing BMP-2 activity. We hypothesized
that bone marrow-derived HS provides a more physiologically relevant substrate compared
to heparin in potentiating BMP-2 activity with minimal side effects.

Materials and Methods
Materials

All cell culture reagents were purchased from Gibco unless stated otherwise. All purified
recombinant proteins were purchased from R&D Systems, Inc. Commercial porcine
intestinal mucosa-derived heparin and HS (pHS), and bovine kidney-derived HS (bHS) were
purchased from Sigma-Aldrich. All cell lines were purchased from American Type Culture
Collection (ATCC).

Cell culture
The immortalized human bone marrow stromal cell line (HS-5, ATCC CRL-11882), herein
referred to as BMS5 was maintained in DMEM (Sigma-Aldrich), 10% FCS (Lonza Group
Ltd.), 100 U/mL penicillin/streptomycin (P/S), 4 mM L-glutamine and 1.5 g/L NaHCO3.
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Myoblast C2C12 cell was maintained in DMEM, 10% FCS and 100 U/mL P/S. Chinese
Hamster Ovary (CHO) K1 and pgsD 677 cells were maintained in Ham's F-12 medium
(Invitrogen), 10% FCS and 100 U/mL P/S. All cells were maintained at 37 °C/5% CO2.

Unless stated otherwise, C2C12 cells were seeded at 2×104 cells/cm2 in 24-well plates in
maintenance media. Post-seeding (24 h), the culture media was replaced with treatment
media (maintenance media with FCS reduced to 5%) in the presence/absence of 100 ng/mL
BMP-2 and varying concentrations of noggin and GAGs. The cells were cultured in
treatment media for 3 days and immediately assayed.

Collection of cell conditioned media
Cells were plated at 3×104 cells/cm2 in maintenance media. After 24 h, the media was
changed to treatment media and the conditioned media collected 24 h later, centrifuged at
3000 rpm for 5 min to remove any cell debris, then passed through a 0.45 μm filter, and
stored at -20 °C. The conditioned media was then thawed and mixed (1:1 ratio) with fresh
treatment media prior to being introduced to the culture in the presence/absence of BMP-2.

Heparan sulfate isolation and purification
Heparan sulfate was isolated and purified from the conditioned media of BMS5 cells as
previously described (24). Briefly, BMS5 was seeded at 3×104 cells/cm2 in 15-cm dish in
maintenance media. The media was replaced the following day with serum free media and
collected every other day up to day-11 and pooled. At each collection point, the media was
centrifuged and filtered to remove cell debris. The extraction and purification of BMS5-
derived HS (herein referred to as HS5) and its molecular weight and disaccharide unit
analysis were as previously described (25).

GAG biotinylation
GAG was biotinylated according to methods described by Osmond et al. with some
modifications (26). Briefly, 1 mg of sugar in 100 μL of 0.1 M 4-morpholinoethanesulfonic
acid (MES), pH 5.5, was mixed with 30 μL of 2 mg/mL biotin-LC-hydrazide (Pierce
Chemical Co.) dissolved in MES, and 0.75 mg 1-ethyl-3-(3-
dimethylaminopropryl)carbodiimide hydrochloride (EDC), and incubated at room
temperature for 2 h. Subsequently, another 0.75 mg of EDC was added and incubated for
additional 2 h. The biotinylated GAGs were then purified using a fast desalting column (GE
Healthcare).

Dot blot assay
To determine GAG binding to BMP-2, 0.5 μg of BMP-2 in 200 μL PBS was added under
vacuum onto a nitrocellulose membrane. The blot was blocked with 5% BSA in PBS prior
to incubating each BMP-2 spot with 1 μg of biotinylated GAG in 200 μL PBS. The bound
biotinylated GAG was detected using HRP-conjugated streptavidin (BD Pharmingen).

GAG binding assay
The interaction between GAG and BMP-2 was determined using GAG binding plates
(Iduron) according to the manufacturer's specification. GAG (10 μg/mL) was incubated in
the plate prior to adding BMP-2. Bound BMP-2 was detected using biotinylated anti-BMP-2
antibody (R&D Systems) and AP-conjugated ExtrAvidin (Sigma-Aldrich).

Alkaline phosphatase activity
Cell layer was washed in PBS before lysis in RIPA buffer in the presence of protease
inhibitor cocktail (Calbiochem). The protein content was determined using BCA protein
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assay kit (Pierce Chemical Co.). ALP activity was measured by mixing 7 to 10 μg of protein
with p-nitrophenylphosphate (Zymed). Enzyme activity was measured as a change in
absorbance at 405 nm due to the production of p-nitrophenol per μg protein and normalized
to treatment containing BMP-2 alone.

Real-time PCR
Total RNA was isolated and reverse transcribed as previously described (27). Expression
level of target genes was determined using real-time PCR by amplification in ABI Prism
7500 FAST® sequence detection system (Applied Biosystems Inc.) using primers/probes for
RUNX2 and osteocalcin as described previously (27) and Taqman Gene Expression Assays
(Applied Biosystems Inc.) for β-actin and GAPDH. 2-(ΔCt) values from biological triplicates
were measured in triplicates and normalized to β-actin and GAPDH levels to represent
relative expression unit (REU).

Mineralization assay
Myoblast C2C12 cells were seeded at 5×103 cells/cm2 in 24-well plates in maintenance
media. After 24 h, the media was replaced with osteogenic media (DMEM, 5% FCS, 50 μg/
ml ascorbic acid and 10 mM β-glycerophosphate) in the presence/absence of 100 ng/mL
BMP-2 and 3 μg/mL GAG. The media was changed every 2 days. After 14 days, the cell
layer was washed with PBS, fixed with 4% paraformaldehyde, and stained for 10 min in
0.1% alizarin red solution.

BMP-2 stability assay
BMP-2 at 100 ng/mL was incubated alone or in the presence of 3 μg/mL of GAG in
treatment media at 37 °C/5% CO2. The media was collected at an indicated time and stored
at -80 °C prior to BMP-2 quantification. The amount of BMP-2 present in the media was
assayed using a BMP-2 Quantikine ELISA kit (R&D Systems) according to the
manufacturer's specification.

BMP-2 activity
C2C12 cells were seeded on 24-well plates as described earlier. BMP-2 in treatment media
was prepared as described in the BMP-2 stability assay for an indicated amount of time.
Prior to adding the media containing BMP-2, the cell layer was pre-incubated with fresh
treatment media for 24 h. The cells were then subjected to BMP-2-containing media for 15
min and the cell layer was lysed in Laemmli buffer, resolved in a 4-12% SDS-PAGE gel,
and immunoblotted with antibodies against Smad 1/5/8 (Santa Cruz Biotechnology) and
phosphorylated Smad 1/5/8 (Cell Signaling Technology).

Immunoprecipitation and western blot
BMP-2 (200 ng/mL) was incubated with Fc-conjugated noggin (600 ng/mL) in the presence/
absence of 6 μg/mL GAG. BMP-2 (100 ng/mL) was incubated with Fc-conjugated BMPR-
IA (640 ng/mL) in the presence of 3 μg/mL GAG. The complex formed was
immunoprecipitated with protein A/G sepharose beads (Santa Cruz Biotechnology) for 1 h
at 4 °C. The precipitated sample was then analyzed in a 4-12% SDS-PAGE and
immunoblotted using anti-noggin (Millipore), anti-human IgG for BMPR-IA (eBioscience),
and anti-BMP-2 (R&D Systems, Inc.) antibodies. Densitometry analysis using Quantity One
software (Bio-Rad) was performed on 3 separate experiments to arrive at a mean value. The
relative amount of bound BMP-2 was calculated by first, normalizing each BMP-2
densitometry value to its respective noggin or BMPR-IA densitometry value. Subsequently,
the calculated value obtained is normalized to the treatment group containing no GAG.
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FACS
Cultured cells were detached using 5 mM EDTA in RPMI 1640 containing 10% FCS and 32
mM HEPES. The detection of heparan sulfate proteoglycan on the surface of wild-type
CHO K1 and heparan sulfate-deficient pgsD 677 cells was performed as previously
described (28). To detect BMP-2 bound to the cell surface, 20 ng BMP-2 was pre-incubated
with 1 μg anti-BMP-2 antibody before incubation with GAG. The cells were incubated with
the BMP-2/antibody/GAG mixture in RPMI 1640/10% FCS for 1 h on ice. Secondary
antibody was introduced as previously described (28).

Anti-coagulation assay
GAGs were assessed for their effect on antithrombin III activity. The assay was performed
using the COATEST Heparin kit (Chromogenix) according to the manufacturer's
specification. Values were represented as the relative inhibition of Factor Xa activity when
compared to treatment group containing no GAG.

In vivo implantation
HELISTAT® collagen sponges (Integra Life Sciences Corp, USA) measuring 3.5 × 7 ×
5mm were pre-soaked in 5 μg BMP-2 in the presence/absence of 25 μg of GAG (i.e.
heparin, HS5 or bHS) and inserted into polycaprolactone (PCL) tubes (Osteopore
International Pte Ltd, Singapore) measuring 4.5mm inner diameter, 3mm height and 1mm
wall thickness. Collagen sponges pre-soaked in PBS served as a control. Porcine-derived HS
was eliminated from the in vivo experimental setup since it consistently generated similar
effects as bHS. Bilateral hind limb muscle pockets (2 in each limb) were created in 7 female
Sprague Dawley rats (weighing 120-150g) (29) and randomly assigned to an experimental
treatment. Pockets were created in the muscle by blunt dissection parallel to the muscle fiber
long axis after creating 1cm transverse incisions over each muscle. All surgical procedures
were carried out under general anesthesia and aseptic conditions. Anesthesia prior to surgery
and its maintenance throughout surgery was achieved with isoflurane administration via an
induction chamber and facemask. Prophylactic antibiotics (Baytril, 10mg/kg) and analgesics
(Buprenorphine, 0.01-0.05mg/kg) were administered subcutaneously for 3 days post-
surgery. Surgeries were performed in strict accordance with guidelines approved by
A*STAR's Institutional Animal Care and Use Committee.

Bone formation analysis
The rats were sacrificed and specimens harvested 8 weeks after implantation. Three samples
per treatment were assessed using 2D x-rays, μ-CT and histology for bone mineralization.
An Imaging Radiographic System (MUX-100, Shimadzu) was used to capture 2D x-ray
images of the muscle pockets immediately after the surgery and at week 8. Digital
micrographs were then taken of the x-rays. Micro-CT images were captured with a μ-CT
scanner (Skyscan 1076; Skyscan, Belgium) and analyzed using Mimics 13.1 software
(Materialise, Belgium) as previously described (30). The data was recorded as total bone
volume (mm3).

For histological analysis, the extracted specimens were fixed in 10% neutral buffered
formalin for 1 week under vacuum, and decalcified in 30% formic acid for 2 weeks at room
temperature. The specimens were then processed using a vacuum infiltration processor
(Sakura Finetek, Japan), followed by dehydration, clearing, and embedding in Paraplast®
paraffin wax (Thermo Scientific) as previously described (30). Sections were made using a
rotary microtome (Leica Microsystems, Germany), placed onto microscope slides, stained
with Hematoxylin/Eosin or Modified Tetrachrome (31) and viewed with an Olympus upright
fluorescence microscope (BX51).
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Statistical analysis
Experiments were performed in duplicate or triplicate samples and repeated 2 to 3 times.
Mean differences between samples were analyzed using SPSS statistics software by
performing an exploratory data analysis and homogeneity of variance test, followed by
ANOVA and Tukey's or Games-Howell posthoc testing. Statistical significance was defined
at p<0.05.

Results
Conditioned media from human bone marrow stromal cell line (BMS5) enhances BMP-2
activity

Conditioned media derived from C2C12 and BMS5 cells was added to C2C12 cells in the
presence/absence of BMP-2. In the absence of BMP-2, none of the conditioned media
induced ALP activity (Fig. 1A). However, in the presence of BMP-2, only BMS5
conditioned media significantly enhanced ALP activity above BMP-2-induced levels.

To determine whether HSPGs might constitute part of the active component of the BMS5
conditioned media, mRNA transcript expression of the three major families of HSPGs was
examined as a prelude to isolating HS from the conditioned media (Fig. 1B). All the HSPG
isoforms for glypican and syndecan, with the exception of glypican-3 and syndecan-3, were
expressed in BMS5. Notably, the soluble HSPG isoform perlecan was abundantly expressed.

Following HSPG gene profiling, HS was isolated from BMS5 conditioned media (termed
HS5) and subjected to molecular weight distribution and disaccharide analysis. The
molecular weight of HS5 was distributed at 7.5, 29 and 75 kDa and the major disaccharide
units were uronic acids linked to non-sulfated glucosamines or 6-O sulfated glucosamines
(Table. 1). This is in contrast to heparin, which mainly consists of tri-sulfated disaccharide
units (32). The identity of a portion of the disaccharide units retrieved could not be
determined due to the current lack of standards for all possible combinations of variably
sulfated disaccharide units and was omitted from the percent composition calculation.

GAG binds to BMP-2 at varying capacity
The ability of HS5 to bind BMP-2 was compared with commercially available GAGs using
a GAG binding plate assay (Fig. 1C). Irrespective of the GAG variant used to coat the plate
surface, BMP-2 bound to the immobilized GAG in a dose dependent manner. When GAG
was omitted, minimal BMP-2 binding was detected. Furthermore, heparin, pHS and bHS
bound more BMP-2 than did HS5, irrespective of dose.

To exclude the possibility that less HS5 bound to the GAG plate and thereby reducing the
amount of bound BMP-2, we performed a nitrocellulose dot blot assay using immobilized
BMP-2 as the capture substrate. The result confirms that more heparin binds to BMP-2
compared to HS5 (Fig. 1D)

HS5 enhances BMP-2-induced osteogenesis
Having established that HS5 binds to BMP-2, we next sought to determine the short-term
effect of this interaction on BMP-2 activity. Using ALP activity assays, all GAGs tested
dose-dependently increased BMP-2-induced ALP activity to levels significantly higher than
BMP-2 alone in C2C12 myoblast cells after 3 days culture. Furthermore, the combination of
either heparin or HS5 with BMP-2 resulted in more ALP activity compared to pHS and bHS
at doses above 0.3 μg/ml (Fig. 2A). GAG alone had no effect on ALP activity.
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To further assess the effect of GAG/BMP-2 combinations on osteogenic differentiation, we
examined the mRNA expression of early (RUNX2) and late (osteocalcin) osteogenic
markers after 3 days. Either heparin or HS5 elevates osteocalcin mRNA expression by ~2-
fold above BMP-2 treatment alone (Fig. 2B). This same dose of BMP-2 maximally induces
RUNX2 transcript expression, because neither heparin nor HS5 had any additional effect,
while pHS and bHS actually reduce RUNX2 mRNA expression.

Because heparin and HS5 enhance BMP-2 activity after 3 days, we determined their long-
term effects on matrix mineralization (reflecting terminal differentiation) by Alizarin Red
staining after 14 days of culture (Fig. 2C). Strikingly, long-term HS5 supplementation
greatly enhances BMP2 stimulated matrix mineralization, but heparin, pHS or bHS do not.
Matrix mineralization was observed as early as 6 days of culture when cells were stimulated
with a combination of BMP-2 and HS5, a result not observed for the other treatments (data
not shown). Interestingly, although pHS and bHS decrease RUNX2 and/or osteocalcin
mRNA levels, neither compound inhibits BMP2 stimulated matrix mineralization.

HS5 prolongs BMP-2 stability and activity
We next tested whether HS5 stabilizes BMP-2. The amount of BMP-2 detected in treatment
media decreased to approximately 50% and 3.5% of the starting amount within 2 and 72 h
incubation respectively (Fig. 3A). In the presence of heparin, however, 85% of BMP-2
could be detected after 2 h and 17% after 72 h. In comparison, HS5 had no effect on the
amount of BMP-2 detected for the first 8 h. However, from 8 h onwards, the loss of BMP-2
slowed to reach 15% of the original amount after 72 h, a level comparable to heparin. By
taking into account the initial and final amount of BMP-2 present in solution after 48 h, the
apparent half-life of BMP-2 (t1/2 ≈ 10 h) improves by approximately 2-fold in the presence
of heparin (t1/2 ≈ 22 h) or HS5 (t1/2 ≈ 18 h). Neither pHS nor bHS affected BMP-2 stability.

To further examine whether remaining BMP-2 detected in ELISA is still active, we tested
BMP-2-induced Smad 1/5/8 phosphorylation (p-Smad 1/5/8) in C2C12 cells using BMP-2
or BMP-2/GAG combinations that had been incubated for 24 or 72 h (Fig. 3B). BMP-2-
induced p-Smad 1/5/8 activity was comparable among all 24 h samples, while minimal p-
Smad 1/5/8 activity was observed in the absence of BMP-2. Exposure to 72 h samples
showed elevated p-Smad 1/5/8 activation in BMP-2 samples incubated with heparin or HS5
only. The samples contain 18 and 8 ng/mL BMP-2, respectively (Fig. 3A). In samples with
BMP-2 alone (4 ng/mL) p-Smad 1/5/8 levels are just barely above basal levels suggesting
that a threshold amount of BMP-2 (approximately 8 ng/mL) is required for robust Smad
1/5/8 signaling. Taken together, heparin and HS5 significantly prolongs BMP-2 osteogenic
signaling activity through its stabilization.

GAGs modulate BMP-2 bioavailability
Since BMP-2 is known to bind to endogenous HSPGs on cell surfaces (33), we next
examined whether exogenous GAGs could compete for this interaction, thus rendering
BMP-2 more bioavailable. Using wild type (CHO K1) and HSPG-deficient mutant (pgsD
677) CHO cells, we confirmed that BMP-2 bound to endogenous HSPGs present on the cell
surface (Fig. 4). Initial screening showed that CHO K1 cells expressed high levels of HS,
whereas pgsD 677 cells were devoid of endogenous HS (Fig. 4A). In the absence of cell
surface HSPGs, the amount of BMP-2 bound to the cell surface was greatly reduced (Fig.
4A). Notably, the addition of soluble GAG to CHO K1 cells reduces the amount of cell
surface-bound BMP-2 (Fig. 4B). Heparin effectively prevents BMP-2 cell surface binding at
3 μg/mL compared to the HSs, while HS5 is the least effective. However, pHS and bHS
appear to be superior compared to heparin in modulating BMP-2 distribution at 30 μg/mL
dose. A similar trend was observed in C2C12 cells (data not shown).
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Noggin activity is reduced in the presence of heparin or HS5
To determine the effect of GAG on noggin, which binds to and antagonizes BMP-2, we
assayed ALP activity upon treatment of C2C12 cells with BMP-2, GAG and/or noggin. At
300 ng/mL, noggin inhibits BMP-2-induced ALP activity by 70% (Fig. 5A). In the presence
of heparin or HS5, 300 ng/mL noggin only reduces BMP-2-stimulated ALP activity by
approximately 20%. Meanwhile, pHS and bHS have negligible effects on noggin activity.
Immunoprecipitation assays show that heparin and HS5 significantly reduce the interaction
of noggin with BMP-2 (Fig. 5B).

HS5 does not promote BMP-2/BMPR-IA interactions
Apart from stabilizing BMP-2, GAGs may modulate BMP-2 interactions with its cognate
BMPR-IA receptor. GAGs may promote receptor dimerization through its direct binding to
BMP-2 as recently reported (34) and/or may modulate the binding of BMP-2 to its receptor,
similar to what has been proposed for FGF2/FGFR interactions (34). Nitrocellulose dot blot
assays with immobilized BMPR-IA and biotinylated GAG revealed that GAGs do not
directly bind BMPR-IA (data not shown). Co-immunoprecipitation assays with BMPR-IA
and BMP-2 indicate that, unlike HS5, heparin and other commercially available GAGs (i.e.,
pHS and bHS) slightly increase BMP-2/BMPR-IA interactions, although the experimental
variation does not permit a definitive interpretation. This result further indicates biochemical
differences between HS5 and the other GAGs tested, and that HS5 does not promote BMP-2
ligand-presentation to BMPR-IA (Fig. 5C).

HS5 has no anti-coagulant activity
As a fracture hematoma plays an important role in bone repair, we next determined the anti-
coagulant activity of antithrombin (AT) in the presence of GAG (Fig. 6). Antithrombin pre-
incubated with GAG was combined with Factor Xa (FXa). Any FXa that was not inhibited
by the activated AT is able to cleave the chromogenic substrate S-2222 to release a
chromophore. As expected, heparin (a known anti-coagulant) dose dependently activated
AT resulting in the inhibition of FXa. In the presence of pHS or bHS, AT significantly
reduced FXa activity, but only at 3 μg/mL, whereas HS5 did not activate AT at any doses
tested.

HS5 enhanced BMP-2-induced bone formation in a rat ectopic model
All rats survived the surgeries and healed uneventfully. The control resulted in negligible
bone formation as ascertained by all the post-implantation analyses. Two-dimensional x-ray
analyses revealed that all other treatments containing BMP-2 exhibited varying degrees of
bone mineralization, indicated by the deposition of irregularly-shaped nodules (Fig. 7A).
This was verified by 3D μ-CT examination. We picked a pre-determined threshold that
resembles denser, cortical bone as this would be of direct clinical relevance. Notably, the
combination of BMP-2 with HS5 resulted in 2-folds more bone volume than BMP-2
treatment alone and ~1.5 folds more bone than treatments containing heparin or bHS (Fig.
7B). The corresponding 3D images concur with the cortical bone values obtained.

H & E-stained sections of all BMP-2-treated groups revealed the presence of osteoblasts on
the surface of woven bone trabeculae, and the deposition of mature bone (with osteocytes in
lacuna) adjacent to bone marrow elements, with the ones containing HS5 treatment clearly
exhibiting the most (Fig. 7C). Modified tetrachrome-stained sections confirmed the above H
& E findings. The sections stained deep blue with bright red patches and this is indicative of
an osteoid layer with lamellar bone. Markedly, HS5 treatment resulted in a higher incidence
of lamellar bone. Collectively, our in vivo data suggests that HS5 therapy, in combination
with BMP-2, stimulated robust bone mineralization in a rat ectopic model.
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Discussion
The extreme charge density in heparin (35) tolerates interactions with a plethora of growth
and adhesive factors as well as cationic elements (16,22,36-38) that may run counter to the
bone anabolic effect of BMP-2. Accordingly, we find that despite a favorable short-term
effect, heparin does not potentiate BMP-2-dependent tissue mineralization in vitro or in
vivo. Here we have characterized a heparan sulfate variant with sustained BMP-2-dependent
osteogenic activity and minimal side effects.

Niche-specific HSs augment the generation and maintenance of hematopoietic stem cells (39)

as well as enhance osteoblast development (40) and bone repair (41). Our group has
previously isolated a bone marrow-derived HS that supports hematopoietic cytokines in the
ex vivo expansion of hematopoietic stem cells, by specifically increasing the number of
myeloid lineage-committed progenitor cells (24). Hematopoietic stem cells are known to
direct cell-fate decisions toward the osteogenic lineage through the secretion of BMP-2 and
-6 into the bone marrow microenvironment (42). Thus, HS derived from the bone marrow
microenvironment represents a physiologically relevant source that is likely to support
factors involved in osteogenesis.

In the present study, we demonstrate that marrow-derived HS (HS5) is an effective adjuvant
of BMP-2. HS5 can bind BMP-2 and augment BMP-2-induced bone formation to generate a
mature lamellar structure containing dense mineralized regions akin to cortical bone.
Furthermore, HS5 lacks the anticoagulant activity present in heparin. Heparin's
anticoagulant activity has been attributed to its interaction with antithrombin through a
unique 3-O-sulfated pentasaccharide motif (43). This 3-O-sulfate group is uncommon in
HS (44). Consequently, only a small percentage of naturally occurring HS is able to bind to
antithrombin and promote anticoagulation (45). Even though we were not able to confirm the
absence of 3-O sulfation in HS5 due to the lack of appropriate disaccharide standards, data
from the anticoagulation assay suggests minimal presence.

Mechanistically, HS5 sustains BMP-2 activity in a similar fashion to heparin by (i)
prolonging its half-life, (ii) decreasing interactions with the BMP-2 antagonist noggin, and
(iii) decreasing BMP-2 localization on cell surface HSPG. Cell surface HSPG is known to
modulate the diffusion of BMP-2 and noggin into the extracellular space (12,33,46). The
interaction between HSPG and BMP-2 can lead to increased heteromeric BMP receptor
assembly (34) and enhanced BMP signaling. It can also negatively regulate BMP-2 activity
by facilitating BMP-2 internalization and reducing its availability to the receptor (33).
Additionally, endogenous HSPG can confine noggin and its inhibitory effect in the
pericellular environment (46). Thus the moderate disruption of BMP-2/HSPG interaction by
HS5 as shown through our FACS data may positively regulate BMP-2 activity by decreasing
BMP-2 internalization while minimizing disruption to BMP receptor assembly. Moreover,
the decrease in the inhibitory effect of noggin by HS5 may not exclusively be through direct
interference of BMP-2/noggin interaction as illustrated by our immunoprecipitation assay,
but also by the delocalization of noggin and BMP-2 from the cell surface thereby
diminishing its probability of complexing in the pericellular space.

In conclusion, the current work demonstrates the bioactivity and osteogenic ligand binding
capacity of HS5. Co-administration of HS5 permits delivery of BMP-2 at lower and more
physiological concentrations while retaining its osteogenic activity. The bone promoting
biological function of HS5 may be linked to the unique degree and pattern of sulfation of
GAGs from human bone marrow stromal cells. Compared to heparin that is derived from
porcine intestinal mucosa, HS5 may be particularly adept at enhancing BMP-2 signaling
while minimizing its effect on non-osteogenic factors. We are optimistic that further
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characterization of GAGs may yield natural therapeutic compounds that greatly improve the
efficacy of growth factors and osteogenic ligands used in bone regenerative medicine.
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Figure 1.
BMS5 conditioned media, which contains BMP-2-binding HSs, is able to enhance BMP-2-
activity. (A) Conditioned media derived from BMS5 enhanced ALP activity induced by the
addition of 100 ng/mL of BMP-2 for 3 days in C2C12 cells. (B) Various types of HSPG
were expressed in BMS5 as revealed by its transcript expression profile. (C) BMP-2 bound
to all GAGs tested in a dose-dependent manner using GAG binding plate, with HS5 showing
the least capacity to bind BMP-2. (D) HS5 showed lower capacity to bind pre-adsorbed
BMP-2 on a nitrocellulose membrane, which supported the GAG binding plate assay.
Significant difference is represented as * p<0.05.
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Figure 2.
HS5 enhanced BMP-2-induced osteogenic differentiation in C2C12 cells. (A) All the GAGs
dose-dependently enhanced BMP-2-induced ALP activity. HS5 showed comparable activity
to heparin but was superior compared to pHS and bHS. (B) HS5 and heparin enhanced
BMP-2-induced osteocalcin mRNA expression, presented here as relative expression unit
(REU), but not RUNX2. C2C12 cells were cultured in the presence/absence of 100 ng/mL
of BMP-2 with increasing amount of GAG (ALP assay) or 3 μg/mL of GAG (transcript
expression) for 3 days prior to harvesting the cells. (C) HS5 enhanced BMP-2 induced
mineralization while heparin inhibited it. C2C12 cells were cultured in osteogenic media in
the presence/absence of 100 ng/mL BMP-2 and 3 μg/mL of GAG for 14 days prior to
Alizarin Red staining, scale: 300 μm. Significant difference when compared to BMP-2
treatment alone is represented as * p<0.05. Significant difference when compared to BMP-2
in combination with HS5 at equivalent dose is represented as ** p<0.05, while with either
heparin or HS5 at equivalent dose is represented as # p<0.05.
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Figure 3.
HS5 and heparin, but not commercial HSs, prolonged BMP-2 stability and activity. (A)
BMP-2 stability over time was measured in a BMP-2 Quantikine ELISA kit. 100 ng/mL of
BMP-2 was incubated in the presence/absence of 3 μg/mL of GAG for up to 72 h. (B)
BMP-2 incubated with heparin or HS5 for up to 72 h remained biologically active as
indicated by its ability to induce Smad 1/5/8 phosphorylation (p-Smad 1/5/8) in C2C12
cells.
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Figure 4.
BMP-2 localization on the cell surface was modulated by endogenously expressed HSPGs
and exogenously added GAG. (A) FACS analysis showed that endogenously expressed
HSPGs play a significant role in localizing BMP-2 on the cell surface as confirmed in wild
type (CHO K1) and HSPG-deficient (pgsD 677) CHO cells. (B) the addition of exogenous
GAG reduced the amount of BMP-2 bound on the surface of CHO K1 cells dose
dependently.
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Figure 5.
HS5 modulated BMP-2 interaction with noggin and reduced noggin's inhibitory effect
toward BMP-2 activity, but had no effect on BMP-2/BMPR-IA interaction. (A) BMP-2 at
100 ng/mL was pre-incubated with or without 3 μg/mL of GAG, and introduced to C2C12
cells for 3 days together with noggin at the indicated concentrations. Values were
normalized to ALP activity observed in cells treated with BMP-2 in combination with each
respective GAG in the absence of noggin. (B) 600 ng/mL of noggin/Fc was co-
immunoprecipitated with 200 ng/mL of BMP-2 in the presence/absence of 6 μg/mL of
GAG. Densitometry analysis was derived from 3 separate blots. Relative bound BMP-2 was
measured by normalizing the ratio derived from BMP-2 and noggin/Fc bands with that of
the treatment group containing no GAG. (C) 100 ng/mL BMP-2 was co-immunoprecipitated
with 640 ng/mL BMPR-IA/Fc in the presence/absence of 3 μg/mL GAG and separated on a
Western blot. Densitometry analysis was derived from 3 separate blots. Relative bound
BMP-2 was measured by normalizing the ratio between the BMP-2 band and the BMPR-IA/
Fc band with that of the treatment group containing no GAG. Significant difference is
represented as * p<0.001 and ** p<0.05 when compared to treatment group containing no
GAG.
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Figure 6.
HS has minimal anti-coagulant activity compared to heparin. At the indicated concentration,
GAG was incubated with antithrombin (AT) before the addition of factor Xa (FXa). Any
FXa that was not inhibited by AT was measured photometrically using chromogenic
substrate S-2222. Relative inhibition was measured by normalizing the values to that of the
treatment group containing no GAG. Significant difference is represented as * p<0.001
when compared to the treatment group containing no GAG.
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Figure 7.
HS5 enhanced BMP-2-induced bone formation in a rat ectopic model at 8 weeks. (A)
representative 2D x-rays of the rat hind limb muscle treated with BMP-2 alone (i) or in the
presence of heparin (ii), HS5 (iii) or bHS (iv) revealed varying degrees of bone
mineralization. (B) the bone volume (mm3), gated based on a pre-determined threshold that
resembles dense cortical bone, and its corresponding 3D images showed that HS5 treatment
resulted in higher levels of bone formation than the other groups, while no treatment (NT)
showed absence of bone formation. This was determined by μ–CT analyses. Results are
expressed as mean ± standard deviation, n = 3 for each treatment. (C) Representative
histological sections confirmed the abundance of lamellar bone in HS5 implants. Staining
consisted of Hematoxylin/Eosin (H & E) and Modified Tetrachrome (blue = osteoid, red =
bone). At: Adipose tissue, Ma: Bone marrow, B: Bone, *Lamellar bone, scale: 100 μm.
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Table 1

Disaccharide percentage composition of HS5 showed lower degree of sulfation compared to heparin. The area
under each peak identified in the HPLC analysis was compared with the disaccharide standards to calculate
the percentage composition of each disaccharides. ΔHexUA: uronic acid; GlcN: glucosamine; GlcNAc: N-
acetyl-glucosamine; GlcNS: N-sulfated-glucosamine; 6S: 6O-sulfation; 2S: 2O-sulfation; n.d.: not detected.

No. Disaccharide Standards
% Composition

HS5 Heparin
a

1 ΔHexUA – GlcN 31.75 0.15

2 ΔHexUA-GlcNAc n.d. 0.2

3 ΔHexUA – GlcN,6S 55.71 3.5

4 ΔHexUA,2S – GlcN n.d. n.d.

5 ΔHexUA – GlcNS 6.03 1.2

6 ΔHexUA – GlcNAc,6S 6.51 2.5

7 ΔHexUA,2S – GlcNAc n.d. 1.5

8 ΔHexUA,2S – GlcN,6S n.d. 2.35

9 ΔHexUA – GlcNS,6S n.d. 12

10 ΔHexUA,2S – GlcNS n.d. 4.7

11 ΔHexUA,2S – GlcNAc,6S n.d. 3.9

12 ΔHexUA,2S – GlcNS,6S n.d. 68.0

a
Values were adopted from Karamanos et al. (32).
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