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Growth Differentiation Factor 5-Mediated Enhancement
of Chondrocyte Phenotype Is Inhibited by Heparin:
Implications for the Use of Heparin in the Clinic
and in Tissue Engineering Applications

Bethanie I. Ayerst, BSc, MSc, PhD,1,2 Raymond A.A. Smith, BSc, MRes, PhD,1 Victor Nurcombe, BSc, PhD,1

Anthony J. Day, MA, DPhil,2 Catherine L.R. Merry, BSc, PhD,3,4 and Simon M. Cool, BSc, PhD1,5

The highly sulfated glycosaminoglycan (GAG) heparin is widely used in the clinic as an anticoagulant, and
researchers are now using it to enhance stem cell expansion/differentiation protocols, as well as to improve the
delivery of growth factors for tissue engineering (TE) strategies. Growth differentiation factor 5 (GDF5) belongs
to the bone morphogenetic protein family of proteins and is vital for skeletal formation; however, its interaction
with heparin and heparan sulfate (HS) has not been studied. We identify GDF5 as a novel heparin/HS binding
protein and show that HS proteoglycans are vital in localizing GDF5 to the cell surface. Clinically relevant doses
of heparin (‡10 nM), but not equivalent concentrations of HS, were found to inhibit GDF5’s biological activity in
both human mesenchymal stem/stromal cell-derived chondrocyte pellet cultures and the skeletal cell line ATDC5.
We also found that heparin inhibited both GDF5 binding to cell surface HS and GDF5-induced induction of Smad
1/5/8 signaling. Furthermore, GDF5 significantly increased aggrecan gene expression in chondrocyte pellet cul-
tures, without affecting collagen type X expression, making it a promising target for the TE of articular cartilage.
Importantly, this study may explain the variable (and disappointing) results seen with heparin-loaded biomaterials
for skeletal TE and the adverse skeletal effects reported in the clinic following long-term heparin treatment. Our
results caution the use of heparin in the clinic and in TE applications, and prompt the transition to using more
specific GAGs (e.g., HS derivatives), with better-defined structures and fewer off-target effects.
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Introduction

Heparin and heparan sulfate (HS) are closely related
glycosaminoglycans (GAGs) composed of repeating

disaccharides of N-acetyl glucosamine and uronic acid. These
sugar units can then undergo a series of modifications, in-
cluding sulfation, deacetylation, and epimerization, to pro-
duce unique and complex derivatives, able to carry out a

myriad of different functions.1 HS is produced by virtually
all cells in the body, and contains highly modified/sulfated
domains as well as regions devoid of sulfate groups. In
contrast, heparin is made solely by connective tissue-type
mast cells and can be seen as a hypersulfated variant of HS,
with virtually continuous sulfation along its chains.2 In ad-
dition, one third of the chains found in unfractionated hep-
arin have a unique pentasaccharide with 3-O sulfation (i.e.,
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only present in 1–10% of HS chains), allowing it to bind to
antithrombin III with high affinity.3 This property of heparin
means that it has been widely used in the clinic as an anti-
coagulant for over 80 years, enabling dialysis and surgery,
and helping to treat pathological conditions such as throm-
bosis and embolism.4

The low cost, easy availability, and status of heparin as an
FDA- and EMA-approved product have prompted researchers
to harness its properties for other applications. The high level of
sulfation (and thus negative charge) carried by heparin means
that it is able to bind, stabilize, and modulate the activity of a
wide range of proteins, extending its therapeutic potential far
beyond that of solely an anticoagulant.5 For example, a number
of groups have begun using heparin to improve the delivery of
growth factors such as bone morphogenetic protein 2 (BMP2),
vascular endothelial growth factor (VEGF), and fibroblast
growth factor 2 (FGF2), for tissue engineering (TE)/regener-
ation strategies,6–10 as well as to enhance stem cell expansion
and differentiation protocols.11–14

Gaining prominence is the use of heparin-loaded delivery
vehicles for skeletal TE. With the aging population, the prev-
alence and economic burden associated with degenerative
bone and cartilage defects (such as osteoporosis and osteoar-
thritis) are increasing rapidly15,16; and as of yet, there are no
fully effective ways to treat these conditions, indicating that
there is a clear clinical need for research into viable and novel
alternatives (see reviews Ayerst et al.,6 Amini et al.,17 Dhinsa
and Adesida18).

The bone morphogenetic family of proteins, as their name
suggests, plays crucial roles in bone and cartilage formation/
homeostasis,19 but their therapeutic potential is limited due
to burst release kinetics and rapid clearance from the injury
site.20 This means that supraphysiological doses of BMP are
needed for an effective outcome, resulting in increased cost
as well as safety concerns (e.g., increased cancer risk).21,22

As a result, the use of biomaterials decorated with heparin
has been extensively studied both in vitro and in vivo, for
their ability to reduce the dosing requirements and improve
the therapeutic potential of BMPs, including BMP2.7,23,24

Most of these studies have shown very promising results,
with heparin-loaded biomaterials improving BMP2 delivery,
release, and osteogenic potential. However, the long-term
side effects have not been tested, and in some cases, the use
of heparin-loaded biomaterials has proven ineffective
in vivo.25 In addition, we have shown in a rat ectopic model
that, while collagen sponges soaked with BMP2 and heparin
did result in more bone formation compared to sponges
soaked with BMP2 alone, the use of an HS variant, rather
than heparin, improved bone formation even further.26 We
hypothesize that while heparin may enhance the retention/
activity of BMP2 (or other GFs) under certain conditions, its
binding ‘‘promiscuity’’ means that it may also inhibit other
factors that play a role in the repair process, leading to
suboptimal or deleterious results.

In addition to the potential off-target effects from heparin-
incorporated biomaterials, the long-term use of heparin as an
anticoagulant has also resulted in a number of adverse clinical
effects being reported, including thrombocytopenia, vascular
reactions, and osteoporosis.27–30 We recently showed that
heparin has donor-dependent effects on the stemness and
multipotency of human mesenchymal stem/stromal cells
(hMSCs), and alters a number of signaling pathways associ-

ated with hMSC growth and differentiation.31 This raises a
concern regarding the long-term use of heparin in the clinic
and its suitability in TE, for example, of skeletal tissues and
cells of the bone marrow compartment.

Growth differentiation factor 5 (GDF5), also known
as BMP14 or cartilage-derived morphogenetic protein 1
(CDMP1), belongs to the BMP subfamily of the transforming
growth factor beta (TGFb) superfamily. Like BMP2 (and
many other BMPs), it is established as playing a critical role
in skeletal development and homeostasis, being important for
the formation of bone, cartilage, ligaments, and tendons.32–34

Its importance in skeletal formation was first highlighted in
mice carrying the brachypodism (bp) mutation, which results
in changes in the length and number of bones in the limbs, and
was found to be the result of mutations in the GDF5 gene.35

Following on from this, loss of function mutations in the human
GDF5 gene has also been shown to result in a number of
chondrodysplasias such as Grebe and Hunter–Thompson syn-
dromes,36 and a single-nucleotide polymorphism in the 5¢ un-
translated region (5¢ UTR) of human GDF5 has also been linked
to osteoarthritis susceptibility.37 In contrast, overexpression of
GDF5 has been shown to enhance chondrogenesis, increase the
length and width of bones, and lead to joint fusions.38,39

Despite the clear importance of GDF5 for bone and carti-
lage formation, its use for in vitro differentiation protocols is
somewhat under-researched compared to other TGFb super-
family members. Interestingly, it has been demonstrated in
human articular chondrocytes that GDF5 reduced the expres-
sion of matrix metalloproteinase 13 (MMP13; a matrix-
degrading enzyme) and collagen X (a marker of chondrocyte
hypertrophy), but led to an increased expression of aggrecan
and sox 9 (both markers associated with chondrogenesis and
extracellular matrix [ECM] production).40

hMSCs offer a number of benefits over chondrocytes for
cell-based cartilage repair, including their ease of expansion
and immunomodulatory capabilities.6,41–44 However, as of
yet, methods for differentiating hMSCs, which typically
employ the use of TGFb1/3, result in the production of car-
tilage with inferior mechanical properties and poor structural
organization compared to the native tissue, and in the pro-
duction of hypertrophic rather than hyaline tissue, indicating
that further refinement of protocols is required.45,46 Recent
studies indicate that GDF5 has the potential to be used to
improve the formation of hyaline cartilage from hMSCs,47,48

however, information on whether the chondrogenic activity
of GDF5 is affected by heparin/HS is lacking.

There is a general trend for heparin/HS to modulate the
activity of TGFb superfamily members,49–53 and a heparin
binding site has been predicted for GDF5 based on molecular
docking methods and structural bioinformatics.54 However,
this prediction has not been tested empirically. It is also well
known that heparin/HS modulates the activities of different
proteins in specific ways.55,56 The distinct heparin binding
sites predicted for different BMP members54 indicate that the
specificity and functional significance of these interactions
are likely to differ between BMP family members. Indeed, it
has already been shown that, while TGFb1/2 is able to bind to
heparin and HS, TGFb3 does not interact with these GAGs.51

Given the pivotal role of GDF5 in the early stages of
chondrogenesis, we aimed to look further into the potential
of using GDF5 as a therapeutic agent for improving the
chondrogenic differentiation of hMSCs, concentrating on its
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potential to increase cartilage matrix production without in-
ducing hypertrophy of chondrocytes. In addition, given the
increasing inclusion of heparin in biomaterials for skeletal TE
(along with the adverse skeletal effects being reported in the
clinic following long-term heparin treatment), we also felt it
was important to investigate the interaction between GDF5
and heparin/HS and determine the effect of these GAGs on the
biological activity of GDF5.

Materials and Methods

Cell culture

hMSCs were isolated and expanded from human bone
marrow mononuclear cells from three healthy male donors
aged 20–25 years (Lonza) and characterized, as previously
described.57,58 Passage 4 cells were used for all subsequent
experiments. ATDC5 cells (obtained from American Type
Culture Collection [ATCC]) were maintained in Dulbecco’s
modified Eagle’s medium (DMEM):Ham’s F12 (1:1)
(ATCC) supplemented with 5% (w/v) fetal calf serum
(HyClone), 2 mM l-glutamine (ATCC), and 100 U/mL
penicillin–streptomycin (P/S; Sigma-Aldrich). Cells were
maintained at 37�C in a humidified atmosphere containing
5% CO2 and detached with 0.125% trypsin/versene (Gibco)
solution unless otherwise stated.

Chondrogenic pellet culture

Pellet cultures were set up based on a previously developed
method,45 with some modifications. hMSCs (0.25 · 106 cells)
were resuspended in 0.5 mL chondrogenic media (hMSC
Chondro BulletKit; Lonza) containing specified treatments in
15 mL polypropylene tubes; recombinant human GDF5 (mo-
lecular weight [MW] 27 kDa) and TGFb1 (MW 25 kDa) were
from Peprotech (both reconstituted without carrier protein),
porcine intestinal mucosa heparin (H3149) was from Sigma
(average MW 17.5 kDa), and porcine mucosal HS was from
Celsus Laboratories (average MW 15 kDa). Tubes were
centrifuged (300 g, 5 min) to generate high-density pellets and
lids were then loosened, and the pellets were cultured for
21 days at 37�C, 5% CO2, with medium changes every 3 days.

Quantitative reverse transcription polymerase
chain reaction

Total RNA was isolated from chondrogenic pellet cultures
using TRIzol� reagent (Life Technologies) according to the
manufacturer’s protocol and quantified using ultraviolet (UV)
spectrophotometry on a NanoDrop 1000. Reverse transcription
was carried out on 1mg RNA using the SuperScript� VILO�

cDNA synthesis kit (Life Technologies) according to the man-
ufacturer’s instructions, but extending the incubation at 42�C
to 2 h. Each quantitative polymerase chain reaction (qPCR)
was performed using 40 ng complementary DNA (cDNA) and
TaqMan Gene Expression assays for aggrecan (ACAN
Hs00153936_ml), collagen X (COL10A1 Hs00166657_ml),
and sex-determining region Y-box 9 (SOX9 Hs00165814_ml)
from Life Technologies. Thermal cycling conditions of 95�C for
20 s, followed by 45 cycles of 95�C for 1 s and 60�C for 20 s
were used on the QuantStudio� 6 Flex Real Time PCR system
(Life Technologies). Ct values were normalized to succinate
dehydrogenase complex subunit A (SDHA) and results were
plotted as relative expression units using the 2- DDCt method.

Surface plasmon resonance

Surface plasmon resonance (SPR) was carried out as pre-
viously described.50,59 Briefly, *40 response units (RUs) of
biotinylated heparin was immobilized on a streptavidin chip
using a Biacore T100 SPR instrument, with the HBS-EP
running buffer (10 mM HEPES, 150 mM NaCl, 3.0 mM EDTA,
0.05% [v/v] Tween 20, pH7.4) and following the manufactur-
er’s immobilization protocol (GE Healthcare). A low quantity
of heparin was immobilized to facilitate the measurement of
protein binding and reduce mass transport limitations.50,60–63

The interaction of GDF5 with immobilized heparin was
investigated by injecting a range of GDF5 concentrations
(serial twofold dilution; from 100 to 12.5 nM) diluted in the
HBS-EP-0.1 running buffer (i.e., containing 0.1% [v/v]
Tween 20) over the heparin-coated chip at a flow rate of
30mL/min for 2 min, followed by washing with the HBS-
EP-0.1 running buffer for 10 min. The chip was regenerated
with two 1 min washes of 2M NaCl at 30mL/min after each
sample. The sensograms generated by the instrument were
automatically adjusted by subtracting the responses from the
control cell of the same chip, to represent specific binding.
Kinetic values were obtained by fitting the SPR curves to the
1:1 Langmuir binding model using the BIAevaluation soft-
ware. The Rmax was fitted locally (i.e., for each concentra-
tion) in all curve fits.64 Mean affinity and kinetic values
(–standard error of the mean [SEM]) were derived from two
separate experiments. The w2 value indicates the mean
square of the signal noise and provides a statistical measure
of the closeness of fit (BIAevaluation Handbook).

Competitive binding experiments were carried out using
SPR as above, but where 100 nM GDF5 in HBS-EP-0.1 was
mixed with 0, 100, or 1000 nM of heparin, HS, or purified
HS fractions before being injected over the heparin-coated
chip. For each GAG condition, the maximum binding re-
sponse was normalized to the response obtained from GDF5
alone, where all analyses were repeated twice. Before these
experiments, the porcine mucosal HS was fractionated
by ion-exchange chromatography on a HiTrap� diethylami-
noethyl (DEAE) sepharose column (GE Healthcare) equili-
brated in 20 mM phosphate, 150 mM NaCl, pH 7.2, and with
sequential elution in 350 mM NaCl (HS350), followed by
700 mM NaCl (HS700) in an equilibrating buffer. The HS350
and HS700 fractions were desalted on a HiPrep 26/10 de-
salting column (GE Healthcare) before being used for SPR.

Differential scanning fluorimetry

Differential scanning fluorimetry (DSF) was carried out
based on a previously reported protocol, with some modifica-
tions.65 Protein/GAG mixtures were prepared in standard
polypropylene vials, adding the components in the following
order: water (to take final volume to 32mL), 0.1 M NaAc,
0.15 M NaCl, pH 5, 4 M Urea, 7.5mM GDF5, 80 · SYPRO
dye, and 75mM GAG. Three aliquots of 10mL were then
transferred to a 96-well plate for each sample and immediately
read on the QuantStudio 6 Flex Real-Time PCR system (Life
Technologies) with a 120-s prewarming step at 31�C and a
subsequent gradient between 32�C and 95�C, in steps of 0.5�C,
each 20 s in duration. Data were collected using the TAMRA
dye setting (excitation wavelength 560 nm and emission
wavelength 582 nm) and analyzed by applying an exponential
correlation function approximation of the first derivative for
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each melting curve. The maxima were used to determine the
mean melting temperature (Tm) for each condition.

Flow cytometry

ATDC5 cells were detached with TrypLE� (Life Tech-
nologies) and 2 · 105 cells were treated with the stated doses
of heparinase I, II, and III (Iduron) in phosphate-buffered
saline for 30 min at room temperature. Cells were washed
and incubated with 50 nM GDF5 (for work in ATDC5 cells,
recombinant carrier-free mouse GDF5 was purchased from
R&D Systems) for 30 min on ice, before being washed and
labeled with 1:30 anti-GDF5 antibody (R&D Systems) and
1:50 anti-HS 10E4 antibody (Amsbio), or the isotype-
matched controls for 30 min on ice. Cells were then washed
and incubated with 1:500 donkey anti goat IgG-FITC anti-
body and 1:500 goat anti mouse IgM-Alexafluor 633 (In-
vitrogen) for 30 min on ice. Finally, cells were fixed in 1%
(w/v) paraformaldehyde (PFA) and analysis was performed
using the BD� LSRII flow cytometer.

Data were analyzed using FlowJo7 software. The effect of
unfractionated heparin/HS, selectively desulfated heparin
derivatives, or size-fractionated derivatives of heparin (la-
beled by degree of polymerization [dp] equivalent to num-
ber of monosaccharides) (Iduron) on GDF5 binding to the
cell surface was examined as above, without the heparinase
treatment step, and incubating cells with the stated GDF5-
GAG concentrations; cells were stained with the anti-GDF5
antibody. For the size-fractionated heparin derivatives, the
average MWs provided by Iduron were used. For the de-
sulfated heparin derivatives, an average MW of 17.5 kDa
was used, and the removal of sulfates was then accounted
for based on the average composition of heparin sulfation66

and the supplier’s (Iduron) estimate on the percentage re-
moval of each type of sulfation achieved during the de-
sulfation process.

Alkaline phosphatase assay

The alkaline phosphatase (ALP) assay was performed as
previously described.67 Briefly, ATDC5 cells were seeded at a
density of 1 · 104 cells/well of a 96-well plate in maintenance
media. After 24 h, cells were starved for 5 h (DMEM:Ham’s
F12, 0.5% FCS, 2 mM l-glutamine, 100 U/mL P/S). Cells were
then stimulated with the stated doses of GDF5/GAG for 3 days.
GAGs tested were heparin, HS, and BMP2 affinity-selected HS
(termed HS3; see Murali et al.,68 Rai et al.69). The ALP activity
was measured in triplicate by lysing cells in the ALP buffer 1
(0.1 M glycine, 1% [v/v] Nonidet P-40, 1 mM MgCl2, and
1 mM ZnCl2, pH 9.6) for 1 h at room temperature with gentle
shaking, followed by the addition of one volume of ALP buffer
2 (5 mM p-nitrophenyl phosphate [p-NPP], 0.1 M glycine,
1 mM MgCl2, and 1 mM ZnCl2, pH 9.6). The amount of p-NP
released from the p-NPP substrate was measured spectropho-
tometrically at 405 nm, and the ALP activity was calculated
relative to control or GDF5-only treatment.

Cell signaling

ATDC5 were seeded in maintenance media at a density of
1 · 104 cells/cm2 and cultured for 36 h. Cells were then starved
overnight (DMEM:Ham’s F12, 100 U/mL P/S) before being
treated with the stated doses of GDF5/GAG for 1 h. Cells

were then lysed in 2 · Laemmli buffer (Sigma-Aldrich) and
resolved on a 4–12% (w/v) gradient sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE) gel (Life
Technologies), followed by electrotransfer onto a nitrocellu-
lose membrane (Millipore). Blots were incubated with anti-
bodies against SMAD1/5/8 (1:500; Santa-Cruz; sc-6031-R,
rabbit polyclonal IgG; reacts with mouse, rat, and human),
phosphorylated SMAD 1/5/8 (1:1000; now known as SMAD1/
5/9; Cell Signaling; 13820P, rabbit monoclonal; reacts with
mouse, rat, and human), actin (1:5000; Millipore; MAB1501,
mouse monoclonal; reacts with all vertebrates), and GDF5
(1:2000; R&D Systems; AF853, goat polyclonal IgG; reacts
with mouse), followed by the appropriate horseradish peroxi-
dase (HRP)-conjugated secondary antibodies ( Jackson Im-
munoResearch). LumiGLO� Chemiluminescent Substrate Kit
(Kirkegaard & Perry Laboratories) was used to visualize im-
munoreactive bands on the C-DiGit� Blot Scanner (LI-COR).
Densitometry was carried out using Image Studio Light Ver-
sion 4.0 software. Semiquantitative analyses of immunoblots
were obtained by normalizing phosphorylated Smad 1/5/8
levels to total Smad 1/5/8 levels. Actin is shown as a visual
control, but was not used in densitometry measurements.

Statistical analysis

All data are displayed as mean – SEM. Results were an-
alyzed using one-, two-, or three-way analysis of variance
(ANOVA), with Tukey post hoc testing where appropriate.
Goodness of fit linear regression analysis was used to de-
termine the correlation between endogenous HS and GDF5
bound to the cell surface. Semilog nonlinear regression
analysis was used to determine the correlation between the
dosing of exogenous GAG fractions and the amount of
GDF5 that bound to the cell surface. Significance was set at
p-value £0.05. All results were analyzed with GraphPad
Prism software version 6, except three-way ANOVA, which
was analyzed using IBM SPSS Statistics version 21.

Results

Differential effects of GDF5 and TGFb1
on the chondrogenic differentiation of hMSCs

GDF5 and TGFb1 have both been identified as key regula-
tors of chondrogenesis. However, while TGFb1 is routinely
used as a supplement to improve the chondrogenic differenti-
ation of hMSCs, there is less information available for GDF5.
We found that hMSC-derived chondrocyte pellets stimulated
with TGFb1 for 21 days resulted in no change in aggrecan
expression compared to control, irrespective of dose (Fig. 1A).
In agreement with published studies,45,46,70 TGFb1 signifi-
cantly increased the expression of collagen X and sox9
(Fig. 1C, E). Notably, the lowest tested dose of 10 ng/mL
generated the greatest effect for collagen X expression (78-fold
increase, p < 0.0001), and increasing the dose of TGFb1 from
10 to 150 ng/mL had no additional effect on sox9 expression
(an approximately twofold increase for both doses, p < 0.0001).
In contrast to TGFb1, stimulation with GDF5 for 21 days
significantly increased both aggrecan and sox9 expression, but
interestingly had no effect on collagen X levels, irrespective of
dose (Fig. 1A–C). Post hoc analysis demonstrated that ag-
grecan and sox9 levels were significantly increased at doses
‡75 ng/mL, with the greatest effect being seen at the highest
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dose tested; that is, at 300 ng/mL, there was a 35-fold increase
in aggrecan ( p < 0.0001) and a 3.8-fold increase in sox9
( p < 0.0001) expression. Importantly, although there was a
significant donor-to-donor variability ( p < 0.0001), all donors
showed the same pattern of response to either GDF5 or TGFb1
stimulation, although to varying extents (Fig. 1B, D, F).

To more fully understand the temporal changes in gene
expression, we assessed messenger RNA (mRNA) transcript
levels at days 3, 7, 14, and 21 (Fig. 2). As reported above for the
21-day time point, simulation with TGFb1 (10 ng/mL) for 3, 7,
or 14 days had no effect on aggrecan expression (Fig. 2A).
However, stimulation with TGFb1 significantly increased the
expression of both collagen X and sox 9 (Fig. 2C, E). This
increase in expression was seen on day 14 for both collagen X

(121-fold increase, p < 0.0001) and sox9 (1.6-fold increase,
p < 0.05), and the expression was then maintained up to day 21.
In contrast, stimulation with GDF5 (150 ng/mL) at time points
earlier than 21 days had no significant effect on either aggrecan
or sox 9 expression (Fig. 2A, E). However, in the case of
aggrecan, there was a substantial increase in gene expression
on day 14 in some donors (4.3-fold increase for donor A,
p < 0.001, and 18.8-fold increase for donor C, p < 0.001) and
the lack of overall significance was instead due to donor vari-
ability, where donor B took longer to respond (to increase
aggrecan expression), and so appears unresponsive on day
14 (Fig. 2B). Notably, stimulation with GDF5 did not in-
duce collagen X expression, irrespective of time (Fig. 2C).
When hMSC chondrogenic pellets were stimulated with a

FIG. 1. Differential effects
of GDF5 and TGFb1 on the
chondrogenic differentiation
of hMSCs. hMSCs were cul-
tured as chondrogenic pellet
cultures for 21 days with
TGFb1 (10–150 ng/mL = 0.4–
6 nM; dark grey bars) or
GDF5 (10–300 ng/mL = 0.4–
11.1 nM; white bars) and the
levels of mRNA transcripts
for aggrecan (A, B), collagen
X (C, D), and sox 9 (E, F)
analyzed by qPCR. (A, C, E)
Data are presented as mean –
SEM from three separate
hMSC donors, with triplicate
experiments performed for
each donor (n = 9). (B, D, F)
All replicates for each donor
tested are shown (horizontal
lines show mean). *p < 0.05,
**p < 0.01, ***p < 0.001.
Treatment data are compared
to control pellets. GDF5,
growth differentiation factor
5; hMSCs, human mesen-
chymal stem/stromal cells;
mRNA, messenger RNA;
qPCR, quantitative polymer-
ase chain reaction; SEM,
standard error of the mean;
TGFb1, transforming growth
factor beta 1.
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FIG. 2. Temporal effects of GDF5 and TGFb1 on the chondrogenic differentiation of hMSCs. hMSCs were cultured as
chondrogenic pellet cultures for up to 21 days with effective doses of TGFb1 (10 ng/mL = 0.4 nM; dark grey bars), GDF5
(150 ng/mL = 5.6 nM; white bars), or a combination of both (TGFb1 at 10 ng/mL and GDF5 at 150 ng/mL; light grey bars),
and the levels of mRNA transcripts for aggrecan (A, B), collagen X (C, D), and sox 9 (E, F) analyzed by qPCR. (A, C, E)
Data are presented as mean – SEM from three separate hMSC donors, with triplicate experiments performed for each donor
(n = 9). (B, D, F) All replicates for each donor tested are shown (horizontal lines show mean). *p < 0.05, **p < 0.01,
***p < 0.001. Treatment data are compared to control pellets for the same time point analyzed.

280 AYERST ET AL.



combination of TGFb1 and GDF5, the expression of aggrecan,
collagen X, and sox 9 was all significantly increased (Fig. 2A,
C, E). Similar to GDF5 treatment alone, a significant increase
in aggrecan expression was only seen by day 21 of culture
(fourfold increase, p < 0.05), while an increase in collagen X
expression mirrored that of TGFb1 treatment alone, with an
increase in expression being seen on day 14 (90-fold increase,
p < 0.0001) and maintained up to day 21. In comparison to
treatment with either GDF5 or TGFb1 alone, the combination
of both GFs led to an earlier increased expression of sox 9,
which was seen on day 7 (4.4-fold increase, p < 0.0001) and

maintained up to day 21. Again, although there was significant
donor-to-donor variability (collagen X, p < 0.0001; sox 9,
p < 0.0001; aggrecan, p < 0.005) (Fig. 2B, D, F), the three do-
nors tested all shared the same pattern of responses.

GDF5 is a heparin/HS binding protein

Although a heparin binding sequence has been predicted for
GDF554 and GAGs have been demonstrated to potentiate the
activity of other TGFb family members,26,50,51,68 there is
currently no direct evidence that GDF5 is a heparin binding

FIG. 3. GDF5 is a heparin/
HS binding protein. SPR was
used to determine the change
in binding response to in-
creasing concentrations of
GDF5 (serial dilution of
12.5–100 nM) injected over a
heparin-coated (*40 RU)
streptavidin chip (dotted lines
show fits with the Langmuir
1:1 model, which were used
for calculating the KD values
reported in the text) (A). To
compare the affinities of dif-
ferent GAG species for GDF5
binding, SPR competition as-
says were carried out. GDF5
was preincubated with 0, 100,
or 1000 nM of heparin (B),
HS (C), HS350 (D), or
HS700 (E) before being in-
jected over the heparin-coated
streptavidin chip. To deter-
mine changes in GDF5 bind-
ing in the presence of GAGs,
data were normalized to
GDF5 treatment alone (0 nM
GAG) (F). (A–E) Rep-
resentative sensograms of
two independent experiments,
results shown in (F) are
mean – SEM. ***p < 0.001,
relative to 0 nM GAG control.
GAG, glycosaminoglycan;
HS, heparan sulfate; RU,
response unit; SPR, surface
plasmon resonance.
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protein. We therefore investigated the ability of GDF5 to bind
heparin/HS by SPR. Biotinylated heparin was immobilized
on a streptavidin chip, and increasing concentrations of
GDF5 flowed over the chip surface. GDF5 binding increased
in a dose-dependent manner on to the heparin-coated surface
(Fig. 3A). Using the BIAevaluation software and upon visual
inspection, the interaction between heparin and GDF5 was best
fitted to the 1:1 Langmuir model (Fig. 3A), that is, providing
better fits compared to the bivalent analyte or two-state reaction
models. Using 1:1 fitting (with Rmax as a local rather than
global parameter), the association and dissociation rate con-
stants were 2.3 – 0.7 · 105 M-1s-1 and 9.8 – 0.7 · 10-3 s-1, re-
spectively (based on values averaged from two separate
experiments). The corresponding affinity constant KD was
found to be 49.6 – 19.4 nM (w2 4.5 – 0.2), indicating that GDF5
binds to heparin with high affinity.

The relative affinities of heparin and HS for GDF5 binding
were also assessed using SPR competition assays. While
GDF5 preincubated with heparin competitively inhibited
GDF5 binding to the heparin-coated chip by >90% ( p <
0.0001) at both concentrations tested (100 and 1000 nM
tested) (Fig. 3B, F), unfractionated HS only significantly in-
hibited GDF5 binding at the higher concentration tested of
1000 nM (41% reduction in binding, p < 0.0001) (Fig. 3C, F).
In addition, the HS350 fraction (eluted from an ion-exchange
resin at low salt) was unable to competitively inhibit GDF5
binding to the heparin-coated chip (Fig. 3D, F); HS700, eluted
in high salt, was similar to the HS starting material, signifi-
cantly inhibiting binding at the higher dose of 1000 nM (45%
inhibition, p < 0.0001) (Fig. 3E, F). This indicates that GDF5
has a significantly higher affinity for heparin than HS and
sulfation levels play an important role in the interaction.

In addition to the SPR data, and as a confirmatory experi-
ment, we next sought to look at the GDF5-heparin/-HS inter-
action in solution phase, using a method previously applied to
FGF-heparin interactions.65 Sypro� Orange fluorescent dye
has a specific affinity for hydrophobic surfaces that become
exposed as proteins unfold; evidence of thermostabilization in
the presence of heparin or HS would be indicative of a bio-
logical interaction. In the presence of either heparin or HS,

GDF5 displayed altered melt curve profiles (Fig. 4A) and
significantly higher melting Tm values (GDF5 alone = 65.6�C;
GDF5+heparin = 71.6�C, p < 0.0001; GDF5+HS = 69.6�C,
p < 0.0001), providing further evidence that GDF5 interacts
with these GAGs (Fig. 4B); which is consistent with the SPR
data for heparin and HS. Dose-dependent stabilization would
provide additional data to support this conclusion.71

Heparin, but not equivalent doses of HS, inhibits
GDF5-induced chondrogenic differentiation of hMSCs

Given the important role of GDF5 in bone and cartilage
formation and the interaction between GDF5 and heparin/HS
demonstrated above, we next sought to investigate the effects
of these GAGs on GDF5-induced biological activity. hMSC-
derived chondrogenic pellets were cultured for 21 days with a
suboptimal dose of 75 ng/mL GDF5 in the presence of in-
creasing doses of GAG (1–10,000 nM), and the effects of these
GAGs on GDF5-induced aggrecan mRNA expression were
evaluated (Fig. 5A). Clinically relevant doses (‡10 nM) of
heparin were found to inhibit GDF5-induced chondrogenic
activity, with 100 nM (1.75mg/mL) heparin decreasing ag-
grecan expression by 4.2-fold ( p < 0.0001) compared to GDF5
treatment alone. In comparison, HS only inhibited GDF5-
induced aggrecan expression at the highest dose tested
of 10,000 nM (3.5-fold at 150mg/mL; p < 0.01). Treatment of
chondrogenic pellets with GAG alone also had no effect on
aggrecan expression compared to control pellets. The pattern
of results was similar for all three hMSC donors tested, al-
though donor-to-donor variability was again seen ( p < 0.0001)
(Fig. 5B, C).

Heparin, but not HS, inhibits GDF5-induced osteogenic
differentiation of skeletal ATDC5 cells

To further characterize the interaction of GAGs with
GDF5, we moved to a well-established assay system using the
skeletal ATDC5 cell line,67,72 where emergence of ALP ac-
tivity is used to indicate differentiation.73,74 Both BMP2 and
GDF5 significantly increased the ALP activity (Fig. 6A, B).

FIG. 4. Heparin/HS stabilizes GDF5. DSF was used to analyze the interaction between GDF5 and heparin/HS in solution
phase. GDF5 alone or in the presence of GAG was mixed with Sypro� Orange dye, and subjected to a temperature gradient
from 32�C to 95�C in steps of 0.5�C, each of 20 s duration (in a PCR machine) (A, B). Changes in fluorescence intensity as
the protein unfolded was recorded by the PCR machine and used to plot the melt curves (A). The first derivatives of the
melting curves were also plotted and used to identify the maxima (melting temperature) from each melt curve (B). (A)
Representative profile from three independent experiments (where each DSF experiment was carried out in triplicate);
results shown in (B) are mean – SEM. ***p < 0.001. DSF, differential scanning fluorimetry.
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Post hoc testing for GDF5 indicated this effect was only
significant at doses ‡25 nM ( p < 0.0001), while for BMP2,
significance was seen at the lowest dose tested of ‡5 nM
( p < 0.0001). We then proceeded to look at the dose-dependent
effect of heparin, HS, and HS3 (a purified HS fraction known
to increase BMP2 bioactivity68,69) on GDF5-/BMP2-induced
ALP production, using the lowest growth factor concentra-
tion that gave a significant increase in ALP (Fig. 6C, D). Si-
milar to our observations for hMSCs, heparin inhibited the
GDF5-induced ALP activity ( p < 0.0001), while HS had no
effect (Fig. 6C). Post hoc analysis demonstrated that doses
‡100 nM heparin were able to significantly inhibit the GDF5-
induced activity, with a 20% reduction in ALP ( p < 0.0001)
seen at this dose. HS3 significantly enhanced the GDF5-
induced ALP activity at doses of 10 ( p < 0.0001) and 100 nM
( p < 0.001), with *15% increase in activity, while higher
doses of HS3 had no significant effect (Fig. 6C). In contrast to
the results seen with GDF5, heparin ( p < 0.001) and HS
( p < 0.01) both significantly enhanced the BMP2-induced ALP
activity (Fig. 6D). Heparin significantly enhanced the activity
at doses of 100 ( p < 0.01) and 1000 nM ( p < 0.001), with a
27.6% increase in activity observed with 100 nM heparin,
while the lowest (10 nM) and highest (10,000 nM) dose had no
significant effect. Notably, HS only significantly enhanced
the BMP2-induced ALP activity at the highest dose tested
(10,000 nM, p < 0.001).

Pericellular heparan sulfate proteoglycans play
an important role in localizing GDF5 to the surface
of ATDC5 cells

Heparan sulfate proteoglycans (HSPGs) are important in
regulating the interaction of many soluble factors within the
pericellular zone. To investigate the role of HSPGs in local-
izing GDF5 to the cell surface, we studied GDF5 binding to
ATDC5 cells with and without specific degradation of HSPGs
with heparinase enzymes; flow cytometry was used to quan-
titate the amount of cell surface GDF5 and HS, where the
latter was determined using an antibody able to recognize a
common epitope in HS (10E4)75 (Fig. 7A–C). As can be seen
from Figure 7A and B, heparinase treatment reduced the
amount of HS and the amount of GDF5 binding on ATDC5
cells in a dose-dependent manner. Goodness of fit linear re-
gression analysis comparing the relationship between per-
centage cell surface GDF5 and HS showed a significant
positive correlation (R2 = 0.97, p < 0.0001) (Fig. 7C).

Exogenous heparin, but not equivalent doses
of HS, dose dependently inhibits GDF5 binding
to the surface of ATDC5 cells

Having established that GDF5 binds to the cell surface by
an interaction with HSPGs, we next investigated the abil-
ity of exogenously added GAG to perturb this interaction

FIG. 5. Heparin, but not equivalent doses of HS, inhibits
GDF5-induced chondrogenic differentiation of hMSCs. qPCR
was used to evaluate the effect of GAGs on GDF5-induced
aggrecan expression in hMSC-derived chondrogenic pellets.
Pellets were treated for 21 days with 75 ng/mL (2.8 nM) GDF5
in the absence/presence of a range of heparin (1–10,000 nM =
17.5 ng/mL–175mg/mL) (A, B) or HS (1–10,000 nM = 15 ng/
mL–150mg/mL) (A, C) concentrations. Data are displayed
relative to untreated control pellets. (A) Pooled data (mean –
SEM) were derived from experiments with three different
hMSC donors with each donor being analyzed in triplicate in
one or two independent experiments (n = 9–18). (B, C) All
replicates for each donor tested are shown (horizontal lines
show mean). *p < 0.05, **p < 0.01, ***p < 0.001, versus
GDF5-only treatment. ##p < 0.01, ###p < 0.001, comparing
GAGs of same dose.

HEPARIN INHIBITS GDF5-MEDIATED CHONDROGENIC DIFFERENTIATION 283



(competitive inhibition). Flow cytometric analysis demon-
strated that exogenous heparin was indeed able to inhibit GDF5
binding to the cell surface ( p < 0.0001) (Fig. 8A). Post hoc
analysis demonstrated that a significant inhibition in binding
was seen with doses ‡10 nM heparin, with a 45.5% reduction in
binding ( p < 0.0001) at the 10 nM dose. In contrast, exogenous
HS was only able to outcompete endogenous HSPGs for GDF5
binding at the highest dose tested (10,000 nM), where a 77.3%
reduction in binding was observed ( p < 0.05) (Fig. 8A). No-
tably, exogenous heparin at the same high dose (10,000 nM)
reduced GDF5-binding by 94%. Semilog nonlinear regression
analysis revealed that the relationship between the dose of
GAG and amount of GDF5 bound to the cell surface was
stronger for heparin (R2 = 0.67) than HS (R2 = 0.32) (Fig. 8B).

Given the observed differences in the ability of hepa-
rin and HS to outcompete cell surface HSPGs for GDF5
binding, we next investigated the structural requirements
of heparin for GDF5 binding, namely sugar chain size
and types of sulfation. Only heparin fragments of dp18
( p < 0.05) and dp26 ( p < 0.001) were able to outcompete the

binding of GDF5 to cell surface HSPG (Fig. 8C). Post hoc
testing showed that this inhibitory effect was only signifi-
cant at the highest dose of 10,000 nM for dp18 ( p < 0.05)
and at doses ‡1000 nM for dp26 ( p < 0.01). Importantly, this
strong inhibitory effect was equal to that from similar doses
of unfractionated heparin. None of the smaller sized heparin
fragments (dp4–dp10) were able to inhibit GDF5 binding.
Semilog nonlinear regression analysis revealed that a rela-
tionship between the dose of GAG and the amount of GDF5
bound to the cell surface was only apparent for dp26
(R2 = 0.60 compared to 0.30 for dp18) (Fig. 8D). In addition,
we found that while loss of N-sulfation greatly reduced the
ability of heparin to inhibit GDF5 binding, re-N-acetylation
(following N-desulfation) or removal of 6-O-sulfation only
partially reduced the competitive effect of heparin (Fig. 8E).
In addition, loss of 2-O-sulfation had little effect on the
ability of heparin to compete. Only a weak relationship
between the dose of GAG and amount of GDF5 bound to the
cell surface was seen, and only for the N-desulfated/re-N-
acetylated fraction (R2 = 0.43) (Fig. 8F).

FIG. 6. Heparin, but not HS, inhibits GDF5-induced osteogenic differentiation of chondrogenic ATDC5 cells. GDF5 (A)
and BMP2 (B) were used to stimulate ALP activity in ATDC5 cells for 3 days. The effect of GAGs in modulating GDF5-
(C) and BMP2- (D) induced ALP activity was investigated using the same method as in (A, B). Results are shown as
mean – SEM, where experiments with GDF5 (A) and GAGs (C, D) were repeated three times, with each independent
experiment being done in triplicate; BMP2 dosing (B) was analyzed in one experiment, performed in triplicate. *p < 0.05,
***p < 0.001, versus untreated control (A, B), or versus GDF5-only control (C, D). ##p < 0.01, ###p < 0.001, versus GAGs of
same dose (C, D). ALP, alkaline phosphatase; BMP2, bone morphogenetic protein 2.
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Heparin inhibits GDF5-mediated Smad 1/5/8
signaling in ATDC5 cells

GDF5 is known to signal through the Smad 1/5/8 path-
way. To better understand the inhibitory effect of heparin on
the GDF5-induced biological activity, we chose to maxi-
mally stimulate the Smad 1/5/8 phosphorylation with GDF5
and then investigate the impact of GAG on this pathway.
We observed that GDF5-induced Smad 1/5/8 phosphoryla-
tion was inhibited by exogenous heparin ( p < 0.05) (Fig. 9A,
B), a finding that parallels heparin’s inhibitory effect on
aggrecan expression and ALP activity. Significant Smad 1/
5/8 inhibition was seen at heparin doses ‡100 nM (3.2-fold
decrease, p < 0.05). In addition, the detected amount of
GDF5 (cell associated) was reduced following heparin
treatment, in strong agreement with the flow cytometry data
shown in Figure 8A. In comparison, HS had no inhibitory
effect on GDF5-induced Smad 1/5/8 activation and no dif-
ferences were observed in the amount of GDF5 able to bind
to the cells in the presence of HS (Fig. 9C, D).

Discussion

hMSCs are a promising avenue for the regeneration of both
osteochondral and chondral defects (see reviews Ayerst et al.,6

and Makris et al.76). However, the relative benefits of growth
factors, GAGs, and other bioactive or mechanical stimuli for
the promotion of their differentiation are still far from clear,
and issues remain with regard to the quality of tissue that can be
generated. In this study, we provide evidence that the inclusion
of GDF5 may help to overcome a major hurdle in cartilage TE

strategies, by promoting the chondrogenic differentiation of
hMSCs, without inducing hypertrophy, a common problem for
methodologies that employ the use of TGFb1/3 for inducing
differentiation.45,70,77,78 In contrast to TGFb1, we found that
GDF5 induced the aggrecan and sox9 expression without in-
creasing the expression of collagen X. This combination sug-
gests that GDF5 could be used to generate a clinically useful
cartilage matrix with a high proteoglycan content, while
maintaining the chondrocytes in a mature articular phenotype.

Our results are generally in agreement with previous
studies comparing the effects of TGFb and GDF5 on
chondrogenesis.47,79 However, our results contrast with
those suggesting that GDF5 can promote the hypertrophy of
hMSC-derived chondrocyte pellets.80 This previous study,
however, looked at the effect of GDF5 in combination with
TGFb3, and not in isolation. While the combination of both
TGFb3 and GDF5 promoted hypertrophy, we have dem-
onstrated that GDF5 alone does not increase collagen type X
expression and the combination of GDF5 and TGFb1 is no
more potent at inducing collagen X than TGFb1 treatment
alone. In addition, consistent with what we are seeing, work
in an osteoarthritis rat model has also demonstrated that
GDF5 is expressed in healthy prehypertrophic cartilage, but
is not evident as osteoarthritis develops.81

A further study with human chondrocytes showed that
GDF5 stimulation promoted the expression of aggrecan,
while inhibiting collagen type X expression.40 Overall, there
is increasing evidence supporting the potential use of GDF5
in cartilage TE strategies, especially when this growth factor
is supplied to hMSCs in the absence of TGFb. Histological

FIG. 7. Endogenous HSPGs play an important role in lo-
calizing GDF5 to the surface of ATDC5 cells. HSPGs were
enzymatically removed from the ATDC5 cells using in-
creasing concentrations of heparinases I, II, and III, and cells
were then incubated with GDF5. Cells positive for HSPG and
bound GDF5 were detected by flow cytometry with HSPG-
and GDF5-specific antibodies; representative histograms are
shown (A). Data (mean – SEM) were derived from three in-
dependent experiments and the numbers of HSPG-/GDF5-
positive cells were calculated relative to untreated cells
incubated with GDF5 (B). Correlation between % HS and %
GDF5 bound to the cell surface was then evaluated (C).
*p < 0.05, **p < 0.01, ***p < 0.001, versus control (no he-
parinase). HSPGs, heparan sulfate proteoglycans.
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FIG. 8. Exogenous heparin, but not equivalent doses of HS, inhibits GDF5 binding to the surface of ATDC5 cells. The
effect of unfractionated heparin/HS (A, B), heparin oligosaccharides (dp; number of monosaccharides) (C, D), and se-
lectively desulfated heparin (E, F) on GDF5 binding to ATDC5 cells was analyzed using flow cytometry (A, C, E). Data
(mean – SEM) were derived from three independent experiments with median fluorescence intensities being used to cal-
culate the percentage of GDF5 bound to the cell surface relative to GDF5 treatment alone. Nonlinear regression analysis
was carried out to look at the relationship between dose of GAG and amount of GDF5 able to bind to the cell surface (B, D,
F). **p < 0.01, ***p < 0.001, versus GDF5-only control (black bar; no heparin/HS treatment). #p < 0.05, ##p < 0.01,
###p < 0.001, versus GAGs of same dose (A), or versus unfractionated heparin of same dose (B, C). dp, degree of poly-
merization.
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analysis and protein expression studies would be a valuable
next step to complement and extend the gene expression
work we have carried out in this study, as has been done
previously with TGFb1/3.45,70 In addition, it would also be
interesting to see whether continued treatment of pellet
cultures with GDF5 (i.e., for longer than 21 days) would
eventually induce hypertrophy or whether the chondrocytes
would maintain an articular phenotype. It is also worth
noting that, although commercially available hMSCs are
widely used in studies,31,82,83 continued development using
freshly isolated cells to look at the effects of aging popu-
lations and changes in the bone-marrow microenvironments
will also indeed be important.84 Intriguingly, recent work
in human umbilical cord perivascular stem cell-derived
chondrocyte pellets demonstrated that GDF5 enhanced
proliferation, but had no effect on the expression of
chondrogenic-related genes,85 therefore suggesting that the
effect of GDF5 may also be stem/stromal cell source specific.

The potential of GDF5 for cartilage TE, along with the
increasing inclusion of heparin in biomaterials for bone and
cartilage regeneration,7,23,24,86–89 meant that investigating the
interaction between GDF5 and heparin was a natural next step
for our study. While a number of the TGFb superfamily
members have already been shown to bind heparin,50,51,68,90

this interaction does not appear to be a universal property of all
proteins with this fold.51 The GDF subfamily comprises ap-
proximately one third of the TGFb superfamily, although as
yet, an interaction with heparin has only been determined for
GDF9.90 In this study, we identified GDF5 as a novel heparin/

HS binding protein, using SPR and DSF.50,65,91 For example,
GDF5 was found to bind heparin with high affinity (KD <
100 nM), in agreement with a study reporting that proteins
involved in skeletal system development display high or very
high affinity for heparin.92 We also demonstrated that peri-
cellular HSPGs play a key role in localizing GDF5 to the cell
surface, which is in good agreement with results reported for
BMP2.26,93 It further emphasizes the importance of HSPGs in
regulating the activity of many TGFb superfamily members.

Treatment with exogenous heparin is also generally
thought to potentiate the bioactivity of TGFb superfamily
members,26,50,94 leading to its incorporation into a number
of biomaterials to improve skeletal TE strategies. It should
be noted, however, that some inhibitory effects of heparin
on TGFb superfamily members (and other proteins) have
been reported when high doses of the GAG are used.95,96

Despite this, heparin is still being widely incorporated into
biomaterials for TE strategies.86,88,97–99 Importantly, our
data demonstrate that heparin has a strong and clear inhib-
itory effect on the biological activity of GDF5, even at doses
10-fold lower than those that would be clinically adminis-
tered. For example, for patients with venous thromboem-
bolism, the dose of heparin is usually maintained at 0.3–
0.7 U/mL,100 while 10 nM of heparin used in this study
equates to around 0.03–0.04 U/mL. In addition, this inhibitory
effect was seen across multiple hMSC donors and in the
skeletal cell line ATDC5. Given the importance of GDF5 for
skeletal development, our results might help explain the re-
ported increased risk of developing osteoporosis following

FIG. 9. Heparin inhibits GDF5-mediated Smad 1/5/8 signaling in ATDC5 cells. Serum-starved ATDC5 cells were treated
with GDF5 alone, or with GDF5 plus heparin (A, B) or HS (C, D). Cells were stimulated for 1 h before being harvested for
Western blot analysis. Three independent experiments were carried out, with (A, C) showing representative blots. p-Smad
1/5/8 levels were determined relative to total Smad 1/5/8 and actin levels using densitometry (B, D), and results are
displayed as mean – SEM. *p < 0.05.
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long-term heparin treatment,29,30 and the variable (and dis-
appointing) results seen with heparin-loaded biomaterials for
skeletal repair.25,26 In addition these data support our previous
findings demonstrating that heparin can impair the biological
properties and molecular signature of hMSCs,31 and as a
whole, adds further caution to the widespread use of un-
fractionated heparin, both in the clinic and research settings.

Importantly, the HS used in this study did not show the
same inhibitory effect as heparin on GDF5 activity, indicating
that in general, HS may be a more suitable, safe, and effective
alternative for incorporation into TE strategies and stem cell
expansion/differentiation protocols. Although heparin and
HS are both polydisperse and heterogeneous in nature, hep-
arin is intrinsically more heavily sulfated than HS,101,102

which is likely responsible for its strong inhibitory effect on
GDF5 activity. While the unfractionated HS preparation did
not inhibit GDF5 activity, it did not significantly promote the
activity of the growth factor either. However, given the se-
quence diversity of HS, we anticipate that it will be possible to
identify HS variants that promote GDF5 activity, while re-
taining other beneficial effects on chondrocyte function/phe-
notype. Our previous work and ongoing investigations indicate
that the isolation or synthesis of HS variants, for example those
based on their affinity for particular growth factors, enables the
selection of saccharides markedly more potent at promoting the
bioactivity of growth factors compared to using unfractionated
HS starting material, with its intrinsically high level of com-
positional heterogeneity.26,59,68,69 Thus, there is the possibility
to potentiate the activity of specific growth factors, to the same
or greater extent than heparin, while avoiding the adverse and
off-target effects of heparin caused by its pleiotropic nature.
Indeed, in this study, we have shown that the HS3 variant
(selected through its affinity for BMP2 and shown to be ef-
fective in promoting BMP2 bioactivity68,69) could not inhibit
the GDF5-induced ALP activity in the same manner as heparin.
Therefore, by using this particular HS3 variant, there is the
possibility of promoting BMP2 activity (as with heparin)
without affecting the activity of GDF5, which would also be at
the injury site and important for the repair process. This
further highlights the therapeutic utility of developing se-
lective HS variants, rather than using heparin. Interestingly,
given that HS3 is more highly sulfated than unfractionated
HS68 and carries an overall charge more similar to heparin,
we would have expected HS3 to act in a similar inhibitory
manner to heparin with regard to its effects on the GDF5-
induced ALP activity. However, this was not the case and
suggests that charge density is not the dominant feature in the
interaction between GDF5 and heparin/HS, and GAG
structure and sequence may also play a role. It is also worth
noting that HS has a significantly lower anticoagulant ac-
tivity compared to heparin103,104 and so its use over heparin
may also help negate undesirable side effects such as heparin-
induced thrombocytopenia.

This then prompted us to investigate the role of sugar chain
size and specific sulfation pattern on GDF5 binding. We
demonstrated that only the longest heparin-derived oligosac-
charides tested (dp18 and dp26) at the higher doses tested were
able to competitively inhibit GDF5 binding to the cell surface;
implying that the heparin must contact a large extended binding
site on the protein or span between two subsites. It is also
possible that, in a similar manner to the proposed model for
heparin-TGFb1 binding,50 long heparin/HS chains may bridge

the gap between the heparin binding sites on each of the GDF5
monomers, although further studies would be needed to iden-
tify whether this is indeed the case. However, given that HS
chains typically range from 10 to 70 kDa2 and a dp26 oligo-
saccharide has an average MW of only 7.4 kDa, it is entirely
plausible that longer heparin/HS chains are usually required for
GDF5 binding. In addition, the fact that HSPGs on the cell
surface of ATDC5 cells were found to bind very effectively to
GDF5, but that the exogenous HS used in this study was a poor
competitor of this binding, suggests that the HS used in this
study has a low content of these longer sequences that are
required for GDF5 binding.

In contrast to the relatively discrete requirement for longer
heparin-derived sequences to inhibit the bioactivity of GDF5,
the use of desulfated heparin preparations demonstrated
no clear requirement for a specific modification. While N-
desulfation prevented heparin from being able to competitively
inhibit GDF5 binding to pericellular HSPGs, re-N-acetylation
largely recovered this ability. This suggests that N-desulfation
is not essential for the ability of heparin chains to bind GDF5
and instead, the free positively charged amino groups (NH+

3)
remaining following N-desulfation inhibit the ability of hepa-
rin to bind GDF5. The functional significance of this is unclear,
given that free amines within heparin/HS chains are thought to
be relatively rare, usually ranging from 0.2% to 4% of disac-
charide units.63,105,106 2-O-sulfation was not found to be crucial
for the interaction with GDF5. The importance of 6-O-sulfation
was not clear, particularly given that around 25% of 2-O-
sulfates are also lost during 6-O-desulfation. Pulling the data
together, it may be that there is a requirement for a highly
sulfated sequence, rather than a particular dependence on a
specific type of sulfation. In addition, it is important to consider
that the more rare 3-O-sulfation, which would be included in
longer heparin fragments and would also occasionally appear
in HS, may play an important role.

Conclusion

The formation of hypertrophic rather than hyaline (artic-
ular) chondrocytes from hMSCs is a major limitation in cur-
rent cartilage TE strategies. Supplementation of hMSCs with
GDF5 rather than TGFb1/3 may provide a more effective way
to overcome this hurdle, and warrants further investigation. In
addition, the inhibitory effect of heparin on the GDF5 activity
(along with the adverse effects of heparin already reported)
adds further precaution to its widespread use in the clinic and
in TE applications, and urges the transition to using more
specific sugars with less off-target effects (e.g., HS deriva-
tives or synthetics), if optimal therapy is to be achieved.
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