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Abstract
Mucopolysaccharidoses (MPS) are a group of lysosomal storage disorders which are
characterised by a loss or decrease in one or more enzymes involved in the stepwise
degradation of the glycosaminoglycans (GAG) heparan sulfate (HS), dermatan sulfate (DS),
keratan sulfate (KS), chondroitin sulfate (CS) and hyaluronan. As a result, these GAGs
accumulate within both cells and circulation and cause a range of pathologies depending on
which GAGs are undegraded and accumulated. These include organomegaly, CNS
degeneration, degenerative joint disorder, corneal clouding and dysostosis multiplex.
Depending on the severity of the disease, patients can die as young as their early teens,
usually from respiratory issues.

MPS I, MPS II and MPS VI present with dysostosis multiplex which consists of abnormal
bone growth, short stature and decreased bone mass. The mechanisms behind decreased bone
mass and short stature in MPS disorders is largely unknown. Bone formation is achieved
through the bone forming cells, osteoblasts. This is achieved through the recruitment of
mesenchymal stem cells (MSC) to the region of new bone formation where they differentiate
into osteoblasts; excrete collagenous and non-collagenous proteins to form an extracellular
matrix (ECM). Mature osteoblasts then secrete the calcium containing molecule
hydroxyapatite which then mineralises the ECM by anchoring to non-collagenous proteins
osteocalcin (OCN) and bone sialoprotein (IBSP), thus forming new bone.

The osteoblast differentiation and bone formation processes are regulated through multiple
cellular pathways including the bone morphogenic protein (BMP) pathway and the canonical
and non-canonical Wnt signalling pathways. Runx2 expression is essential for MSCs to
commit to the osteoblast lineage and the Wnt5a non-canonical signalling pathway is believed
ix

to drive initial differentiation while mineralisation occurs with the suppression of Wnt7b
signalling.

This thesis details the results of MPS GAGs as well as commercially available GAGs, DS,
HS and heparin on MSC differentiation into osteoblasts and osteoblasts maturation and
mineralisation. Furthermore, GAG structural differences such as chain length and sulfation
patterns have been found to play important roles in how GAGs interact with proteins.
Different sulfation patterns can result in GAGs binding or not binding to proteins. In
particular, HS binding sites called Weintraub motifs have been found on numerous proteins.
The canonical Wnts are known to contain these Weintraub motifs. Therefore, how MPS
GAGs affect Wnt signalling was analysed through signalling assays and gene expression.

Results showed that decreased bone mass due to MPS I, MPS II and MPS VI GAG addition
was observed In vitro for normal MSCs and osteoblasts. MPS I GAG appeared to work
through a different mechanism to MPS II and MPS VI and as a result, did not result in a
decrease in mineralisation to an extent observed due to the other two GAGs. Furthermore
MPS II and MPS VI GAG, although it does not prevent MSCs from differentiating into
osteoblasts, they may keep osteoblasts in an immature state where they can produce an extra
cellular matrix which is unable to be mineralised. Despite MPS I and MPS II GAG unable to
increase Wnt3a signalling in a HEK293T Broad cell line, they may increase Wnt3a signalling
in an SFRP2 dependant manner in MSCs and osteoblasts thus preventing terminal
differentiation and mineralisation.

x

Hypothesis
That undegraded GAGs accumulating in MPS I, MPS II and MPS VI decrease in vitro MSC
differentiation into osteoblasts and subsequent osteoblast mineralisation.

Aims
1. Determine the effects of undegraded GAGs from MPS I, MPII and MPS VI patients on
MSC differentiation into osteoblasts.
2. Determine the effects of undegraded GAGs from MPS I, MPS II and MPS VI on
osteoblast mineralisation
3. Determine the effects of MPS I, MPS II and MPS VI GAG on canonical and noncanonical Wnt signalling during osteoblast differentiation and mineralisation.

xi

Chapter One
Introduction
_________________________________________________________________________

1.1. The Mucopolysaccharidoses
The Mucopolysaccharidoses (MPS) are a group of inherited lysosomal storage disorders
caused by a loss of or a deficiency in 1 out of 11 specific lysosomal enzymes which are
required to degrade distinct glycosaminoglycans (GAGs) [Table 1.1]. Depending on the
deficient enzyme, the catabolism of dermatan sulfate (DS), heparan sulfate (HS), keratan
sulfate (KS), chondroitin sulfate (CS) or hyaluronan (HA) may be blocked singularly or in
combination [1]. These undegraded GAGs accumulate within the lysosomes of most cell
types within the body which interferes with and leads to the impairment of many cellular,
tissue and organ processes. A range of severity is seen among children affected by MPS
which is dependent on, and closely correlated to, the spectrum of residual enzyme activity
present [2]. Eleven MPS disorders have been characterised, which have a range of clinical
phenotypes including; dysostosis multiplex, organomegaly, corneal clouding, cardiovascular
function and decreased joint mobility [1, 3]. Central nervous system (CNS) and degenerative
joint disease (DJD) are also observed in most of the eleven subtypes [1]. MPS are inherited
in an autosomal recessive manner, except for MPS II which is X-linked [1].

1.1.1. Hurler Syndrome
Mucopolysaccharidosis I (MPS I), also known as Hurler syndrome presents with a phenotype
which is characterised by a deficiency in the L-iduronidase gene (IDUA), responsible for the
removal of an iduronic acid residue from DS and HS chains [4]. Children affected by MPS I
present with both skeletal and neural degeneration, corneal clouding, organomegaly and
death can occur in their mid-teens depending on the severity [1]. Diagnosis is usually made
within the first two years when symptoms begin to present themselves with severe
phenotypes while attenuated phenotypes may not be diagnosed until up to 20 years [1].
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Table 1.1. Classification of the Mucopolysaccharidoses
The mucopolysaccharidoses are a group of eleven inherited lysosomal storage disorders;
each categorized by the loss or deficiency of a specific lysosomal enzyme activity which
is required to degrade distinct glycosaminoglycans. A range of clinical severity is seen
among children affected by MPS which closely correlated to the spectrum of residual
enzyme activity present.
Adapted from Neufeld and Muenzer [1].
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Number

Name

MPS IH

Hurler

MPS IS

Scheie

MPS
IH/S
MPS II
(severe)

HurlerScheie
Hunter
(severe)

MPS II
(mild)

Hunter
(mild)

MPS
IIIA

Sanfilippo A

MPS IIIB

Sanfilippo B

Major clinical
manifestations
Corneal clouding,
dysostosis multiplex,
organomeggaly, heart
disease, mental
retardation, death in
childhood
Corneal clouding, stiff
joints, normal
intelligence and life
span
phenotype in between
IH and IS
Dysostosis multiplex,
organomegaly, mental
retardation, death
before 15years.
Normal intelligence,
short stature, survival
to adulthood.
Profound mental
deterioration,
hyperactivity, relatively
mild somatic
manifestaions
"
"

MPS IIIC

Sanfilippo C

"

"

MPS
IIID

Sanfilippo D

"

"

MPS
IVA

Morquio A

MPS
IVB
MPS VI

Morquio B

Distinctive skeletal
abnormalities, corneal
clouding, odontoid
hypoplasia; milder
forms known to exist.
"
"

MPS VII

MPS IX

MaroteauxLamy

Sly

Dysostosis multiplex,
corneal clouding,
normal intelligence;
survival to teens in
severe form; milder
forms exist
Dysostosis multiplex,
hepatosplenomegaly;
wide spectrum of
severity, including fetal
and neonatal form
Periarticular soft tissue
masses; short stature

Enzyme
deficiency
α-L-Iduronidase

Stored
glycosaminoglycans
Dermatan sulfate,
Heparan sulfate

α-L-Iduronidase

Dermatan sulfate,
Heparan sulfate

α-L-Iduronidase

Dermatan sulfate,
Heparan sulfate
Dermatan sulfate,
Heparan sulfate

Iduronate sulfatase

Iduronate sulfatase

Dermatan sulfate,
Heparan sulfate

Heparan Nsulfatase
(sulfamidase)

Heparan sulfate

α-N-Acetylglucosaminidase
Acetyl-CoA:αglucosaminide
acetyltransferase
NAcetylglucosamine
6-sulfatase
Galactose 6sulfatase (Nacetylgalactosamin
e 6-sulfatase)

Heparan sulfate
Heparan sulfate

Keratan sulfate

Keratan sulfate,
Chondroitin 6sulfate

β-Galactosidase

Keratan sulfate

NAcetylgalactosami
ne 4-sulfatase

Dermatan sulfate

β-Galactosidase

Dermatan sulfate,
Heparan sulfate,
Chondroitin 4-,6sulfates

Hyaluronidase

Hyaluronan
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The global incidence of MPS I is estimated at 1:100,000 live births [5]. According to the
human gene mutation database® there are 119 known mutations in the IDUA gene resulting
in MPS I and common mutations varying significantly among different geographical
populations such as W402X and Q70X in Caucasian populations, and 704ins5 and R89Q in
the Japanese population [6-9].

1.1.2. Hunter Syndrome
Mucopolysaccharidosis II (MPS II), also known as Hunter syndrome is inherited in an Xlinked recessive manner resulting in the disease being confined to males. There have
however been documented cases of females diagnosed with the disease which are believed to
be through the non-random X-inactivation process [10, 11]. MPS II is characterised by a
deficiency in the iduronate sulfatase enzyme which is responsible for the removal of 2-O
sulfate from the non-reducing end of iduronic acid residues on DS and HS chains. There are
currently 375 known mutations in the iduronate sulfatase gene with wide heterogeneity [7,
12]. Children with MPS II present with a very similar phenotype to MPS I, except without
corneal clouding and the global incidence is estimated at 1:162,000 live births [13].

1.1.3. Maroteaux-Lamy Syndrome
Mucopolysaccharidosis VI (MPS VI), also known as Maroteaux-Lamy syndrome, was first
described by Drs. Maroteaux and Lamy in 1963 [14] and is characterised by a deficiency in
the N-acetyl galactosamine-4-sulfatase enzyme (4S; also referred to as 4-sulfatase or
arylsulfatase B). 4S contributes to the degradation of DS and CS GAGs via a hydrolysis
reaction of the 4-O sulfate group of an N-acetyl galactosamine residue at the non-reducing
terminus of the GAG [15]. Depending on residual enzyme activity and hence clinical
severity, children with an attenuated form of MPS VI often have normal growth and
5

development for the first six to eight years and then plateau. However, children with severe
MPS VI can have a significantly altered phenotype compared to normal by two years.
Children present with short stature, dysostosis multiplex, splenomegaly, corneal clouding,
degenerative joint disorder (DJD), compromised pulmonary function and numerous other
pathologies [16]. However, CNS function is unaltered resulting in normal intelligence.
Phenotypes are progressive in nature, resulting in deteriorating health with age. Diagnosis is
usually not made until 6-24 months of age [17], unless prior genetic testing is performed due
to family history.

The global incidence of MPS VI is 1:43,000 to 1:1,500,000 [18], with an Australian
incidence of 1:235,000 [19]. There are currently 133 known mutations in the 4S gene [7, 20].
The most common mutation is a single base substitution p.Y210C that occurs in 18% off all
MPS VI cases. It results in an attenuated phenotype [21].

1.2. Bone Pathology
MPS bone pathology has been characterised and documented in human patients, as well as
rat and feline models [3, 16, 22-26]. Pathology presents as osteopenia with decreased bone
mass. In particular cancellous bone shows reduced trabecular number and reduced osteoblast
and osteoclast numbers when compared to normal [23, 27, 28]. Shortened long bones in
particular, lead to shortened stature and bones of the rib cage becoming thickened, placing
additional pressure on internal organs. Previous work in the MPS VI feline model [28] has
shown that although there is a decrease in stiffness and strength of the long bones when
compared to normal, the reduced bone length was considered to be the more detrimental
characteristic of disease.

6

1.3. Bone
Bone, functioning as an endoskeleton, provides structure and stability to the body, as well as
providing sites for the attachment of muscles and tendons [29-31]. The rigidity of bone
provides protection of internal organs such as the brain, abdominal organs and the spinal cord
[32]. Bone also has high tensile strength, enabling it to act as a lever and cope with additional
mechanical stress placed on it during movement [33, 34]. It is the source of precursor cells
for red blood cells, white blood cells and the bone remodelling cells osteoblasts and
osteoclasts [35] and also acts as a storage organ for calcium and phosphate [34].

This section will discuss the composition and structure of bone, bone growth and remodelling
and the cells involved in the bone formation and remodelling process.

1.3.1. Bone Characteristics
Bone is a porous, mineralised structure organized in an orderly manner [34]. Together with
cartilage it comprises the skeletal system. It contains an organic matrix primarily made of a
single protein called collagen which makes up 90% of the organic material [36]. Type 1
collagen is laid down and mineralised with the addition of the calcium phosphate compound
hydroxyapatite, which is organised in the same direction as the collagen fibres [34]. Type 1
collagen is a protein encoded by the COL1A1 gene which is the primary constituent of type 1
collagen, and is organised into long thin rod like structures which are intertwined in triplicate
and assembled to produce stronger fibres [34]. Mutations in this gene are the cause of
osteogenesis imperfecta which affects the triple helical structure of collagen causing brittle
bones [37].

There are two types of bone, compact (cortical) bone and cancellous bone, which differ in
7

their structure and role. Compact bone constitutes 80% of the bone mass and is the denser of
the two types of bone [34]. It forms the outer portion of the bone and is split into the
endeosteum, the inner portion of the bone, and the periosteum, the outer portion where
muscles and tendons attach [34]. The role of compact bone is to ensure that it can endure
large mechanical loads and hence has low flexibility [34]. Cancellous bone is found inside
the bone, has a lower density than compact bone and makes up the other 20% of the total
bone mass [34]. Cancellous bone possesses a honeycomb structure which provides some
flexibility to the bone, and is also the primary reserve of calcium and phosphate in mineral
deficient states [34]. Despite the different appearance and arrangement of the two types of
bone, they both have the same composition containing approximately 22-25% proteins and
cells, 5-8% water and 70% apatite mineral [38]. Over time, bone is subjected to multiple
stresses and/or damages, including fractures and must be repaired or replaced. The next
section depicts the process known as bone remodelling where old bone is replaced by the
formation of new bone.

1.3.2. Bone Remodelling
Bone growth and resorption is at biochemical equilibrium with osteoblasts and osteoclasts
working in tandem to create new bone and to remove damaged bone respectively. This
process has been termed bone remodelling. Osteoclasts resorb mineralised bone through
recruitment to the bone surface, where they resorb bone, forming a canal. This process is
performed by the basic multicellular unit (BMU) which burrows at 20-40µm/day through
compact bone to make a canal of 2,000µm in length and 150 – 200µm wide. Cancellous
bone, due to its lower density and honeycomb like structure, is remodelled in a similar
fashion but at a slightly faster and more frequent rate of 25µm in width and 40-60µm in
depth per day [34]. This canal is then populated by osteoblast cells which lay down collagen
8

in circular layers forming an osteon [39]. As the osteoblasts lay down the new bone material,
they become trapped within the bone matrix and differentiate into the quiescent cells,
osteocytes. These osteocytes extend out branch like structures which can communicate
through gap junctions with neighbouring osteocytes via the canaliculi [39, 40]. This process
of bone remodelling is a continuous cycle during the life span. As a result, the whole skeleton
is replaced over a span of ten years [41].

In the case of a bone fracture, osteocytes are believed to detect the fracture and signal for
osteoclasts and osteoblasts to remodel the damaged area through a mechanotransduction
pathway [33].

The process of bone formation/ remodelling occurs in three phases which can take up to 6-8
months to complete. Phase one is resorption, where the BMU resorbs compact bone at a
faster rate than the formation of bone by osteoblasts. This phase dominates during old age
resulting in increased likelihood of osteoporosis. Phase two is the reversal phase, where the
osteoclasts and osteoblasts activity is at equilibrium. Phase three, where mineralisation due to
osteoblasts is greater than the resoprtion due to osteoclasts, is more pronounced in children
due to developing bones [34, 39, 42].

Mineralisation of the collagenous matrix occurs when the calcium phosphate molecule,
hydroxyapatite, is secreted into the collagenous matrix [43, 44]. Osteonectin, which is
secreted by osteoblasts, appears to be the key protein involved in the mineralisation process.
It has a high affinity for the triple helical collagen rods and also binds calcium molecules
allowing the non-organic matrix to be laid down [43]. While osteonectin is present in areas
undergoing remodelling, Delany et al. (2000) observed that remodelling was highly
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decreased and bone mineral volume (BV/TV) decreased with age in osteonectin null mice
[45].

1.3.3. Mesenchymal Stem Cells and Bone Cells
The bone marrow is home to the population of progenitor cells which differentiate into
osteoblasts and osteoclasts [35]. The two progenitor cell populations are mesenchymal stem
cells (MSCs) and the heamatopoietic stem cells (HSCs). The differentiation of these cells
requires specific cues which are regulated by the osteoblasts and osteoclasts, and other
regulatory cells as well as the micro environment within which they reside; as described
below [46-50].

1.3.3.1. Mesenchymal Stem Cells
MSCs are multipotent stem cells able to differentiate into cells of the mesenchymal lineage;
osteoblasts, adipocytes, chondrocytes,

myocytes and tenocytes [51-54], and have been

isolated from almost all types of tissues, including peripheral blood and lungs, but are most
commonly isolated from bone marrow [55-61]. They were first identified in 1970 by
Friedenstein et al. [62] due to their adherence to plastic and were originally referred to as
colony forming unit fibroblasts (CFU-F) due to their ability to form colonies from a single
cell and their fibroblast-like appearance. They are commonly referred to as mesenchymal
stromal cells due to their isolation from the bone marrow stroma [63]. Furthermore this bone
marrow stroma environment indirectly acts as a physical support to the haematopoietic niche
through cell contact and the production and interactions of growth factors, chemokines and
extracellular matrix molecules [48, 63].

10

MSCs are believed to reside in the perivascular zone [64-66] which has been identified as an
essential component to bone healing. When the perivascular zone has been damaged, bone
healing is decreased. Pericyte cells isolated from this area have also demonstrated the ability
to differentiate in vitro into cells of the mesenchymal lineage. It has been speculated from
these results that pericytes could be a reservoir for MSCs [67]. Shi and Gronthos et al. (2003)
[64] characterised a MSC population derived from around the large blood vessels possessing
the cell surface receptors STRO-1 and CD146. STRO-1 is a cell surface marker for preosteogenic cells but is also positively expressed on haematopoietic cells. Melanoma cell
adhesion molecule (CD146) is an adhesion molecule not found on haematopoietic cells and
is therefore used to eliminate these cells from culture. Co-localization of these two receptors
was detected on cells lining the blood vessels, but not in the surrounding tissue, supporting
the notion of the perivascular zone as an MSC niche. Crison et al. (2008) [66] showed that
perivascular cells are located around capillaries and arterioles and when cultured can be
induced to differentiate down osteogenic, adipogenic and chondrogenic pathways. Crison et
al. (2008) and others have shown that as well as their differentiation ability, they also express
the MSC cell surface markers CD44, CD73, CD90 and CD105 (Table 1.2) both prior to and
after culturing [53, 55, 68-73].

Since MSCs were first isolated by Friedenstein et al. (1970) they have been shown to not
only differentiate down the traditional mesenchyme cell lineages but also into numerous
other non-traditional cell types such as neuronal cells, keratinocytes, hepatocytes and renal
epithelial cells in vitro [53, 71, 74-76]. Despite their ability to head down multiple lines of
cell lineage, their status as a pluripotent stem cell, which is able to differentiate into any cell
lineage, is somewhat disputed and MSCs are often considered as multipotent stem cells.
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Table 1.2: Human MSC markers
Markers used to positively and negatively select for MSCs. Positive markers are unique to
MSCs or MSC cell derivatives while negative selection markers are never found on MSCs
[91-98].
Positive

Negative

CD44
CD73
CD90
CD105
STRO-1

CD45
CD34
CD14
CD11b
CD79α
CD19
HLA-DR
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In order for MSCs to differentiate they must be provided with the correct cues and factors.
Supplements can be added to the media to promote differentiation in vitro, while in vivo
differentiation is governed by the micro-environment within the tissue [35, 77].

There are three characteristics which are essential in order to be identified as a human MSC
by the International Society for Cell Therapy [78]. Firstly they must be able to differentiate
into mesenchymal cell lineages (osteoblasts, chondrocytes and adipocytes). Secondly, they
must be CD73+, CD90+, CD105+, CD34-, CD45-, HLA-DR-, CD14- or CD11b-, CD79a- or
CD19- phenotype assessed by fluorescence-activated cell sorting (FACs) (Table 1.2), and
finally, they must adhere to plastic surfaces.

1.3.3.2. Osteoblasts
Osteoblasts are responsible for the production of mineralised bone by laying down organic
material made of collagen, type 1 alpha 1 (COL1A1) and to a lesser extent, other noncollagenous matrix proteins [79]. This organic material is known as osteoid, which is then
mineralised with the addition of the calcium phosphate compound hydroxyapatite, giving
bone its rigid structure [34].

In order for osteoblasts to differentiate from multipotent mesenchymal stem cells (MSCs)
within the bone marrow, the bone morphogenic protein signalling (BMP) pathway is
activated through external stimuli [80]. BMPs are a group of TGFβ superfamily proteins
[81]. These proteins are imperative in almost every bone signalling pathway and enable
signals to be transduced from the cell membrane to the nucleus through smad and non-smad
pathways [82]. Through the signal transduction, many other signalling pathways interact with
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BMPs such as Wnt signalling pathways, which can dictate the final message being delivered
to the nucleus [83-85].

BMP signalling causes an increase in the expression of the downstream transcription factor
Runt-related transcription factor-2 (Runx2), which forms a heterodimer with the co-activator
Core-binding factor subunit beta (Cbfβ) [86-88]. Runx2 is then able to bind to osteoblast
specific element 2 (OSE2), which is found in the promoter region of Runx2 activated genes,
such as; osteocalcin (OCN), COL1A1, bone sialoprotein (IBSP) and osteopontin (OPN) [86].
OPN is also expressed in osteoclasts and osteocytes and is involved in cell adhesion to the
collagen matrix and inhibits mineralisation [89]. OPN null mice have been found to maintain
bone mass under conditions of decreased loading unlike wild-type mice indicating that OPN
may also be linked to osteoclastogenesis [33]. Ishijima et al (2007) observed no decrease in
BV/TV when OPN-null mice were suspended by the tail unlike wild type mice which had a
decrease in bone mass.

The Runx2/Cbfβ heterodimer formation, required for osteoblast differentiation, inhibits the
ability of MSCs to differentiate into adipocytes, chondrocytes and other cell lineages [86].
However, in order to continue differentiating into mature osteoblasts, Runx2 expression is
down regulated [86]. Runx2 over-expression in a murine model resulted in osteomalacia,
resulting from unmineralised osteoid being released into the bone matrix leading to bone
deformities [90, 91]. In contrast, Runx2-null mice lacked mature osteoblasts [91]. From these
studies, it has been found that Runx2 is expressed in MSCs, pre-osteoblasts and immature
osteoblasts, but is decreased or not present in mature osteoblasts and osteocytes. This also
shows that Runx2 has the ability to maintain a population of cells in the immature osteoblast
state as an available source of osteoblasts ready for bone formation [92]. Kanatani et al.
(2006) observed high amounts of weak, unorganised woven bone and very little strong and
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organised lamellar bone in transgenic mice over expressing Runx2; that is likely caused by
impairment in osteoblast function rather than reduced osteoblast number [93].

Osterix, a downstream transcription factor to Runx2, is under the control of the canonical
Wnt signalling pathway and is up-regulated due to increased amounts of β-catenin [94].
Osterix, when bound to its co-activator Nuclear factor of activated T-cells, cytoplasmic 1
(NFATc1), is then able to induce COL1A1 expression by immature and mature osteoblasts
and initiate bone formation [92, 94]. Down regulation of osterix, to stop the production of
COL1A1 occurs by a negative feedback mechanism where osterix inhibits transcription
factors which activate the canonical Wnt signalling pathway. Osterix is also down-regulated
by directly transcribing sclerostin (Sost) by binding to its promoter region [95]. Sost then
becomes an antagonist of the canonical Wnt pathway. This was observed by Yang et al.
(2010) who showed that the canonical Wnt pathway in Sost-null mice was up-regulated,
resulting in increased bone mass, while Sost over-expression resulted in canonical Wnt
down-regulation and severe osteopenia [96].

Mineralisation of the osteoid results from the production of hydroxyapatite, a calcium
phosphate compound. Osteoblasts secrete hydroxyapatite molecules which then bind to the
osteoid where they are anchored by binding to non-collagenous organic molecules such as
bone sialoprotein (IBSP) and osteocalcin (OCN) [97, 98]. Large amounts of IBSP have been
found in the media of osteoblast cultures which are unable to mineralise, indicating that there
was either an inability for IBSP to bind to the osteoid, or to mineralise; IBSP is continually
being produced as a feedback mechanism [99].
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1.3.3.3. Osteocytes
Osteocytes are the end point of osteoblast differentiation, and are believed to be quiescent
cells responsible for the initiation of bone remodelling by the detection of bone fractures
resulting in altered biochemical signals [40]. As the bone becomes mineralised, osteoblasts
that are attached to the bone surface can become entrapped within the mineralising matrix
and form osteocytes within lacunae [39]. Connecting the lacunae are a series of canal-like
structures called canaliculi, through which osteocytes extend and signal via gap junctions
[100]. It is believed that disruption due to shear-generated forces of these gap junctions
triggers the osteocyte to initiate the bone remodelling process [40].

1.3.3.4. Osteoclasts
Osteoclasts are multinucleated cells derived from HSCs that are responsible for the
resorption of mineralised bone during the remodelling process [39]. Osteoclasts are tightly
regulated by osteoblasts and vice versa. The interaction of osteoblasts and osteoclasts can
occur through direct contact, gap junctions and diffusible paracrine functions [100-102].
Osteoclast recruitment is initiated by osteoblasts which express the RANK ligand (RANKL)
and stimulate RANK on osteoclast precursors. RANKL-null mice lack osteoclasts [39, 103].
However, osteoblasts can express a decoy RANKL receptor, osteoprotegrin (OPG), which
inhibits RANK signalling and therefore inhibits osteoclastogenesis [104]. The RANKL/OPG
ratio is the major determinant in osteoclast formation.

Osteoclasts are directed to specific areas on the bone surface by bone lining cells which
secrete chemokines that stimulate the recruitment of osteoclast precursors [46]. Once
recruited, these precursors become polarised and differentiate into osteoclasts, forming a
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sealing zone on the bone surface through the action of integrin αvβ3, which interacts with
bone matrix proteins, such as fibronectin and OPN [105].

1.4. Glycosaminoglycans
Glycosaminoglycans (GAGs) are complex sugar carbohydrates involved in a variety of
cellular activities from cell signalling, matrix formation, cell migration, wound healing, cell
adhesion, cell growth and proliferation, angiogenesis and tissue hydration [106-112].

GAGs are categorised depending on their disaccharide composition and include DS, HS, CS,
KS and hyaluronan. Each GAG is made up of repeating disaccharide units and varies in their
overall length and sulfation pattern/charge [113, 114]. This variation allows for an
extraordinary number of different structures and wide biological functions. Varying
structures both between and within GAG families results in drastically different cellular and
extra cellular mechanisms. As a result, the GAG profiles are ever changing with the
requirements of cells [115-119].

1.4.1. GAG Biosynthesis
GAG biosynthesis is a tightly regulated process which seems to be organism and even tissue
specific, depending on the requirement of the cell. Biosynthesis takes place initially in the
endoplasmic reticulum and within sections of the golgi body [120-123]. The site of synthesis
within the golgi body is still open to debate. Synthesis of GAGs except hyaluronan, proceeds
by the addition of monosaccharide molecules through a linkage region. This region is
composed of a core protein which has a tetrasaccharide bound to a serine residue. The
tetrasaccharide consists of a xylose bound to the serine residue followed by two glycose and
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then a glucoronic acid residue. Monosaccharide units are then added stepwise to elongate the
polysaccharide [124, 125].

1.4.1.1. Heparan Sulfate Synthesis
In HS, a HS polysaccharide complex called HS polymerase, composed of EXT1 and EXT2,
adds alternating glucoronic acid (GlcA) and N-acetyl-glucosamine (GlcNAc) residues to the
non-reducing end of the chain [114]. Although the complex formation results in correct
heparan sulfate formation, EXT1 has been found to be the predominant enzyme responsible
for chain elongation by adding both GlcNAc and GlcA while EXT2 has minimal activity
[123].

GAG chains acquire modifications during chain extension which results in epimerisation and
sulfation of residues. N-acetyl groups of HS GlcNAc residues are substituted with a sulfate
group by the GlcNAc N-deacetylase/N-sulfotransferase (NDST). GlcA molecules can then
be converted to iduronic acid residues through the enzyme C5-epimerase [126]. Sulfation of
iduronic acid residues is carried out using O-sulfotransferases. The final product is a
polysaccharide chain of up to 100-200 repeating units which have regions of high sulfation,
bordered by regions of low or no sulfation [127].

1.4.1.2. Chondroitin and Dermatan Sulfate Synthesis
CS elongation is carried out by a bi-functional chondroitin synthase enzyme complex (ChSy1,-2 and 3 with chondroitin polymerising factor (ChPF)) [128]. CS modification is highly
variable. Sulfation occurs during chain elongation as a part of the bi-functional enzyme
which elongates and sulfates GAG chains. The sulfation aspect is provided by the 3’-
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phosphoadenosine 5’-phosphosulfate (PAPS) which is catalysed by ATP sulfurylase and
APS kinase [129].

DS is then derived from chondroitin sulfate molecules through epimerisation of GlcA
residues to IdoA residues either during or after synthesis is complete [130, 131].

1.4.1.3. Post Synthesis Modifications
Previously it was believed that once GAG biosynthesis within the golgi was complete, that
was the terminal product available for bioavailability. But the discovery of endosulfatases in
numerous animals including humans, termed SULF1 and SULF2 are able to remove sulfate
groups from heparan sulfate, thus changing their activity [132]. To date, no such enzyme has
been found to have similar actions on dermatan sulfate.

1.4.2. Structures
This thesis is looking primarily at DS and HS, and therefore these specific GAGs will be
discussed in detail. Dermatan sulfate consists of a sulfated N-acetylgalactosamine residue
(can be O-4 or O-6 sulfated), alternating with an α-L-iduronic acid residue or a glucoronic
acid residue which can be O-2 sulfated. Heparan sulfate consists of glucoronic acid and Liduronic acid residues which may be O-2 sulfated alternating with alpha-linked glucosamine
residues, which may or may not be sulfated [1].

1.4.3. Protein binding GAGs and Proteoglycans
GAGs primarily exert their effects on cellular activities through interactions with proteins
through covalent attachment, forming proteoglycans, or steric interactions with proteins.
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HS binding domains on proteins have been highly speculated with several amino acid
sequences being posed as binding sites. Cardin and Weintraub et al. (1989) initially posed
the sequences XBBBXBX or XBBXBX where X is any amino acid and B are basic amino
acids such as arginine and lysine [133]. Other groups have since postulated other sequences
to bind heparan sulfate but all contain the characteristic basic amino acid clusters [134]. This
basic amino acid cluster with a positive charge makes sense as a binding site for highly
negative GAGs.

It is important to note that GAGs binding to proteins can have various effects on the protein.
They can cause conformational changes in the protein structures such as those in chemokines
[135]. They can act as immobilising molecules that anchor proteins to a particular area such
as heparin molecules anchoring BMP4 to the cell membrane and thus inhibiting its
intracellular actions. And they can also aid in protein-protein interactions such as
FGF2:FGFR dimerisation [136, 137].

1.4.4. Enzymatic Degradation
1.4.4.1. Dermatan Sulfate Degradation
The breakdown of GAGs occurs in a step wise order starting at the non-reducing end.
Dermatan sulfate degradation can be seen in Figure 1.3. From this example, Step one
involves the removal of a sulfate group from the C-2 position of an Iduronic acid residue by
the enzyme iduronate-2-sulfatase. In step two, α-L-iduronidase then removes the iduronic
acid residue, exposing an N-acetylgalactosamine residue which may or may not be sulfated.
When sulfated, this residue is predominantly 4-sulfated and rarely 6-sulfated. As a result,
step three is usually the removal of the C-4 sulfate by N-acetylgalactosamine 4-sulfatase. If
the residue is C-6 sulfated, the required enzyme would then be N-acetylgalactosamine 620

sulfatase. Step four is the removal of the N-acetylgalactosamine residue by β-hexosaminidase
A, B, C. If the disaccharide unit contains a glucuronic acid residue in place of an iduronic
acid residue, step one and two are replaced by β-glucoronidase removing the β-glucoronic
acid.

1.4.4.2. Heparan Sulfate Degradation
Heparan sulfate catabolism as seen in figure 1.4 as an example will begin with the removal of
a glucoronic acid or an iduronic acid residue. Depending on which residue is present,
glucuronate-2-sulfatase or iduronate-2-sulfatase removes the C-2 sulfate respectively. This
step is then followed by the removal of the iduronic acid and glucuronic acid by α-Liduronidase and β-glucuronidase respectively. The catabolism is made more complex by the
second residue being an N-acetylglucosamine residue which can be C-sulfated, N-sulfated or
N- acetylated in order to cleave the glucosamine residue, the N-sulfated version must be
acetylated. This occurs by heparin N-sulfatase removing the sulfate group. This then allows
an acetyl transferase to N-acetylate via an acetyl-CoA. If the C-6 on the N-acetylglucosamine
is sulfated, N-acetyl glucosamine 6-sulfatase then removes the sulfate, finally allowing the
cleavage of the glucosamine residue via the α-N-acetyl glucosaminidase [1].

1.4.5. Roles of GAG in Bone
1.4.5.1. Heparan Sulfate
The sulfation pattern of heparan sulfate can have drastic effects on cell functions. Bone
morphogenic protein 7 (BMP-7) is a member of the TGF-β family. It has an affinity for HS
molecules and is involved in promoting key osteogenic genes such as Runx2 and ALP
through P-smad phosphorylation [138]. This affinity is only present however, provided that
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the HS is 6-O or N-sulfated, with the latter appearing the most important. Irie et al. (2003)
showed that heparinase digestion of HS resulted in BMP-7 binding to 6-O and N-sulfated HS
molecules and minimally to 2-O sulfated structures and no binding to unsulfated HS.
Furthermore, 6-O and N-sulfation of HS molecules promotes BMP directed P-smad
phosphorylation by allowing it to bind to the cell surface. P-smad then translocates into the
nucleus to activate specific genes [138]. The addition of exogenous heparin out-competes HS
for BMP-7 binding which then prevents binding to the cell surface. Heparin treated cells
however have been found to have increased ALP activity when treated with BMP2/6 and
BMP2/7 combinations compared to being treated with individual BMPs [139]. Removal of 6O sulfated moieties by incubation with NaCIO3 markedly impaired the osteogenic potential
of MSCs by inhibiting Runx2 and ALP expression and reduced cell proliferation. In contrast
heparinase treatment had an opposite affect and increases cell proliferation (123, 43).

This indicates that 6-O and N-sulfated exogenous HS and heparin molecules bind to BMPs,
allowing the formation of heterodimers, which then prevents them from binding to the cell
surface and allowing for their bioavailability intracellularly to promote osteoblastogenesis.

HS has been found to migrate from the cytoplasm in MSCs to the extracellular matrix and
focal adhesions during osteoblastogenesis, and this is increased with heparinase treatment.
Truncation of HS due to heparinase treatment also has the potential to increase bone mass
[140].

1.4.5.2. Dermatan Sulfate
Dermatan sulfate has been much less studied than that of HS. Overall, DS appears to play
more of a structural role within bone formation by helping form the extracellular matrix.
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Figure 1.3: Stepwise degradation of dermatan sulfate.
A defect or disruption in the stepwise degradation of dermatan sulfate is
attributed to multiple disorders. The diseases corresponding to the above
numbered reactions are 1=MPS I, Hurler syndrome; 2=MPS I, Hurler, HurlerScheie and Sheie syndromes; 3= MPS VI, Maroteaux-Lamy syndrome;
4=Sandhoff disease for β-hexasaminidase A and B; 5=MPS VII, Sly
syndrome.
Modified from Neufeld and Muenzer [1].
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Figure 1.4. Stepwise degradation of heparan sulfate.
A defect or disruption in the stepwise degradation of heparan sulfate is
attributed to multiple disorders. The diseases corresponding to the above
numbered reactions are 1=MPS II, Hunter syndrome; 2=MPS I, Hurler, HurlerScheie and Sheie syndromes; 3=MPS III A, Sanfilippo syndrome type A;
4=MPS III C, Sanfilippo syndrome type C; 5=MPS III B, Sanfilippo syndrome
type B; 6=MPS III E, Sanfilippo syndrome type E*; 7=MPS VII, Sly syndrome;
8=MPS III D, Sanfilippo syndrome type D.
*Described in the mouse model but is yet to be observed in humans.
Modified from Neufeld and Muenzer [1].
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Although, DS has been found to be active in some signalling pathways [141-143]. Decorin
and Biglycan are the two most well studied dermatan sulfate containing proteoglycans and
have been found to have both signalling and structural roles [144].

Biglycan was found to bind to Wnt-1 induced secreted protein (WISP-1). WISP-1, a target
gene of Wnt/β-catenin signalling. Expression of WISP-1 is highest in cells of the osteoblastic
lineage and is increased with the treatment of BMPs which in turn increases ALP activity and
osteocalcin levels. Biglycan can also interfere in the Wnt signalling pathway through binding
to LRP6 via the protein core. This aids in Wnt signalling, with biglycan deficient mice
having impaired signalling through β-catenin [143].

1.4.5.3. MPS Accumulated GAGs
A deficient enzyme within this stepwise degradation of GAGs results in cessation of
degradation at the point of enzyme action. The partially degraded GAGs containing a nonreducing terminal structure unique to each MPS type then accumulate within the lysosome.
In MPS I the non-reducing terminus is an iduronic acid moiety in either dermatan sulfate or
heparan which is un-sulfated. MPS II results in the accumulation of dermatan and heparan
sulfate GAG with an iduronate-2-sulfate residue at the non-reducing terminus. MPS VI
results in accumulation of dermatan sulfate containing acetylgalactosamine-4-sulfate at the
non-reducing terminus.

Pan et al (2005) showed that early HPLC elutions of MPS I proteoglycans made up 60% of
total proteoglycans which compares to just 19% in normal proteoglycans. Furthermore, they
found that all three 6-O sulfated dissacharides were reduced, compared to normal indicating a
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decreased potential to bind to proteins since 6-O sulfation results in the highest binding
potential [145].

The effect of high levels of MPS GAG throughout the body is unknown; however some
observations can indicate their effects. Heparan sulfate containing MPS disorders are linked
to CNS degradation while dermatan sulfate containing MPS disorders are linked to skeletal
pathologies while MPS disorders containing both, often present with both CNS degradation
and skeletal pathologies. HS in hurler syndrome loses the ability to bind to both FGF-2 and
BMP-4 and thereby mediate their signalling [145, 146].

1.5 Wnt Signalling
The Wnt signalling pathway is a multifaceted pathway which allows the transduction of
signals from outside the cell, for actions such as; cell proliferation, stem cell differentiation,
cell polarity and early development [147-153]. The canonical and non-canonical pathways
involve different modes of signalling, which arise due to different families of co-receptors
binding to the family of wingless proteins (Wnts) in order to activate the serpentine
receptors, Frizzled (FZD) (Figure 1.5) [154-157]. These different interactions lead to separate
cellular cascade events in order to activate genes involved in the cellular actions listed above.

In humans, currently 19 different Wnts have been identified (Table 1.6), which have the
ability to bind to ten different FZD receptors. The Wnt signalling pathways are dependent on
a balance between the FZD receptors, Wnts and their co-activators, and the soluble inhibitors
of these interactions [158, 159]. A mutation within the Wnt pathway resulting in an up
regulation of signalling, often leads to cancers [160-162].
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1.5.1. Canonical and Non-Canonical Wnt Signalling
In the absence of canonical Wnt signalling activators, β-catenin is phosphorylated by GSK3β
(glycogen synthase kinase beta), which forms a complex with FRAT (frequently rearranged
in T cell lymphoma protein), APC (Adenomatous polyposis coli) and Axin. β-catenin is then
ubiquinated and degraded within the proteasome preventing a signal leading to the nucleus
[163-167].

1.5.1.1. Canonical Wnt Pathway
Wnt signalling is activated by the binding of Wnts and their co-activator lipoprotein receptor
proteins (LRPs) to the family of FZD receptors on the cell membrane. LRPs contain
numerous phosphorylation sites that create different signals; however, the phosphorylases
and kinases involved are unknown. This signal event recruits dishevelled (DVL) which is
then hyperphosphorylated by casein kinase 1 alpha (CK1ε). The GSK3β complex is
disrupted due to DVL, which recruits FRAT and AXIN, thus rendering GSK3β unable to
phosphorylate β-catenin [168-172]. β-catenin becomes stabilised and accumulates within the
cytosol where it then transmigrates to the nucleus. Once in the nucleus, β-catenin activates
the transcription factors, Lymphoid enhancer binding factor 1/T-cell-specific transcription
factor (TCF/LEF) by causing GROUCHO and histone deacetylases (HDACs) to dissociate
from the complex [173, 174], exposing genes to be transcribed by RNA polymerase
complexes.

1.5.1.2. Non-Canonical Wnt Signalling
The non-canonical Wnt signalling pathway is not as well understood as the canonical
pathway, but similarly to the canonical pathway, signalling occurs when Wnts bind to FZD
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Figure 1.5: The Wnt signalling pathways.
The canonical signalling pathway is signalled through interactions between
FZD and Wnts along with the co-activator LRPs to stabilise β-catenin. The
non-canonical signalling pathway signals through FZD binding to Wnts
with the Ror2 co-activator to signal the Ca++ dependent or DVL dependent
pathways. Numerous Wnt inhibitors exist both on the cell surface (WIF,
sFRP, Sclerostin and DKK) and in the cytoplasm (APC, AXIN, GSK3β and
NLK).
Figure from [119].
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Table 1.6: List of Wnts and their properties:
Wnt signalling molecules have been split into two categories depending on whether they
signal the canonical or non-canonical pathways and there known associated frizzled receptors
for each Wnt is listed. Ticks also indicate whether or not the Wnt has been found to play a
role in bone formation or regulation and whether it contains a HS binding site.
CANONICAL WNTS
BONE WNT
*HS binding
ASSOCIATED FZDs
[175]
domain
WNT 1[176-178]

[179, 180]

1[181, 182]

WNT 2[177, 183]

-

5, 8, 9[184, 185]

WNT 2b[183, 186]

-

-

-

1, 7[182, 189]

WNT 3a[190, 191]

[192]

1, 8[182, 193]

WNT 6[194-196]

[195]

-

7[196]

WNT 7a[197]

[198]

-

5, 7, 9, 10[199-203]

[206, 207]

-

1, 10[205]

-

-

WNT 3

[187, 188]

WNT 7b[204, 205]
WNT 8a[208, 209]
WNT 8b[210, 211]

-

-

WNT 9a

[212]

-

WNT 9b[213, 214]

[215]

-

[194, 195]

WNT 10a

[195]

-

WNT 10b[195, 216]

[195]

5[185]

[190]

WNT 16[217]
NON-CANONICAL
WNTS
WNT 4[220]

[218, 219]

[220]

-

6[221]

WNT 5a[222, 223]

[224-226]

-

2, 4, 5[227]

WNT 5b[228]

[153, 225]

WNT 11[229-231]

[232]

2, 3, 4, 5, 6[185]
-

7[233]

*Based on putative binding domains identified through sequence alignment.
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receptors. However, the co-activators, ROR2 and RYK, are used rather than LRPs [153,
223]. This can activate one of two pathways, the Wnt-Ca2+ flux pathway or the planar
cellpolarity pathway (PCP). Activation of these pathways is signalled through the ubiquitous
Wnt signalling molecule, DVL, which can activate all Wnt pathways including the canonical
pathway, or through activation of inositol triphosphate to activate the Wnt-Ca2+ flux
pathway [234, 235].

1.5.1.2.1. Wnt/Ca2+ Signalling
The Wnt-Ca2+ flux pathway is involved in dorsoventral polarity and the formation of various
organs, and results in the activation of two kinases, CamKII and PKC [234, 236, 237]. These
kinases are able to activate regulatory proteins to aid in the transcription of genes involved in
cell polarity [230, 234].

The activation of these kinases is achieved through Wnt directed increases of cellular IP3
(Inositol 1, 4, 5-Triphosphate) and DAG (1, 2 diacylglycerol). IP3 directly activates Ca2+
release from the endoplasmic reticulum which then co-operates with Calmodulin to activate
CamKII and DAG to activate PKC [230, 234, 237].

1.5.1.2.2. Wnt/PCP Signalling
The PCP pathway is involved in cytoskeletal rearrangements, correct orientation of cells and
transcriptional activation through RhoA or Rac1 [238]. Initial activation of the Wnt/PCP
pathway is again initiated by FZD, Wnt and ROR2/RYK complexes which then stimulate the
formation of a Rho, DVL, Daam1 complex which allows Rho to stimulate the Rhoassociated kinase (ROK) to mediate cytoskeletal arrangement. Rac1 can bind DVL
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independently of Daam1 and activate JNK (c-Jun N-terminal kinases) which is associated
with cell growth, differentiation and apoptosis [235, 239, 240].

1.5.1.3 Wnt Signalling Regulators
Interactions between the canonical and non-canonical pathways are a key determinant on cell
function. It has been shown that the non-canonical pathway is able to inhibit the canonical
pathway through phosphorylated NLK inhibition of TCF/LEF [241].

The pathways are highly regulated with numerous inhibitors at different stages of signalling
including the Secreted-frizzled related proteins (SFRPs), Wnt inhibitory factor (WIF),
sclerostin and Dickkopfs (DKK) [242-246]. It is believed that SFRPs and WIF-1 inhibit
signalling by acting on Wnts. SFRPs, in particular, form homodimers with other SFRPs or
heterodimers with FZD receptors which then act on Wnts. However, it has been shown that
SFRPs may only have an inhibitory role at high concentrations, while having an activating
role at low concentrations [242, 244, 247-252].

DKKs and sclerostin are canonical signalling regulators when they bind to LRPs to inhibit
complex formation between FZD with Wnts [193, 245]. DKK1, 2 and 4 are linked with Wnt
signalling; however, DKK3 has no connection with Wnt signalling. DKKs are inhibitors of
Wnt signalling, but depending on the cell cycle stage of DKK expression, it can result in
numerous outcomes. DKK2 has been shown to inhibit Wnt7b expression in mature
osteoblasts, which will be discussed in more detail in section 1.5.1.2.2. [245, 248, 253, 254].
Sclersotin may inhibit signalling through a negative feedback mechanism, as it is produced
exclusively by osteocytes and may signal to promote maturation of osteoblasts to osteocytes,
and keep osteocytes in a senescence state [255].
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1.5.2. Wnt Signalling in MSCs
Canonical, rather than non-canonical Wnt signalling in MSCs is believed to be active in
MSCs. MSC proliferation is believed to be controlled through canonical Wnt signalling
while early osteoblasts differentiation is believed to be under the control of non-canonical
Wnt signalling [256, 257]. However, expression profiles in confluent MSC cell lines has
identified a common group of Wnts that are expressed in MSCs which belong to the noncanonical pathway; including Wnt4, Wnt5a and Wnt11, and a lack of the canonical pathway
Wnts, such as; Wnt3a and Wnt7a and b [147, 258]. MSC cultures treated with canonical
Wnts and other proliferative molecules however, dramatically increase transcriptional
activity through up regulation of β-catenin by up to 106-fold [259]. However, some studies
have conflicting results which indicate that Wnt3a in fact increases MSC differentiation,
showing that further work needs to be carried out to show the molecular mechanisms of Wnt
signalling in MSCs [260].

1.5.1.2. Wnt Signalling During Osteoblast Differentiation of MSCs
1.5.1.2.1. Canonical and Non-Canonical Signalling Homeostasis
MSC differentiation is a complex process which requires several cellular pathways working
in unison. Treatment of MSCs with canonical Wnt3a has been shown to aid in cell
proliferation and inhibit osteogenesis, indicated by decreased expression of osteoblast
markers Runx2 and osterix as well as decreased mineralisation, while Wnt5a aids in
osteogenesis [147, 148, 256, 257, 261]. However, treatment of MSCs with Wnt3a prevented
any recovery of osteogenesis by Wnt5a. It appears that non-canonical signalling is the
driving force behind osteoblast differentiation, while canonical signalling is essential for cell
proliferation and regulation.
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1.5.1.2.2. Wnt Signalling Regulation During Differentiation
It has been shown that DKK2 deficient mice have increased secreted matrix (osteoid) but are
unable to mineralise the matrix to form bone [262]. Expression of DKK2 and canonical
Wnt7b slowly decreases during osteoblast maturation, however in DKK2 deficient
osteoblasts, Wnt7b remains elevated. However, virus mediated DKK2 expression in these
deficient mice decreases Wnt7b expression similar to normal osteoblasts, indicating that
DKK2 is required for inhibition of Wnt7b activity. This indicates that DKK2 plays a pivotal
role in terminal osteoblast differentiation through inhibiting Wnt7b signalling, which itself
prevents mineralisation [262].

Initial differentiation of MSCs into osteoblasts, driven by non-canonical Wnt signalling, can
be seen through upregulation in ROR2 as it becomes unmethylated and then methylated
again during osteocyte maturation [263]. Furthermore, the upregulation of non-canonical
signalling through Wnt5a also inhibits canonical Wnt signalling leading to a decrease in
MSC proliferation [256, 257]. Through luciferase based assays, it was found there was a
significant decrease in canonical Wnt signalling in differentiating MSCs compared to nondifferentiating MSCs when treated with Wnt3a and a GSK3β inhibiting molecule lithium
chloride (LiCl) [261].

1.5.1.2.3. Cell Fate Determination
Cawthorn et al. [195] showed that Wnt6, 10a and 10b inhibit adipogenesis and activate
osteogenesis. Results indicate that Wnt 6 has the greatest inhibitory effect on adipogenesis,
but is a weaker osteoblast stimulator compared to Wnt10a and b [195]. Of the non-canonical
Wnts, Wnt5a can be induced through inflammation, which is then able to promote MSC
differentiation into osteoblasts [264]. It is possible that the canonical Wnts act to inhibit cell
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differentiation down lineages other than osteoblasts, which then allows non-canonical Wnts,
such as Wnt5a, to drive differentiation.

1.5.1.2.4. β-catenin and Differentiation
Targeted disruption of β-catenin at any point in an MSC/osteoblast lifecycle results in
decreased bone formation, while over-expression leads to an increase in bone formation.
When β-catenin is disrupted in MSCs, the MSCs are unable to differentiate into osteoblasts
and instead head down the chondrocyte lineage [148, 149, 207, 265]. Similarly, the use of
LiCl as a GSK3β inhibitor increases osteoblast mineralisation, contrary to the actions of
some Wnts, suggesting that β-catenin is essential for mineralisation. However, β-catenin has
other roles outside mineralisation, as stabilisation of β-catenin by some Wnts does not
necessarily result in mineralisation.

1.5.2. Roles of Glycosaminoglycans in Wnt Signalling
GAGs have been shown to play a part in canonical Wnt signalling, with GAG binding
domains present on most canonical Wnts, as well as one non-canonical Wnt, Wnt5b (Table
1.6). It has been hypothesised that GAGs fine tune the access of Wnts to Frizzled receptors to
regulate various developmental processes [266].

1.5.2.1 Heparan Sulfate and Wnt Signalling
The heparan sulfate proteoglycan (HSPG), Glypican 1, blocks Wnts from binding to its FZD
receptor when HS chains are 6-O sulfated. But when this 6-O sulfate group is desulfated,
through the use of 6-O endosulfatses (SULF1 and 2), it no longer has affinity for Wnts and
this may lead to Wnts being more bio-available [175]. Furthermore, through the activation of
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SULF1 and 2 removal of sulfate groups, the non-canonical pathway is negatively regulated
through suppression of CamKII and JNK activation, while the canonical pathway is up
regulated [267]. This can be a result of canonical Wnts known binding abilities to GAGs,
whereas non-canonical Wnts do not contain GAG binding domains [207].

Ling et al., (2010) [268] found that Wnt3a was able to induce TCF/LEF signalling in MSCs
but not in a pre-osteoblast cell line. When they co-treated pre-osteoblast cells with Wnt3a
and heparin, they showed a dramatic increase in TCF/LEF transcriptional activity which was
greater than either Wnt3a or heparin alone; indicating that heparin promotes Wnt3a directed
canonical Wnt signalling. Furthermore, osteoblastic markers such as Runx2, ALP, OCN and
OSX, when treated with Wnt3a and heparin, become highly upregulated. They also found
that when heparin was desulfated, this synergism was decreased. N-desulfation in particular
completely abolished binding to Wnt3a and 2-O desulfation had similar results. 6-O
desulfation also reduced binding to Wnt3a as well as ALP levels.

1.5.2.2 Dermatan Sulfate and Wnt Signalling
Dermatan sulfate (DS) also plays a role in Wnt signalling. DS proteoglycans (DSPG) such as
biglycan and decorin have been shown to bind WISP1 (Wnt1-inducible signalling pathway
protein 1), thus inhibiting its binding to other components [141]. Biglycan deficient mice
however have reduced expression of WISP1, indicating a possible stabilising role by DS. It
was further demonstrated that, biglycan and decorin also directly bind to both Wnt3a and
LRP6 and increase TCF/LEF signalling. However, it was found that it is the protein core
itself that creates this signal, as when DS chains are attached, the signal is somewhat reduced,
indicating that DS may play more of an inhibitory role [143].
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Chapter Two
Methods
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2.1 Media Preparation
2.1.1 Basal Growth Media
Alpha Modified Essential Medium (αMEM) or Dulbeccos Minimum Essential Medium
(DMEM) was supplemented with 10% fetal calf serum (FCS), 2 mM L-glutamine, 50U/mL
penicillin 5μg/mL streptomycin sulfate.

2.1.2 MSC Osteogenic Differentiation Media.
Osteogenic differentiation media for MSCs consisted of αMEM supplemented with 5% FCS,
2 mM L-glutamine, 50U/mL penicillin 5μg/mL streptomycin sulfate, 100μM ascorbate-2phosphate, 1nM dexamethasone and 18μM KH2PO4.

2.1.3 Osteoblast Mineralisation Media
Osteogenic mineralisation media for osteoblasts consisted of αMEM supplemented with 10%
FCS, 2 mM L-glutamine, 50U/mL penicillin 5μg/mL streptomycin sulfate. 100μM ascorbate2-phosphate, 1nM dexamethasone and 18μM KH2PO4

2.1.4 Glycosaminoglycan Media Preparation
2.1.4.1. Uronic Acid Assay of Glycosaminoglycan products
GAG samples to be assayed included DS, HS and heparin (Sigma Aldrich, USA) and MPS I,
MPS II and MPS VI GAGs were collected and purified from human patient urine previously
by Dr Sharon Byers.
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The uronic acid concentration of purified GAG from MPS patient urine was determined by
the method of Blumenkrantz and Asboe-Hansen (1973) [269]. An uronic acid standard curve
was made Ranging from 0 - 20µg/µL. For samples and standards, six volumes of 0.0125M
sodium tetraborate in concentrated sulfuric acid was added and briefly vortexed. Tubes were
then incubated in a water bath at 100˚C for ten minutes and then immediately placed on ice
until cool. 20µl of 0.15% (w/v) 3-hydroxydiphenyl in 0.5% NaOH was added to each tube
and vortexed. The colour was developed for five minutes at room temperature and then read
at 560nm on a plate reader (Victor3 multilabel).

2.1.4.2 Glycosaminoglycan Media Preparation
Media containing 10μg/mL of MPS I, MPS II, MPS VI, DS, HS and heparin GAGs were
prepared in both αMEM and DMEM media without FCS. Media was then sterilised by
filtering through a 0.2μm filter (Sartorius, Germany).

This stock solution was diluted to working solutions of 0.01, 0.1, 1 and 5µg/mL by diluting
1:1000, 1:100, 1:10 and 1:1 respectively into required media. FCS was added to each to bring
the final concentration to 10% in basal growth media, 5% in osteogenic differentiation media
and 10% in osteoblast mineralisation media. No FCS was added in DMEM media.

2.2 Cell Preparation
2.2.1 Cell Thawing
MSCs, osteoblasts and HEK293T Broad cells retrieved from liquid nitrogen were thawed at
37˚C. The cells were then washed with phosphate buffered saline (PBS) and centrifuged at
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389 x g for five minutes. The supernatant was discarded and the cells resuspended in
appropriate media, pipetting up and down to ensure a homogenous cell suspension.

2.2.2 Mesenchymal Stem Cell Harvesting
Media from cultures was discarded and cells were washed three times with PBS. Cells were
incubated at 37˚C with 0.012% trypsin and 0.002% EDTA-2Na in PBS for 10-15 minutes in
a 37°C incubator to lift cells from the plate. Cells were pipetted gently into a single cell
suspension and added to PBS. The cell suspension was centrifuged at 389 x g for five
minutes and the supernatant was discarded. Cells were then resuspended in αMEM media for
either re-seeding or freezing.

2.2.2.1 MSC Osteogenic Differentiation Set Up
MSCs were seeded at 7,812.5 cells/cm2 in 96 well plates in α-MEM with 10% FCS, 2 mM Lglutamine, 50U/mL penicillin 5μg/mL streptomycin sulfate and cultured for 48 hours to
adhere and reach 80 – 90% confluency. Media was aspirated and replaced with one volume
of osteoblast mineralisation media (section 2.1.3) with one volume of GAG media (Section
2.1.4.2). In addition, wells were set up with osteoblast mineralisation media only or αMEM
basal media only (Section 2.1.1). Media was replaced twice a week for the duration of the
experiment. Von Kossa staining, calcium levels, ALP levels and gene expression were
analysed from different replicates within the same 96-well plate.

2.2.3 Osteoblast Harvesting
Media from cultures was discarded and the cells were washed three times with PBS. Cells
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were incubated at 37˚C for 15 minutes in 2mg/mL collagenase/dispase in αMEM. The
collagenase/dispase was removed and the cells gently washed with PBS three times. 0.12%
Trypsin with 0.02% EDTA-2Na and 0.04% glucose was added to the cells and incubated at
37˚C for 10mins or until all cells were detached. Cell clumps were gently pipetted into a
single cell suspension, added to PBS and centrifuged at 389 x g for five minutes. The
supernatant was then discarded and cells were resuspended in αMEM + 10% FCS, pen/strep
media for either re-seeding or freezing.

2.2.3.1 Osteoblast Maturation and Mineralisation Set Up
Osteoblasts were seeded at 25,000 cells/cm2 in 96 well plates in α-MEM with 10% FCS, 2
mM L-glutamine, 50U/mL penicillin 5μg/mL streptomycin sulfate and cultured for 48 hours
to adhere and reach 80 – 90% confluency. Media was aspirated and replaced with 1 volume
of osteoblast mineralisation media (section 2.2.2) with 1 volume of GAG media. In addition,
wells were set up with osteoblast mineralisation media only (section 2.2.1) or αMEM basal
media only (Section 2.1.1). Media was replaced twice a week for the duration of the
experiment. Von Kossa staining, calcium levels, ALP levels and gene expression were
analysed from different replicates within the same 96-well plate.

2.2.4. HEK293T Broad Cell Harvesting
Media from cultures was discarded and the cells were washed three times with PBS. A 10%
TrypLE express in PBS solution was added to the cells and incubated at 37˚C until cells
become detached. Cell clumps were gently pipetted into a single cell suspension, added to
PBS and centrifuged at 389 x g for five minutes. The supernatant was then discarded and
cells were resuspended in DMEM complete media for either re-seeding or freezing.
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2.3 Assays and Staining Methods
2.3.1 Von Kossa Staining of Osteoblast Mineralisation
Media was removed from wells and cells were washed three times with PBS and then fixed
in 1% formaldehyde in PBS for 30 minutes at 4˚C. The cells were then washed three times in
PBS and incubated at room temperature with 5% silver nitrate solution in H2O under a 40W
UV reflective lamp for 30 minutes. The cells were washed three times with PBS and
incubated with 5% sodium thiosulfate in H2O for two minutes. The cells were then
counterstained with haematoxylin for five minutes and then washed to remove any remaining
haematoxylin. Photos of cells were taken both pre and post-counter staining using a Nikon
SMZ1500 light microscope fixed with a Nikon DS-Fi2 camera at 100x zoom.

2.3.2 Calcium Assay
At weekly intervals for five weeks, the media was removed from either duplicate or triplicate
wells and the cells were washed with PBS three times. Cells were extracted with 0.6N HCl at
4˚C for 24 hours, with the final hour on a rocker to extract calcium.

Samples were neutralised to pH 6-8 using 2M NaOH. The assay was then carried out using
the calcium assay kit (Cayman chemical company) as per manufacturer’s instructions.
Briefly, 10μl of each sample was incubated with 100μl of detector reagent (1:1 solution of
calcium detector R1 and calcium detector R2) were added and gently shaken for 20-30
seconds. The assay was incubated at room temperature for five minutes and the absorbance
was read at 560nm on a plate reader (Victor3 multilabel, PerkinElmer USA). The absorbance
of each sample was compared to that of a standard curve of 0 - 2µg/µl of calcium.
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2.3.3 Alkaline Phosphatase Assay
CelLytic (Sigma Aldrich) extracts of the cell layer were collected at weekly intervals over a
five week period for alkaline phosphatase assay.

The assay was carried out using the

SensoLyte® pNPP Alkaline Phosphatase assay kit *Colorimetric* (AnaSpec) assay kit
following the manufacturer’s instructions. Briefly, 50μl of cell extract was added to a 96-well
plate. To this, 50μl of pNPP substrate was added to each well and incubated for 30 minutes in
the dark. To stop the reaction, 50μl of stop buffer was added to each well and the absorbance
was read at 405nm on a plate reader (Victor3 multilabel, PerkinElmer USA). The absorbance
was compared to that of a standard curve of 0 – 10ng/µl of pNPP.

2.3.4 Bicinchonic Acid Protein Assay
Protein levels were measured on celLytic extracts of cell layer using the Bicinchronic acid
protein assay kit (Sigma Aldrich) in a 96-well plate. Briefly, samples were incubated with
copper (II) sulfate pentahydrate 4% solution and a 1:20 dilution of bicinchronic acid solution
1:20. Working reagent was added was and samples incubated at 37˚C for 30 minutes and
then read at 560nm on a plate reader (Victor3 multilabel plate reader, PerkinElmer USA). A
standard of 0 to 25μg/ml BSA was used.

2.4 Real Time- PCR
RNA was isolated from cells following the TRIzol reagent following the manufacturer’s
instructions (Invitrogen, USA). Samples were resuspended in RNase-free water and the
concentration determined using a spectrophotometer (Thermo Scientific NanoDrop 1000
spectrophotometer). cDNA was synthesised from 250 ng of total RNA using the Qiagen
QuantiTec reverse transcription kit as per manufacturer’s instructions (Qiagen, Germany).
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The expression of key osteogenic genes were determined: Runt related transcription factor 2
(Runx2), Type 1 collagen (α1) (COL1A1), osteocalcin (OCN) and bone sialoprotein (IBSP)
and the expression of several Wnt signalling genes Wnt3a, Wnt5a, Wnt7b, Dickkopf 2
(DKK2), small frizzled related protein 2 (SFRP2) and lipoprotein related protein 5 (LRP5)
(Table 2.1). Forward and reverse primers for each gene were designed at the 3’ end of the
gene using NCBI primer-BLAST (www.ncbi.nlm.nih.gov/tools/primer-blast). The ability of
primers to form homo and hetero dimmers was analysed using the oligo analyzer tool from
integrated DNA technologies (http://sg.idtdna.com/calc/analyzer). Primers with ΔG values
greater than -7kcal/mol were used.

cDNA equivalent to 12.5 ng RNA was used to analyse gene expression in an Applied
Biosystems 7300 Real Time PCR cycler (Applied Biosystems 7300) using 0.5μM primers
and SYBR green PCR master mix (Applied Biosystems, USA). The reactions underwent a
uracil DNA glycosylase (UDG) incubation at 50˚C for two minutes to eliminate any potential
DNA carry-over from previous reactions and then an UDG inactivation DNA polymerase
activation at 95˚C for ten minutes. The reactions were then cycled for 40 cycles with
denaturation at 95˚C for 15 seconds, annealing and extension at 60˚C for one minute. A melt
curve was made by denaturation of cDNA at 95˚C for 15 seconds and then incrementally
increasing the temperature starting from 60˚C for 30 seconds and then increasing the
temperature by 1˚C every 15 seconds until 95˚C. This produces a melt curve based on the
rate of change of fluorescence with the sign reversed to show a melt peak rather than a trough
as the temperature increases. Each peak corresponds to a single PCR product. Samples that
showed incorrect peaks or multiple peaks were omitted from the data. The 2-ΔΔCt method was
used to calculate the fold change in gene expression [270].
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Table 2.1: Osteoblast and Wnt signalling genes
Osteoblast and Wnt signalling markers were designed to determine the effects of MPS I, MPS II and MPS VI GAG as well as DS, HS and heparin on
osteogenic differentiation and mineralisation.
GenBank
Primer
Gene name
Function
Direction
Sequence 5’ 3’
Accession number
set
Housekeeping gene
CYCA
Cyclophilin A
F
GGT TGG ATG GCA AGC ATG TG
NM_001164262.2
R
TGC TGG TCT TGC CAT TCC TG
Osteoblast related
Runx2
Runt-related transcription
F
CCT CTG ACT TCT GCC TCT GG
NM_001024630.3
transcription factor
R
ATG AAA TGC TTG GGA ACT GC
factor 2
Major component of
COL1A1
Collagen, type I, alpha 1
F
GGC CCA GAA GAA CTG GTA CA
NM_000088.3
type 1 collagen
R
CGC CAT ACT CGA ACT GGA AT
Structural
protein
in
OCN
Osteocalcin
F
GGC GCT ACC TGT ATC AAT GG
NM_199173.4
bone
R
TCA GCC AAC TCG TCA CAG TC
Structural
protein
in
IBSP
Bone sialoprotein
F
CAA TCT GTG CCA CTC ACT GC
NM_004967.3
bone
R
CCC AAA ATG CTG AGC AAA AT
Promotes
cell
Wnt3a
F
TGA CAC GCT CAT GTG CAG AA
AB060284.1
proliferation
R
CGA GAC ACC ATC CCA CCA AA
Promotes
osteoblast
Wnt5a
F
TCG TTA GCA GCA TCA GTC CA
NM_003392.4
differentiation
R
GTG CCT TCG TGC CTA TTT GC
prevents
mineralisation
Wnt7b
F
ACC CTC TGT TTC CTT TCC CG
AB062766.1
of ECM
R
CTG CCC AGC TCA CTT CTA GG
Inhibits
canonical
Wnts
DKK2
Dikkopf 2
F
TGA GCT GGA TCT GTA CTG CAC NM_014421.2
R
GAA CAG CCA ACT TGT GCC TC
Wnt inhibitor
SFRP2
Secreted frizzled-related
F
AGG ACA ACG ACC TTT GCA TC
NM_003013.2
protein 2
F
TTT TTG CAG GCT TCA CAT ACC
Canonical Wnt coLRP5
Low-density lipoprotein
F
CAG CCC TTT GTT TTG ACC TC
NM_002335.2
activator
R
CAG AAC AGT GTC CGG CTG TA
receptor-related protein 5

2.5 Canonical Wnt3a Signalling in HEK293T Broad cells
2.5.1 TCF/LEF luciferase Plasmid Transfection of HEK293T Broad cells
HEK293T Broad cells were seeded at 57,692 cells/cm2 in 96 wells and incubated for four
hours in DMEM medium containing 1% FCS. Cells were then transfected with 100ng/ml
positive, negative or TCF/LEF inducible plasmids (Cignal reporter assay kit, Qiagen) which
had been mixed and vortexed with 0.5μg/ml Lipofectamine 2000 in FCS free αMEM media
and incubated at room temperature for five minutes for complex formation prior to addition
to cells. Cells were incubated for 16 hours at 37ºC.

2.5.2 Recombinant Wnt3a Treatment of HEK293T Broad cells
Cells were washed with PBS and 250ng/mL of Wnt3a Recombinant protein (BD biosciences)
in DMEM and added to HEK293T Broad cells and incubated for six hours at 37ºC.

To determine the effects of human MPS I, MPS II and MPS VI purified GAG from urine as
well as commercially available DS, HS and heparin, HEK293T Broad cells and human
osteoblasts, Wnt3a or Wnt5a was incubated with 5μg/mL of each GAG for five minutes
before being added to the cells and incubated for six hours at 37ºC.

2.5.3 Luciferase Assays of GAG Treated HEK293T Broad cell Lysates
After six hours the media was removed and cells washed with PBS. Luciferase activity was
analysed using a Dual-luciferase® Reporter (DLR) assay kit (Promega) following
manufacturer’s instructions. Briefly, cells were lysed in 1x passive lysis buffer on a shaker
for 15 minutes and then pipetted up and down briefly to get a homogenous mixture. To
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determine luminosity, 10μl of cell extract was assayed in a white V-bottom 96-well assay
plate using a Veritas™ Microplate Luminometer. Five volumes of stop and Glo buffer was
added to each well and fire fly luciferase luminescence was detected. Five volumes of LARII
was then added to each well and renilla luciferase luminescence was detected. Ratios of
firefly: renilla luminescence was then determined.

2.6 Statistics
Groups treated with different GAGs were compared to groups treated in the absence of added
GAG using one-way ANOVAs followed by a Tukey’s post hoc test for multiple comparisons
within the data at each time point. With gene expression data, the osteogenic differentiating
MSCs and mineralising osteoblasts in the absence of added gag were always normalised to
undifferentiating MSCs and unmineralising osteoblasts, prior to statistical analysis. All
statistical tests were performed using GraphPad prism 6 software (California, USA).
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Chapter Three
The Effects of Undegraded Glycosaminoglycans
from MPS Patients on MSC Differentiation into
Osteoblasts
___________________________________________________________________________
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3.1. Introduction
MSCs residing within the bone marrow are a niche of cells capable of differentiation into
cells of the mesenchymal lineage, such as osteoblasts, adipocytes and chondrocytes [49, 62].
MSCs receive cues through signalling pathways, such as bone morphogenic protein and Wnt
signalling pathways, both of which are still poorly understood [64, 65, 88, 147]. Once
committed to the osteoblastic lineage, MSCs differentiate into immature osteoblasts which
form a collagen matrix that is subsequently mineralised as the osteoblasts mature. Cell
senescence as osteocytes finally occurs and osteocytes remain in bone lacunae [92, 271].

The effects of hyaluronan, heparin, DS, C4S and C6S, have been shown to increase the
differentiation and mineralisation potential of human MSCs into osteoblasts when grown on
GAG-coated plates [272]. All GAG species tested increased mineral deposition, as viewed by
von Kossa staining. Hyaluronan caused the greatest increase in mineralisation, with heparin
second. DS also caused an increase, but to a lesser extent than heparin, while HS was not
tested. Similarly, calcium was increased by all GAGs tested, but there was very little
difference observed between the different GAG types. At a molecular level however, there
was significant differences in Runx2, IBSP and OCN gene expression as a result of DS and
heparin treatment [272, 273]. This however, does not mimic the conditions of MPS disorders,
where undegraded GAG is accumulated within the cell, extra-cellular environment and
circulation.

Since MPS subtypes are characterised by having distinct accumulating GAGs, with different
non-reducing termini (Chapter 1.4.5.3.), the intracellular accumulation of MPS GAGs may
interfere with signal transduction molecules such as WISP1 and proteoglycans such as
decorin and biglycan which are known to bind to HS and DS [107, 141]. The increased
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extracellular load of MPS GAGs may affect important cellular signalling pathways,
including; Wnt signalling, bone morphogenic protein signalling, cell cycle signalling during
osteoblast differentiation, cellular proliferation and bone formation and mineralisation [108,
140, 146, 272, 274]. However, previous in vitro studies of human MPS I MSCs have shown
that there are no significant changes in the expression of key osteogenic genes Runx2,
osteopontin,

osteocalcin,

osteonectin

and

alkaline

phosphatase

during

osteoblast

differentiation [275].

This chapter therefore aims to determine the effects of MPS I, MPS II and MPS VI patient
derived GAGs, as well as commercially available HS, DS and heparin on the effects of hBM
MSC differentiation into osteoblasts in vitro. By introducing these GAGs into MSC cultures,
the aim was to further understand how they affect MSC differentiation through both a
phenotypical change, as well as molecular changes in gene expression, alkaline phosphatase
levels and calcium production.

3.2. Results
To determine the osteogenic potential of hBM MSCs in the presence of different GAGs,
hBM MSCs were cultured in the presence of MPS I, MPS II and MPS VI GAGs obtained
and purified from urine of affected children. These were compared to hBM MSCs
supplemented with commercially available HS, DS and heparin. GAG concentrations of
0.01μg/mL, 0.1μg/mL, 1μg/mL and 5μg/mL were tested to find a suitable concentration of
GAG to use for further experimentation. The effect of each GAG on MSC differentiation into
osteoblasts was then determined by osteogenic assays including von Kossa staining (Chapter
2.3.1), calcium quantification (Chapter 2.3.2) and ALP assays (Chapter 2.3.3) and the
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expression of osteoblastogenic genes (Chapter 2.4) Runx2, OCN, COL1A1 and IBSP which
are essential for osteoblast differentiation and mineralisation.

3.2.1. Von Kossa Staining
Von Kossa staining provides a qualitative and visual representation of how the different
GAGs affect mineral deposition by osteoblasts. In the absence of any added GAG, mineral
deposition is observed as early as two weeks post osteogenic induction (Figure 3.1A).
Mineralisation increased in visual intensity throughout the cultures from three weeks to five
weeks post osteogenic induction, with five weeks post osteogenic induction resulting it the
greatest observable mineral staining.

MSCs treated with commercially bought DS (Figure 3.1B) and HS (Figure 3.1C) resulted in
mineralisation beginning at two weeks post osteogenic induction. Levels were similar to that
seen in the absence of GAG at three weeks post osteogenic induction, with marked elevation
compared to time matched controls. The level of mineralisation increased between three and
five weeks post osteogenic induction, with mineralisation levels always being greater than in
the absence of GAG at the corresponding week. HS mineralisation at five weeks post
osteogenic induction appeared to increase substantially and had the greatest mineralisation
levels of all GAGs. Increasing concentration of DS and HS GAG had no observable effects
on mineralisation.

In contrast, mineralisation was not present until three weeks post osteogenic induction in the
presence of MPS GAGs, even at the lowest concentration. MPS I, MPS II and MPS VI GAG
(Figure 3.1D-F respectively) had similar levels to that of the osteogenic MSCs in the absence
of GAG at two weeks post osteogenic induction. It then continued to increase with time, but
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to a lesser extent than the osteogenic MSCs in the absence of GAG. Mineralisation appeared
to decrease with increasing GAG concentration for cells treated with MPS I and MPS VI
GAG by five weeks post osteogenic induction, but increased MPS II GAG concentration was
only observed to decrease mineralisation at two weeks post osteogenic induction.
Subjectively, more mineralisation was observed in the presence of MPS II GAG than either
MPS I or MPS VI GAG, but mineralisation was still less than that seen in the absence of
GAG.

These qualitative results indicate that different GAGs and MPS versus commercial GAGs in
particular resulted in different potentials for the MSCs to differentiate into osteoblasts and
produce a mineralised matrix. These differences were quantified by assaying the calcium
produced during mineral deposition.

3.2.1.2. Calcium Assays
3.2.1.2.1. GAG Dose Response
Quantitative analysis of mineral deposition of MSCs was carried out by determining calcium
production (Chapter 2.3.2). Calcium levels were examined as a result of supplementation
with different dosages of different GAGs at five weeks post osteogenic induction only
(Figure 3.2). In the absence of added GAG, MSCs reached peak calcium levels by four
weeks post osteogenic induction and then slightly decreased at five weeks post osteogenic
induction but remaining significantly elevated compared to undifferentiated MSCs (Figure
3.2A). Commercially available DS and HS, similarly to the von Kossa staining (Section
3.2.1.), showed increased calcium deposition compared to osteogenic MSCs in the absence of
GAG (Figure 3.2A and B respectively), which increased with increasing GAG concentration.
DS reached significance at 5µg/mL, while HS reached significance at 1μg/mL and 5µg/mL
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Figure 3.1: Von Kossa staining of MSCs treated with and in the
absence of GAGs.
MSCs were seeded in 96-well plates and cultured in either A)
osteogenic media or osteogenic media supplemented with 0.01, 0.1, 1
or 5µg/mL of B) DS, C) HS, D) MPS I GAG, E) MPS II or F) MPS VI
in duplicate. Cells were fixed at weekly intervals and von Kossa
stained to determine mineral deposition within cultures as seen by
black nodules. The cells were then counterstained with haematoxylin
and photos taken at 10X magnification with 50μm scale bar indicated
in bottom right of each panel.

B
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compared to osteogenic MSCs in the absence of GAG. MPS patient derived GAGs showed
decreasing calcium deposition with increasing concentration of GAG (0.01μg/mL to
5μg/mL) (Figure 3.2C-E respectively). MPS I had slightly decreased calcium levels at all
concentrations, which reached significance at 1μg/mL (Figure 3.2C) compared to osteogenic
MSCs in the absence of GAG. MPS II (Figure 3.2D) and MPS VI GAG had significantly
decreased calcium at 1µg/mL and 5μg/mL compared to osteogenic MSCs in the absence of
GAG (Figure 3.2E); with MPS II producing the lowest amount of calcium of all GAGs
tested, particularly at the higher GAG concentrations of 1μg/mL and 5μg/mL.

Collectively, von Kossa staining and calcium quantification results indicate that 5μg/mL
GAG results in significant changes in mineralisation of cell cultures depending on the type of
GAG present, except for MPS I which appears to be consistently lower but not significantly
lower than in the absence of GAG. This concentration was therefore used for further analysis.

3.2.1.2.2. Effects of GAG on Calcium Production
Using the highest GAG concentration of 5µg/mL, MPS I, MPS II and MPS VI patient
derived GAG, as well as commercially bought DS, HS and heparin were analysed over a five
week culture period of MSCs undergoing osteogenic differentiation.

In the absence of added GAG, osteogenic induced hBM MSCs calcium levels increased in a
linear fashion from one week to four weeks post osteogenic induction. After reaching a peak
four weeks post osteogenic induction, calcium levels declined between four and five weeks
post osteogenic induction but was not significantly lower compared to four weeks post
osteogenic induction (Figure 3.3 – dotted line).
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One week post osteogenic induction, calcium levels in all cultures were the same, regardless
of GAG supplementation (Figure 3.3). Similar to previous von Kossa staining, DS and HS
addition resulted in increased calcium levels from two weeks post osteogenic induction
onwards compared to osteogenic MSCs in the absence of GAG. Heparin was also included
and had similar results to DS and HS. DS calcium levels increased rapidly, surpassing
calcium production in osteogenic MSCs in the absence of GAG, with calcium levels peaking
three weeks post osteogenic induction (Figure 3.3A) before declining at a similar trend to the
osteogenic MSCs in the absence of GAG. HS treated hBM MSCs calcium production
followed the same trend, albeit slightly higher, as osteogenic MSCs in the absence of GAG
from one to four weeks post osteogenic induction. While calcium levels declined at five
weeks post osteogenic induction in the absence of GAGs, HS supplementation resulted in
calcium levels continuing to increase, which reached significance at five weeks post
osteogenic induction compared to the absence of GAG (Figure 3.3B). Heparin was set up in
an independent experiment with three time points, week one, three and five and resulted in
significantly elevated calcium levels at five weeks post osteogenic induction compared to
osteogenic MSCs in the absence of GAG (Figure 3.3C).

In contrast, MPS I, MPS II and MPS VI patient derived GAGs (Figure 3.3D-E respectively)
resulted in decreased calcium levels compared to that observed in the osteogenic MSCs in the
absence of GAG from two weeks post osteogenic induction. These quantitative results reveal
that although there is an increase in calcium deposition in MPS I, MPS II and MPS VI treated
cells over time in culture, levels reached are much lower compared to that observed in the
absence of GAG, confirming the delayed and slower mineralisation rate noted previously
(Section 3.2.1). No peak was evident when hBM MSCs were supplemented with MPS
derived GAG, therefore resulting in significantly reduced calcium levels at weeks four and
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Figure 3.2: Dose response to different GAGs on calcium production after five
weeks post osteogenic induction.
MSCs were cultured in 96-well plates in osteogenic differentiation media
supplemented with A) DS B) HS C) MPS I GAG D) MPS II GAG or E) MPS VI
GAG. Results are presented as the mean ± SEM of n=6 replicates for no GAG (---), n=3 ± SEM for cells treated with MPS I, MPS II and MPS VI, n=2 ± SEM for
cells treated with DS and HS (▬). Cells cultured with each GAG were compared
to no GAG differentiated controls.
* indicates significant difference GAG versus no GAG (P<0.05, one-way
ANOVA, Tukey’s post-hoc test).
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Figure 3.3: Calcium deposition in osteogenic differentiating MSCs.
MSCs were cultured in 96-well plates in differentiation media
supplemented with 5µg/mL of A) DS B) HS C) heparin D) MPS I GAG E)
MPS II GAG F) MPS VI GAG. Calcium was collected at weekly intervals
from independent wells and results are presented as the mean ± SEM of n=3
replicates for differentiated without GAG (----) and for differentiated with
GAG (▬).
* indicates significant difference GAG versus no GAG (P<0.05, one-way
ANOVA, Tukey’s post hoc test).
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five post osteogenic induction compared to the absence of GAG. However, the significance
of MPS I at four weeks post osteogenic induction was only transient as there was no
significance found at five weeks post osteogenic induction compared to calcium levels in the
absence of added GAGs. This is likely due to large variation at 5µg/mL but low variation at
1µg/mL as seen by the standard errors.

3.2.2. Alkaline Phosphatase Levels
ALP levels, a measure of osteoblast activity, were determined on MSC cell layer extracts at
one, three and five weeks of culture in osteoblast differentiation media, with and without the
addition of GAGs (Section 2.3.3).

MSCs differentiating into osteoblasts without the supplementation of GAGs had progressive
increases in overall ALP levels as time in culture progressed (Figure 3.4).

DS (Figure 3.4A) and HS (Figure 3.4B) produced similar ALP levels at all weeks tested.
Both had a slight increase in levels at three weeks post osteogenic induction (not significant)
before decreasing to significantly lower levels at five weeks post osteogenic induction
compared to osteogenic MSCs in the absence of GAG. Heparin had similar levels at weeks
one and five compared to MSCs in the absence of GAG, but had a small decrease in ALP
levels from one to three weeks post osteogenic induction, reaching significance (Figure
3.4C). MPS I GAG treated MSCs (Figure 3.4D) had significantly lower levels of ALP at
three and five weeks post osteogenic induction when compared to osteogenic MSCs in the
absence of GAG. However, MSCs treated with MPS II and MPS VI GAG had significantly
elevated ALP levels, with MPS II elevated at all-time points and MPS VI at five weeks post
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osteogenic induction compared to osteogenic MSCs in the absence of GAG (Figure 3.4E and
F).

3.2.3. Gene Expression of Key Osteogenic Genes
The expression of several key osteogenic genes, Runx2, COL1A1, IBSP and OCN, were
analysed in response to the addition of different GAGs. Expression of each gene was
analysed at one, three and five weeks post osteogenic induction and GAG supplementation.

3.2.3.1. Runx2
In the absence of added GAG, Runx2 expression was elevated at one week post osteogenic
induction compared to non-differentiating MSCs but did not reach significance. No changes
were seen after three weeks post osteogenic induction and by five weeks post osteogenic
induction, there was a 2.80-fold significant increase in expression (Figure 3.5).

DS, HS and heparin all decreased Runx2 expression compared to the osteogenic controls.
Each of these GAGs decreased expression from one week post osteogenic induction, where
expression was similar to osteogenic MSCs in the absence of GAG, to a below 0.40-fold
decrease after five weeks post osteogenic. Both HS and heparin resulted in significantly
decreased expression at five weeks, however DS did not (Figure 3.6). MPS I GAG resulted in
slightly elevated Runx2 expression (Figure 3.6) at one and three weeks post osteogenic
induction, which then decreased at five weeks post osteogenic induction compared to
osteogenic MSCs in the absence of GAG(not significant). MPS II GAG resulted in an early
significant increase of 2.16-fold in expression (Figure 3.6) at one week post osteogenic
induction, before decreasing to comparable levels of the osteogenic MSCs in the absence of
GAG by five weeks post osteogenic induction. MPS VI GAG maintained a 1.5-fold increase
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Figure 3.4: ALP levels in osteogenic differentiating MSCs.
MSCs were cultured in 96-well plates in osteogenic differentiation media
supplemented with 5µg of A) DS B) HS C) heparin D) MPS I GAG E) MPS II
GAG and F) MPS VI GAG. Cells were collected at weekly intervals, lysed and
ALP levels were measured. Results are presented as the mean ± standard error of
n=5 replicates for differentiated without GAG and (----) and n=3 for MPS I,
MPS II Heparin, n=2 for MPS VI, DS and HS (▬) ± SEM.
* indicates significant difference of GAG versus no GAG (P<0.05, one-way
ANOVA, Tukey’s post hoc test).
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Figure 3.5: expression of osteogenic genes during MSCs differentiation into
osteoblasts in the absence of gag.
MSCs were cultured in 96-well plates in differentiation media and results
compared to undifferentiated MSCs as a fold change. results are presented as
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62

3

Fold change

*
2

1
*
*
0
DS

HS

HEP

MPS I

MPS II

MPS VI

Figure 3.6: Runx2 expression in MSCs differentiating into osteoblasts in the
presence of added GAGs.
MSCs were cultured in 96-well plates in differentiation media supplemented
with 5µg/mL of GAG. Results were compared to MSCs differentiating in the
absence of added GAG as a fold change. results are presented as one week
(black), three weeks (grey) and five weeks (white) post osteogenic induction at
the mean of n=3 ± SEM.
* indicates significant difference GAG versus no GAG (P<0.05, one-way
ANOVA, Tukey’s post hoc test).
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in Runx2 expression above the osteogenic MSCs in the absence of GAG at all-time points
but did not reach significance (Figure 3.6).

3.2.3.2. COL1A1
COL1A1 is the gene responsible for producing the primary organic material in bone. In the
absence of added GAG, COL1A1 expression was consistently lower than that observed in
undifferentiated MSCs (Figure 3.5), reaching significance at one and three weeks post
osteogenic induction, before increasing to levels similar to undifferentiated MSCs at five

weeks post osteogenic induction. When MSCs differentiating into osteoblasts were treated
with DS, HS and heparin (Figure 3.7), the pattern of COL1A1 expression was very consistent
among these GAGs. At one week post osteogenic induction, expression was similar to that
observed in the osteogenic MSCs in the absence of GAG. By three weeks post osteogenic
induction, each of these GAGs resulted in decreased COL1A1 expression by 0.20 to 0.33fold (not significant) compared to the osteogenic MSCs in the absence of GAG. Expression
continued to decrease at five weeks post osteogenic induction, reaching significance for HS
and heparin treated cells (Figure 3.7). Cells treated with heparin resulted in the greatest
decrease in COL1A1 expression with a 0.06-fold decrease in expression.

Cells treated with MPS I GAG resulted in decreased expression with time compared to MSCs
in the absence of GAG, with significant decreases in expression being observed at five weeks
post osteogenic induction. MPS II and MPS VI GAG during osteoblast differentiation
(Figure 3.7) showed no significant changes in COL1A1 expression over the five weeks
tested, with gene expression remaining fairly consistent, ranging from 0.73-fold to 1.31-fold
changes in expression compared to osteogenic MSCs in the absence of GAG.
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Figure 3.7: COL1A1 expression in MSCs differentiating into osteoblasts in
the presence of added GAG.
MSCs were cultured in 96-well plates in differentiation media supplemented
with 5µg/mL of GAG. Results were compared to MSCs differentiating without
gag as a fold change. results are presented as one week (black), three weeks
(grey) and five weeks (white) post osteogenic induction at the mean of n=3 ±
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* indicates significant difference GAG versus no GAG (P<0.05, one-way
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Figure 3.8: IBSP expression in MSCs differentiating into osteoblasts in the
presence of added GAG.
MSCs were cultured in 96-well plates in differentiation media supplemented with
5µg/mL of GAG. Results were compared to MSCs differentiating without gag as a
fold change. results are presented as one week (black), three weeks (grey) and five
weeks (white) post osteogenic induction at the mean of n=3 ± SEM.
* indicates significant difference GAG vs no GAG (P<0.05, one-way ANOVA,
Tukey’s post hoc test).
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3.2.3.3. Bone Sialoprotein (IBSP)
Bone sialoprotein (IBSP), is an important non-collagenous protein in the bone matrix
involved in recruiting apatite crystals [97]. IBSP varied greatly in expression over the five
weeks of MSCs differentiating into osteoblasts compared to undifferentiated MSCs (Figure
3.5). After one week post osteogenic induction, there was a 7.85-fold increase (not
significant) in expression compared to undifferentiated MSCs, before decreasing to a 0.41fold decrease in expression, and then switching again to a 6.76-fold significant increase in
expression at five weeks post osteogenic induction (Figure 3.8).

Cells treated with DS and HS (Figure 3.8) followed similar trends in IBSP expression. After
one week post osteogenic induction, DS and HS had a 0.24 to 0.28-fold decrease in
expression respectively compared to osteogenic MSCs in the absence of GAG. After three
weeks post osteogenic induction expression was returned to basal levels before becoming
significantly down regulated at five weeks post osteogenic induction to almost undetectable
levels (Figure 3.8). Heparin treated MSCs resulted in no change to expression at one week
post osteogenic induction, however, expression of IBSP at three and five weeks post
osteogenic induction was not detected (Figure 3.8).

MSCs treated with MPS I GAG resulted in significantly elevated IBSP expression with a
3.30-fold increase compared to osteogenic MSCs in the absence of GAG after three weeks
post osteogenic induction, but expression became almost undetectable after five weeks post
osteogenic induction. MPS II and MPS VI GAGs resulted in elevated IBSP expression at alltime points compared to the osteogenic MSCs in the absence of GAG (Figure 3.8). MPS II
GAG resulted in a significant 23.47-fold increase in expression at one week post osteogenic
induction, before decreasing to 2 to 4-fold increases at three and five weeks post osteogenic
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induction. However, MPS VI GAG maintained expression above a 6.00-fold increase
compared to osteogenic MSCs in the absence of GAG at three weeks post osteogenic
induction, which reached significance, before decreasing to just 2.13-fold increase at five
weeks post osteogenic induction.

3.2.3.4. Osteocalcin
Osteocalcin (OCN) expression, believed to be under the control of Runx2 [276], appears to
have a decreased expression over the five weeks analysed during MSC differentiation into
osteoblasts in the absence of GAG (Figure 3.5). From one week post osteogenic induction,
expression was 0.77-fold lower than that of MSCs not undergoing differentiation and this
decreased further to 0.59-fold by five weeks post osteogenic induction.

The addition of different GAGs resulted in changes to OCN expression. DS and HS (Figure
3.9) effects on expression were highly similar, with expression being significantly up
regulated at three weeks post osteogenic induction compared to the osteogenic MSCs in the
absence of GAG (Figure 3.9), but similar levels at one and five weeks post osteogenic
induction to the osteogenic MSCs in the absence of GAG. Heparin treated MSCs (Figure 3.9)
followed the same expression profile for one and three weeks post osteogenic induction,
before expression was significantly down regulated at five weeks post osteogenic induction
to almost undetectable levels, similar to that seen in Runx2 (Figure 3.9). MPS I GAG
resulted in significantly up regulated OCN expression at three weeks with no differences at
five weeks post osteogenic induction compared to osteogenic MSCs in the absence of GAG
(Figure 3.9). MPS II and MPS VI GAG (Figure 3.9) appeared to have little effect on OCN
gene expression. MPS II GAG caused gene expression to change from a 1.21-fold increase at
one week post osteogenic induction to a 0.80-fold decrease at five weeks post osteogenic
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Figure 3.9: OCN expression in MSCs differentiating into osteoblasts in the
presence of added GAG.
MSCs were cultured in 96-well plates in differentiation media supplemented
with 5µl/mL of GAG. Results were compared to MSCs differentiating without
gag as a fold change. results are presented as one week (black), three weeks
(grey) and five weeks (white) post osteogenic induction at the mean of n=3 ±
SEM.
* indicates significant difference GAG versus no GAG (P<0.05, one way
ANOVA, Tukey’s post hoc test).

69

induction compared to osteogenic MSCs in the absence of GAG. Similarly, MPS VI GAG
had decreasing expression with expression being comparable to the osteogenic MSCs in the
absence of GAG at one week post osteogenic induction and before decreasing to just a 0.86fold decrease by five weeks post osteogenic induction. Statistical significance was not
reached.

3.3. Discussion
Facial dysmorphia, changes in bone mass, short stature and misshapen bones, collectively,
referred to as dysostosis multiplex, is a common phenotype among MPS patients [1]. Seven
MPS disorders present with bone pathologies and to date, treatments to correct this pathology
have been largely unsuccessful due to both ineffectiveness and high costs [277-279].
Furthermore, the underlying molecular mechanisms to why bone pathologies arise in MPS
are elusive.

In this chapter, MSCs were supplemented with GAG purified from MPS I, MPS II and MPS
VI patient urine and the effects on MSC differentiation into osteoblasts was analysed. DS and
HS which are not fully degraded and accumulate in these MPS disorders, each have different
non-reducing termini due to the individual deficient enzymes [280, 281] (chapter 1.4.5.3).
Commercially available DS, HS and heparin, which are representative of GAGs found in
healthy cells, were also analysed for their effects on MSC differentiation into osteoblasts and
subsequent mineralisation.

With the addition of these GAGs, the ability of MSCs to differentiate into osteoblasts was
determined by looking at mineralisation of the cells through von Kossa staining, calcium
production, ALP enzyme levels and expression of the key osteogenic genes Runx2, OCN,
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COL1A1 and IBSP. In order to analyse the effects of the various GAGs on differentiation,
the optimal GAG concentration to initiate a response on hBM MSCs was determined to be
5µg/mL through von Kossa staining and calcium quantification. In support of previous work,
a GAG concentration of 5µg/mL is similar to that used by other researchers when looking at
the effects of GAGs on MSCs and osteoblasts, which ranged from 0.03μg/mL to 10µg/mL
[146, 282, 283]. However, plasma analysis on MPS I patients showed levels of total GAG at
18.2µg/mL, compared to normal values which range between 0.1µg/mL and 6µg/mL [284].
Therefore, by using GAG concentrations within normal limits allows us to determine what
direct effects the undegraded GAGs from each MPS disorder has on MSC differentiation into
osteoblasts, which could be confounded by very high GAG concentrations.

Previous

proliferation and toxicity studies investigating HS, DS and heparin on numerous preosteoblast and osteoblast cell lines showed that DS and HS can inhibit proliferation at as low
as 10µg/mL, depending on the cell line, while heparin can inhibit proliferation at as low as
1µg/mL [108, 285]. This indicates that the 5μg/mL supplementation fits within the normal
spectrum of plasma GAG and this concentration was therefore used for all subsequent
experiments. This will allow us to look at how the structures of the MPS GAGs affect
osteoblast differentiation rather than the effects of high and potentially toxic levels of GAG.

Onset of mineralisation was seen at two weeks post osteogenic induction of MSCs
differentiating into osteoblasts in the absence of GAG. While with DS and HS, although
mineralisation was observed for the first time at two weeks, it was observed to be more
intense through von Kossa staining and by five weeks post osteogenic induction,
mineralisation was greater than osteogenic MSCs in the absence of GAG. HS appeared to
have a similar effect to that of DS, by five weeks post osteogenic induction. However, the
von Kossa staining in HS treated wells was far more pronounced. This was confirmed
through calcium quantification which showed that DS and HS, as well as the highly sulfated
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version of HS, heparin resulted in elevated calcium levels compared to osteogenic MSCs in
the absence of GAG. HS also had the greatest calcium production at five weeks post
osteogenic induction. The ability of DS, HS and heparin to increase MSC differentiation and
mineralisation is consistent with previous reports [88, 272].

Calcium values collected by Mathews et al. (2012) were much less than calcium collected for
corresponding GAG treatments at the same three week time point observed here, indicating
an increase in the potential of cells in this study to differentiate and mineralise [272]. This
could be however due to variations in the potential of different cell populations to
differentiate and mineralise which come down to numerous factors such as sex, age, general
genetic variation and culture conditions such as supplements and plating density [68, 258,
286-288]. Despite these differences however, we can conclude that DS, HS and heparin
supplementation do increase MSC differentiation/mineralisation.

Patient derived GAGs from MPS I, MPS II and MPS VI, when added to MSCs, resulted in
decreased mineral production compared to osteogenic MSCs in the absence of GAG. Mineral
deposition through von Kossa staining was not present until three weeks post osteogenic
induction with all GAGs, and remained much lower over the five weeks. MPS II had the
highest mineral deposition out of the three GAG treatments with MPS I and MPS VI having
similar levels. However, all three resulted in decreased calcium levels five weeks post
osteogenic induction. Calcium assays, although similarly showed decreased mineralisation,
showed overall different comparisons between the three GAGs. There were similar calcium
levels between MPS I and MPS II treated cultures. MPS VI contained the lowest calcium
levels which peaked at four weeks post osteogenic induction, while MPS I and MPS II were
still slowly increasing until five weeks post osteogenic induction. This is the first reported
data of the effects of MPS derived GAGs on MSC differentiation into osteoblasts. MPS I,
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MPS II and MPS VI patients all present with decreased bone mass, with BMD z-scores of
MPS I (-6.51), MPS II (-2.34) and MPS VI (-2.57) when compared to normal indicating
osteopenia [26]. Due to these values, we expected that the addition of GAGs from these
disorders in vitro would result in decreased bone formation and mineralisation. Since the
accumulated GAGs in these MPS disorders consist of undegraded DS and or HS, we can
propose that it is the structures resulting from the incomplete degradation of these GAGs that
causes a decrease in MSC osteogenic differentiation and mineralisation in vitro since
commercial HS and DS increased MSC osteogenic differentiation and mineralisation.

To further elucidate how these GAGs affect MSC differentiation, gene expression of several
key osteogenic genes at various stages of differentiation was determined, as well as ALP
levels which is a common measure of osteoblast activity.

Runx2 is an early osteoblast marker gene which is necessary for MSCs differentiation into
osteoblasts [86, 276], as shown by the lack of osteoblasts formation in a Runx2-null cell line
[80]. Expression of Runx2 is reported to be elevated in immature osteoblasts and then
silenced in mature osteoblasts when mineralisation begins (Figure 3.10) [289, 290]. Slight
increases in Runx2 expression were observed at one and five weeks post osteogenic
induction in MSCs differentiating in the absence of GAG but no significance was seen. MPS
II and MPS VI GAG caused increased expression, especially at early time points while MPS
I, DS, HS and heparin all had decreased Runx2 expression, with HS and heparin being
significantly decreased.

Runx2 is a transcription factor for numerous genes involved in organic matrix formation such
as COL1A1, OCN and IBSP which are all switched on at varying times during osteoblast
maturation and osteoblast mineralisation. COL1A1 encodes the major component of Type 1
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Figure 3.10: Expression profiles of osteogenic markers.
Expression profiles of Runx2, IBSP, OCN, ALP and COL1A1 and calcium
production during MSC differentiation into osteoblasts and then osteocytes. The
tip of the black triangles represents the point where expression of production
peaks.
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collagen, the most abundant organic protein in bone and is laid down in the matrix as a
precursor to mineral deposition [291]. COL1A1 expression and production is linked with
ALP activity which increase proportionally to each other [292]. The results presented here,
however, show decreased COL1A1 expression and increasing ALP production in
differentiating MSCs in the absence of GAG (Figure 3.4 and 3.5). Shafiee et al. (2011) also
reported decreasing COL1A1 expression over time, with increased ALP, calcium and Runx2
expression [293]. ALP activity peaks during early osteoblast maturation when a collagen
matrix is being created, after which activity is decreased when the collagenous matrix is
being mineralised [294].

Variation between MSC cell lines could indicate that MSCs in this study differentiated at an
early point. As a result the collagen matrix could potentially be already formed by one week
post osteogenic induction and COL1A1 is then down regulated in its expression over the
remaining period while ALP production begins to plateau. Matthews et al. (2012) showed
that MSCs, whether treated with DS, heparin or no GAGs, had a spike in ALP levels and
then decreased to levels seen in osteogenic MSCs in the absence of GAG. Furthermore, DS
had a lower ALP peak, but higher levels at other time points compared to MSCs in the
absence of GAG, while heparin remained unchanged [272]. This is in contrast to the results
of chapter three, which show constantly decreased ALP levels compared to osteogenic
controls for both DS and heparin, although heparin does have similar levels compared to
osteogenic controls at five weeks post osteogenic induction.

COL1A1 expression as a result of supplementation with MPS I, DS, HS and heparin
progressively decreased with time as did ALP levels. Both COL1A1 expression and ALP
levels were lower than in the absence of GAG. In contrast MPS II and MPS VI GAG resulted
in elevated ALP compared to the MSCs differentiating into osteoblasts in the absence of
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GAG and overall ALP levels increased from one to five weeks post osteogenic induction.
Although COL1A1 expression was not elevated as a result of MPS II and MPS VI GAG,
expression levels were stable unlike the other GAGs.

This is not the first time ALP levels have been found to increase without a peak [295, 296]. A
lack of an ALP peak in this data, as well as that of Quarles et al. (1992) and de Peppo et al.
(2010) could be because ALP levels were not analysed at shorter intervals, with other
research observing a narrow time scale of as little as 2-4 days at which ALP levels peak and
then decreases [297]. Due to a lack of data from Mathews et al. (2012) looking at calcium
and von Kossa staining at multiple time points, it is difficult to make any further
comparisons.

Overall, increases in Runx2 and ALP, particularly at late stages as seen due to MPS II and
MPS VI GAG could be due to the inability of immature osteoblasts to fully mature, unlike
that of other GAGs such as DS, HS and heparin which had decreases in Runx2 and ALP
indicating earlier maturation.

OCN and IBSP are non-collagenous proteins in the organic matrix which are believed to act
as a docking station for apatite crystals and are highly expressed in mature osteoblasts
(Figure 3.10) [97, 98]. This study observed no changes in OCN expression but large variation
in IBSP expression. Over the five week time period, IBSP expression was significantly
elevated at one and five weeks post osteogenic induction in MSCs differentiating into
osteoblasts in the absence of GAG. MPS II and MPS VI GAGs resulted in the up regulation
of IBSP expression at all weeks tested, while MPS I, DS, HS and heparin had decreased
expression. This decrease in expression was most pronounced at five weeks post osteogenic
induction, where expression was greatly reduced, with no expression observed at three and
76

five weeks post osteogenic induction for heparin treated MSCs. OCN expression was largely
unchanged with addition of GAG, with 2-fold increases at three weeks post osteogenic
induction due to MPS I GAG, DS and HS.

These results overall indicate that DS, HS and heparin all stimulate MSC differentiation into
osteoblasts and mineralise, although at a much earlier time point than differentiating MSCs in
the absence of GAG. MPS I GAG resulted in lower mineralisation potential, but had similar
gene expression and ALP profiles as DS, HS and heparin, which could indicate that the
addition of MPS I GAG in vitro, does not prevent MSCs from differentiating but inhibits
mineralisation of the organic matrix. How this inhibition might work will need to be further
looked at.

MPS II and MPS VI GAG which also decreased mineralisation potential of hBM MSCs,
presented with elevated ALP and Runx2, indicating that perhaps these two GAGs do not
affect MSC differentiation, but either keep osteoblasts in an immature state or inhibit
mineralisation of the collagen matrix, since mineralisation cannot take place unless ALP
levels are decreased [294]. Furthermore, it is possible that MPS II and MPS VI GAG could
be inhibiting apatite formation, resulting in increased IBSP expression as a positive feedback
loop. Overall, these results indicate that MPS II and MPS VI GAG result in decreased
differentiation/mineralisation capacity of MSCs, but do not seem to be acting via the same
mechanism as MPS I GAG.

In conclusion, this study shows for the first time, the effects of MPS accumulated GAGs on
MSC differentiation into osteoblasts and compared their effects to that of commercially
available HS, DS and heparin. This study found that HS, DS and heparin increased von
Kossa staining and calcium deposition, while all three MPS derived GAGs had decreased
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von Kossa staining and calcium deposition. ALP levels were reduced in MPS I, DS, HS and
heparin treated MSCs indicating that differentiation occurred very early in culture.
Contrastingly, it was elevated in MPS II and MPS VI indicating that these GAGs resulted in
potentially extended differentiation period followed by inhibition of mineralisation. Finally,
gene expression data confirmed the similarity of MPS I, DS, HS and heparins effects on
MSC differentiation into osteoblasts with decreased Runx2 expression, while MPS II and
MPS VI GAG had elevated Runx2 expression. Furthermore the expression profiles of
COL1A1, OCN and IBSP due to MPS I GAG looked more similar to DS, HS and heparin
than that of MPS II and MPS VI GAG. Overall, these findings suggest that MPS I does not
appear to inhibit MSC differentiation/mineralisation in the same manner that MPS II and
MPS VI GAG do. However, it does appear to affect mineralisation potential of the cultures.
It is evident that despite MPS I, MPS II and MPS VI GAG being composed of DS and or HS
molecules, the changes in their structures affects the differentiation and mineralisation
potentials of MSCs, however the mechanisms behind this are yet to be elucidated.

These results make it difficult to determine whether the GAGs tested are affecting end
mineralisation levels through MSC differentiation or the mineralisation process by
osteoblasts. To obtain further insight into this question, the next chapter will focus on the
mineralisation process by determining the effects of these same GAGs on the mineralisation
of a human primary osteoblast cell line.
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Chapter Four
The Effect of MPS Glycosaminoglycans on
Osteoblast Maturation and Mineralisation
___________________________________________________________________________
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4.1. Introduction
Osteoblasts are responsible for the production of bone through forming an organic matrix of
predominantly collagenous material, mixed with non-collagenous proteins such as
osteopontin, osteocalcin and bone sialoprotein [79, 298, 299]. By laying down this organic
layer, it provides a scaffold which can be mineralised by the formation of hydroxyapatite by
mature osteoblasts, giving bone its strong and rigid structure [34, 97].

As outlined in the previous chapter, osteoblasts are generated from mesenchymal stem cells.
Initially MSCs differentiate into immature osteoblasts and then into mature osteoblasts which
produce bone [60, 295, 300]. Finally they differentiate into osteocytes where they form a
canal system through the bone and act in numerous roles such as detecting bone fractures,
destroying bone through osteolysis and transmitting signals [301-303].

Similarly to MSCs, the mechanisms behind abnormal osteoblast maturation and
mineralisation in MPS disorders are still largely unknown, and determining the effect of the
accumulated GAGs on the functions of osteoblasts may provide some insight into how we
can treat bone pathologies found in MPS patients.

HS and heparin have been well studied with regard to their effects on osteoblasts. Due to
specific sulfation patterns observed in these GAGs (chapter 1.4.5.1), they have been found to
bind to proteins such as Wnts and BMPs at specific heparan binding sites (weintraub motifs)
[133, 175]. Numerous studies have shown that HS and heparin binding to BMPs results in
increased bone formation, providing there is 6-O and N-sulfated residues, as this aids in
dimerisation of BMP molecules [88, 139, 274]. When these 6-O and N-sulfated HS GAGs
are removed through treatment with NaClO3, the osteogenic potential is inhibited [132, 138,
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304]. These types of interactions may be widespread and the specific non-reducing ends of
MPS GAGs which are different to normal GAGs in may alter their interactions with proteins.

This chapter aims to determine the effects of MPS I, MPS II and MPS VI patient derived
urinary GAGs, as wells as commercially available HS, DS and heparin on the ability of
human osteoblasts to mature and mineralise in vitro. Similar to the MSCs in the previous
chapter, this will give us insight into what pathways are affected by these GAGs which affect
mineral formation, resulting in changes to bone mass within MPS disorders.

4.2. Results
As with the hBM MSCs, human osteoblast cells were seeded into 96-well plates at 8,000
cells/well and allowed to adhere for 24 hours in αMEM complete media (chapter 2.1.1) and
then treated with mineralisation media (chapter 2.1.3) twice weekly for five weeks.
Osteogenic cells were treated with 5μg/mL (concentration determined from Chapter three) of
GAG at each change of media and effects of GAG on osteoblast maturation and
mineralisation were analysed by von Kossa staining (chapter 2.3.1), calcium quantification
(chapter 2.3.2) and ALP assays (chapter 2.3.3). The expression of several key
osteoblastogenic genes (chapter 2.4) at one, three and five weeks post mineral induction was
also determined.

4.2.1. von Kossa Staining
To determine the extent of mineralisation by human osteoblasts, von Kossa staining was
determined at weekly intervals. In the absence of added GAG, mineral deposition was seen
as early as one week post mineral induction, with small nodules beginning to form (Figure
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4.1). Mineral deposition increased in the next two to three weeks and remained at a similar
level thereafter.

Osteoblasts treated with HS showed reduced von Kossa staining at three weeks post mineral
induction compared to mineralising osteoblasts in the absence of GAG, but no observable
difference was seen at five weeks. Osteoblasts treated with DS and heparin had stronger
staining after five weeks compared to the mineralising osteoblasts in the absence of GAG.
Heparin in particular had increased staining at four and five weeks post mineral induction
and had the greatest mineralisation intensity of all GAG treatments.

The addition of MPS I and MPS II GAG delayed mineralisation, with subjectively decreased
staining observed at two weeks post mineral induction compared to mineralising osteoblasts
in the absence of GAG. Staining by four and five weeks post mineral induction however, was
comparable to mineralising osteoblasts in the absence of GAG. Addition of MPS VI GAG
resulted in subjectively observed decreases in staining at all weeks compared to mineralising
osteoblasts in the absence of GAG.

4.2.2. Calcium Production
To quantify the level of mineralisation, calcium levels were analysed at weekly intervals for
five weeks and normalised to cell protein (chapter 2.3.2).

Osteoblasts cultured in the absence of GAGs had minimal calcium levels after one week post
mineral induction. A large increase in calcium was observed two weeks post mineral
induction and then continued to accumulate gradually until plateauing from three weeks post
mineral induction (Figure 4.2).
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Figure 4.1: Von Kossa staining of osteoblasts in mineralisation media with
and in the absence of added GAG.
Osteoblasts were cultured in mineralisation media supplemented with 5µg/mL of
MPS I, MPS II and MPS VI GAG, DS, HS and heparin. Cells were fixed at
weekly intervals (weeks 1-5) and von Kossa stained to determine mineral
deposition within cultures as seen by black nodules. Photos taken at 6X
magnification, scale bar= 50μm.
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DS treated osteoblasts (Figure 4.2A) had significantly lower calcium deposition observed at
two weeks post mineral induction compared to that seen in the absence of GAG. Lower
calcium levels persisted until five weeks post mineral induction but did not reach
significance. Osteoblasts treated with HS (Figure 4.2B) had lower levels of calcium between
two to five weeks post mineral induction, although levels were only significantly lower from
two to four weeks post mineral induction compared to mineralising osteoblasts in the absence
of GAG. Treatment with heparin resulted in no changes to calcium levels compared to
mineralising osteoblasts in the absence of GAG (Figure 4.2C).

MPS I and MPS VI treated osteoblasts (Figure 4.2D and F) had significantly lower calcium
levels at two weeks and two and three weeks post mineral induction respectively, but
increased over the remaining weeks and by five weeks post mineral induction, calcium levels
were equivalent to mineralising osteoblasts in the absence of GAG. Osteoblasts treated with
MPS II GAG had the lowest potential to form a mineralised matrix (Figure 4.2E) and was
significantly reduced from two weeks post mineral induction onwards.

4.2.3. Alkaline Phosphatase
Alkaline phosphatase (ALP), an indicator of osteoblast activity was measured at weekly
intervals (Figure 4.3). In the absence of added GAG, the level of ALP was similar to that of
cells cultured in non-mineralising media over the first three weeks of culture, and then a
significant increase in ALP levels were seen at four weeks post mineral induction. ALP
levels peaked at four weeks and then decreased at five weeks post mineral induction.

DS treated osteoblasts (Figure 4.3A) did not reach the peak ALP levels observed in
osteogenic controls at four weeks post mineral induction despite levels being higher at early
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Figure 4.2: Calcium levels in mineralising osteoblasts treated with GAGs.
Osteoblasts were cultured in 96-well plates in mineralisation media supplemented
with 5µg/mL of A) DS B) HS C) heparin D) MPS I GAG E) MPS II GAG and F)
MPS VI GAG. At weekly time points, calcium was collected from independent
wells and assayed. Results are presented as the mean ± SEM of n=3 replicates for
differentiated without GAG (----) and for differentiated with gag (▬).
* indicates significant difference GAG versus no GAG (P<0.05, one-way
ANOVA, Tukey’s post-hoc test).
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time points of two and three weeks post mineral induction. HS had very similar results to
mineralising osteoblasts in the absence of added GAG with similar levels of ALP at all
weeks tested (Figure 4.3B), however, there was an increase in ALP levels at three weeks post
mineral induction without reaching significance. Heparin treatment (Figure 4.3C) resulted in
the same ALP profile over the five weeks compared to cells in the absence of added GAG.
MPS I treated osteoblasts (Figure 4.3D) followed the same overall trend as osteogenic
controls in the absence of GAG, with a spike in levels observed at four weeks post mineral
induction, although it was lower than mineralising osteoblasts in the absence of GAG but
was not significant.

MPS II and MPS VI GAG treated osteoblasts (Figures 4.3E and 4.3F) had the greatest effect
on osteoblast ALP levels. Whereas mineralising osteoblasts in the absence of GAG had an
ALP peak at four weeks post mineral induction, both MPS II and MPS VI GAG resulted in
an earlier peak at three weeks. ALP remained at these levels until five weeks post mineral
induction. MPS II and MPS VI GAG treated osteoblasts had significant elevation in ALP
levels at both three and five weeks post mineral induction, while MPS VI GAG resulted in
more prolonged elevation in ALP levels with significant increases in ALP levels as early as
two weeks post mineral induction compared to mineralising osteoblasts in the absence of
GAG.

4.2.4. Gene Expression of Osteogenic Genes
The expression of several key genes involved in osteoblast maturation and mineralisation
(Figure 3.10) were analysed in response to the addition of different GAGs over a five week
period. Expression of each gene was analysed at one, three and five weeks post mineral
induction.
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Figure 4.3: ALP levels in mineralising osteoblasts treated with GAGs.
Osteoblasts were cultured in 96-well plates in mineralisation media supplemented
with 5µg/mL of A) DS B) HS C) heparin D) MPS I GAG E) MPS II GAG and F)
MPS VI GAG. Cell lysates were collected at weekly intervals and assayed for
ALP. Results are presented as the mean ± SEM of n=3 replicates for differentiated
without GAG (----) and for differentiated with GAG (▬).
* indicating significant difference between GAG versus no GAG (P<0.05, oneway ANOVA, Tukey’s post-hoc test).
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4.2.4.1. Runx2
Runx2 is a transcription factor essential for MSC differentiation into osteoblasts and early
osteoblast maturation [80]. Expression is known to decrease in mature osteoblasts and during
the osteoblast mineralisation process. Runx2 expression levels in mineralising osteoblasts in
the absence of GAGs compared to non-mineralising osteoblasts showed that expression was
comparable between the two cultures at one and five weeks, with a significant decrease in
expression at three weeks post mineral induction (Figure 4.4).

DS, HS and heparin treated osteoblasts had similar expression profiles. Runx2 expression
decreased at one and five weeks post mineral induction and expression was similar to
mineralising osteoblasts in the absence of GAG at three weeks post mineral induction.
Heparin in particular resulted in significantly decreased Runx2 expression at five weeks post
mineral induction (Figure 4.5).

The addition of MPS I and MPS II GAG did not affect Runx2 expression, with only modest
increases in expression of up to 1.4-fold by five weeks post mineral induction. MPS VI GAG
however, had elevated expression levels at three and five weeks post mineral induction of
approximately 1.7-fold which reached significance at five weeks post mineral induction
(Figure 4.5).

4.2.4.2. COL1A1
COL1A1 expression in mineralising osteoblasts in the absence of GAG was unchanged at
one and five weeks post mineral induction compared to non-mineralising osteoblasts (Figure
4.4). There was however, a significant decrease in expression at three weeks post mineral
induction of approximately 0.3-fold compared to non-mineralising osteoblasts.
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Figure 4.4: Expression of osteogenic genes during osteoblast mineralisation in
the absence of GAG.
Osteoblasts were cultured in 96-well plates in mineralisation media and results
compared to osteoblasts in growth media as a fold change. Results were plotted
against each other at one week (black), three weeks (grey) and five weeks (white)
at the mean of n=3 with SEM.
* indicates significant difference differentiated versus undifferentiated (P<0.05,
one-way ANOVA, Tukey’s post-hoc test).

89

2.0
*

1.8

Fold change compared to no gag

1.6
1.4
1.2
1.0
0.8

*

0.6
0.4
0.2
0
DS

HS

HEP

MPS I

MPS II

MPS VI

Figure 4.5: Runx2 gene expression in mineralising osteoblasts in the
presence of added GAGs.
Osteoblasts were cultured in 96-well plates in mineralisation media
supplemented with 5µg/mL of GAG. Results were compared to osteoblasts in
the absence of gag as a fold change. results were plotted for one (black), three
(grey) and five (white) weeks post mineral induction at the mean of n=3 ±
SEM.
* indicates significant difference GAG versus no GAG (P<0.05, one-way
ANOVA, Tukey’s post hoc test).
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No significant changes in expression of COL1A1 were seen in osteoblasts treated with the
various GAGs over the first three weeks post mineral induction compared to mineralising
osteoblasts in the absence of GAG. The greatest changes were seen in osteoblasts
supplemented with MPS II, MPS VI and HS which resulted in increases in expression of
above 1.5-fold at three weeks (not significant) (Figure 4.6). Five weeks post mineral
induction showed the lowest expression levels for each GAG tested, with MPS VI GAG, DS,
HS and heparin all resulting in a decreased expression of as high as 0.5-fold. No significant
changes in expression were observed.

4.2.4.3. Osteocalcin
Osteocalcin (OCN) expression in mineralising osteoblasts in the absence of GAGs was
relatively unchanged after one week post mineral induction compared to non-mineralising
osteoblasts (Figure 4.4). Expression levels then significantly decreased at three and five
weeks post mineral induction to approximately 0.5-fold.

Similar to Runx2 expression, DS, HS and heparin resulted in early decreases in OCN
expression at one week post mineral induction (Figure 4.7). Expression increased at three
weeks post mineral induction, with DS in particular elevated above that of mineralising
osteoblasts in the absence of GAG before returning to normal levels at five weeks post
mineral induction. HS and heparin had further decreases in expression with heparin reaching
significance after five weeks post mineral induction compared to mineralising osteoblasts in
the absence of GAG.

MPS GAGs did not significantly alter OCN expression. MPS I GAG had the highest increase
in expression of about 1.5-fold at three weeks post mineral induction and a lowest decrease
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of about 0.7-fold at one week post mineral induction compared to mineralising osteoblasts in
the absence of GAG. MPS II and MPS VI GAG treated osteoblasts were comparable to
mineralising osteoblasts in the absence of GAG.

4.2.4.4. Bone Sialoprotein
IBSP was found to be highly variable in its week to week expression in mineralising
osteoblasts in the absence of GAG. Expression was decreased by 0.5-fold at one week and
then continued to decrease and were significantly lower than non-mineralising osteoblasts at
three and five weeks post mineral induction (Figure 4.4).

MPS I GAG, DS and HS did not affect IBSP expression over the five week period compared
to the mineralising osteoblasts in the absence of GAG. Heparin treated osteoblasts resulted in
significantly decreased IBSP expression at all-time points tested compared to mineralising
osteoblasts in the absence of GAG. MPS II and MPS VI GAG treated osteoblasts had
significantly elevated IBSP expression compared to osteogenic controls at both three and five
weeks post mineral induction with increases in expression ranging from 31 to 38-fold. The
early time point of one week post mineral induction for these GAGs showed MPS II had over
a 0.5-fold decrease in IBSP expression compared to mineralising osteoblasts while MPS VI
GAG treated osteoblasts was unaltered (Figure 4.8).

4.2.5. Analysis of Normal and MPS VI Osteoblasts
In addition to elevated extracellular levels of GAG, MPS osteoblasts also accumulate high
levels of intracellular GAG within lysosomes [284, 305].

In order to determine if

intracellular GAG has a similar effect to extracellular GAG, osteoblasts from MPS VI
patients and healthy donor osteoblasts, were seeded into 96-well plates at 93,750 cells/cm2
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Figure 4.6: COL1A1 expression in mineralising osteoblasts in the presence of
added GAGs.
Osteoblasts were cultured in 96-well plates in mineralisation media supplemented
with 5µg/mL of GAG. Results were compared to osteoblasts in the absence of
added gag as a fold change. Results were plotted one (black), three (grey) and five
(white) weeks post mineral induction at the mean of n=3 with SEM.
* indicates significant difference GAG versus no GAG (P<0.05, one-way
ANOVA, Tukey’s post hoc test).
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Figure 4.7: Osteocalcin expression in mineralising osteoblasts in the presence
of added GAGs.
Osteoblasts were cultured in 96-well plates in mineralisation media supplemented
with 5µg/mL of GAG. Results compared to osteoblasts in the absence of added
gag as a fold change. Results were plotted for one (black), three (grey) and five
(white) weeks post mineral induction at the mean of n=3 with SEM.
* indicates significant difference GAG versus no GAG (P<0.05, one-way
ANOVA, Tukey’s post-hoc test).
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Figure 4.8: Bone sialoprotein expression in mineralising osteoblasts in the
presence of added GAGs.
Osteoblasts were cultured in 96-well plates in mineralisation media supplemented
with 5µg/mL of GAG. Results were compared to osteoblasts in the absence of
added gag as a fold change. Results were plotted for one (black), three (grey) and
five (white) weeks post mineral induction at the mean of n=3 with SEM.
* indicates significant difference GAG versus no GAG (P<0.05, one-way
ANOVA, Tukey’s post-hoc test).
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and allowed to adhere for 24 hours in αMEM complete media (chapter 2.1.1). Osteoblasts
were treated with mineralisation media (chapter 2.1.3) twice weekly for five weeks. At each
week, cells were stained with von Kossa (chapter 2.3.1), calcium and ALP levels were
determined (chapter 2.3.2 and chapter 2.3.3). Gene expression of the key osteogenic genes
(Chapter 2.4) analysed in previous sections were analysed over three weeks.

4.2.4.1. Mineralisation Potential of Normal and MPS VI.
4.2.4.1.1. von Kossa Staining
Von Kossa staining for mineralisation in normal and MPS VI osteoblasts was carried out at
weekly time points for five weeks (Figure 4.9). The results showed that both normal and
MPS VI osteoblasts had observable staining at three weeks post mineral induction, however
the intensity was much less in MPS VI osteoblasts. After five weeks mineral induction, MPS
VI osteoblasts had significantly reduced levels of mineral deposition compared to normal
osteoblasts.

4.2.4.1.2. Calcium Assay
Calcium assays were performed to quantify the extent of mineralisation observed through
von Kossa staining (Figure 4.10). Bothe normal and MPS VI osteoblasts had low levels of
calcium at one and two weeks post mineral induction. Significant increases in calcium were
observed at three and four weeks post mineral induction for both normal and MPS VI
osteoblasts before production plateaued by five weeks post mineral induction. Although both
increased over time, MPS VI calcium levels were significantly lower than normal calcium
levels from three to five weeks post mineral induction.
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Figure 4.9: Von Kossa staining of normal and MPS VI human osteoblasts.
Osteoblasts were cultured in osteoblast mineralisation media to allow cells to
form mineral nodules. At weekly intervals, cells were fixed and von Kossa
stained for mineral as seen by brown/black mineral nodules. Photos of wells
were taken at 10X magnification, scale bar=50μm.
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Figure 4.10: Calcium production of normal and MPS VI mineralising
osteoblasts.
Normal (▬) and MPS VI (---) human osteoblasts were cultured in 96-well
plates in mineralisation media. Results are presented as the mean ± SEM of n=2.
* indicates significant difference of normal versus MPS VI osteoblasts. (P<0.05,
one-way ANOVA, Tukey’s post-hoc test).
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4.2.4.2. Alkaline Phosphatase
ALP levels were measured on cell layer extracts of mineralising normal and MPS VI
osteoblasts at weekly intervals for five weeks (Figure 4.11). Normal osteoblasts had steady
ALP levels from one to three weeks post mineral induction. ALP levels peaked at four weeks
and similar levels were seen at five weeks post mineral induction.

MPS VI osteoblasts had its highest ALP levels observed one week post mineral induction
and decreased over two and three weeks and plateaued until five weeks post mineral
induction. ALP levels were therefore significantly lower than normal osteoblasts at all-time
points.

4.2.4.3. Gene Expression
As with the addition of GAGs to normal osteoblasts, the expression of Runx2, COL1A1,
IBSP and OCN were analysed in mineralising MPS VI osteoblasts (Figure 4.12). Three
weeks was found to be sufficient time to see differences between normal and MPS VI
osteoblasts based on von Kossa staining and calcium levels (section 4.2.4.1.1 and 4.2.4.1.2).
Runx2 expression was significantly down regulated at all-time points compared to normal
osteoblasts, as was COL1A1 expression. COL1A1 expression, although significantly lower
compared to normal osteoblasts, did increase its overall expression from a 0.10 fold decrease
to a 0.45-fold decrease compared to normal osteoblasts. Mature osteoblast markers IBSP and
OCN which normally increase with mineralisation in normal osteoblasts had different results
to each other. IBSP had significantly decreased expression over the three weeks with less
than 0.1-fold levels compared to normal osteoblasts while OCN was the only gene tested
which appeared to be unaffected in MPS VI osteoblasts.
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Figure 4.11: ALP levels of normal and MPS VI mineralising osteoblasts.
Normal (▬) and MPS VI (----) osteoblasts were cultured in 96-well plates in
mineralisation media. Results are presented as the mean ± SEM of n=2.
* indicates significant difference of normal versus MPS VI osteoblasts. (P<0.05,
one-way ANOVA, Tukey’s post-hoc test).
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Figure 4.12: Expression of osteogenic genes during MPS VI osteoblast
mineralisation.
MPS VI osteoblasts were cultured in 96-well plates in mineralisation media and
results compared to normal osteoblasts in mineralisation media as a fold change.
Results were plotted one (black), two (grey) and three (white) weeks post mineral
induction at the mean of n=3 with SEM.
* indicates significant difference differentiated versus undifferentiated (P<0.05,
one-way ANOVA, Tukey’s post-hoc test).
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4.3. Discussion
Osteoblasts are responsible for bone formation through a multi stage process which involves
firstly; the formation of an organic matrix of primarily collagenous material, interspersed
with other non-collagenous proteins such as osteopontin, osteocalcin and osteonectin [34, 79,
298]. This organic matrix is then mineralised by the formation of hydroxyapatite crystals to
form a strong, rigid bone matrix. Bone serves as an endoskeleton, providing structure and
stability to the body, as well as sites for the attachment of muscles and tendons and storage.
Bone is also the main site for the storage of calcium and phosphate [31, 291]. Disorders
arising from either the absence of osteoblasts or deficiencies in the metabolism of normally
functioning osteoblasts leads to a range of phenotypes. These include homozygote death,
osteopenia, osteoporosis, osteopetrosis, osteomalacia and osteogenesis imperfecta [91, 306,
307].

Chapter three demonstrated that the addition of MPS GAGs to MSCs differentiating into
osteoblasts resulted in decreases to the overall differentiation/mineralisation potential, in
contrast to commercially available GAGs which increase differentiation/mineralisation.
However, MPS I GAG appeared to work through a different mechanism to MPS II and MPS
VI. This chapter extends these results to determine how the same GAGs affect osteoblast
maturation and mineralisation. This will help identify whether mineralisation is affected due
to MSC differentiation or osteoblasts maturation/mineralisation.

The effects of HS and heparin have been shown to interact with intra cellular signalling by
interacting with the bone morphogenic protein pathway and Wnt signalling pathways. HS
and heparins have also shown to increase in vitro mineralisation and in vivo bone formation
[138, 146, 268, 308]. Increased osteoblast activity and mineralisation by HS and heparin
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supplementation has been observed to drive osteoblast maturation, through interactions with
proteins such as FGF-2 and BMPs [138, 309]. These interactions, particularly with BMPs,
result in activation through dimer formation which inhibits BMP binding to cell membranes
and supports bone formation [139, 282]. Furthermore, these binding activities of HS and
heparin have been identified to act via 6-O and N-sulfated moieties [138]. The effects of DS
on osteoblasts however are very limited and further research needs to be carried out to
understand DS interactions in more detail.

Previously published reports showed that, heparin supplementation can have opposite effects
on osteoblast mineralisation depending on the concentration, with 0.5µg/mL promoting
mineralisation while 5µg/mL can inhibit the mineralisation potential of osteoblasts [310] . In
contrast, final calcium levels within this chapter showed no significant changes due to
5µg/mL of heparin compared to osteoblasts in the absence of GAG. However, this
concentration dependant effect may be cell line specific. MPS II, DS and HS had similar von
Kossa staining intensities compared to mineralising osteoblasts in the absence of GAG, but
quantitatively had significantly decreased calcium levels from two to four weeks, with MPS
II GAG and HS remaining lower at five weeks post mineral induction with MPS II remaining
significantly lower. Similarly, ALP levels due to heparin were unaffected. Unlike calcium
levels however, ALP levels appear to not be affected at high heparin concentrations but are
similarly increased at low concentrations [310].

Previous research however has shown that DS and DSPG accumulation in osteoblasts can in
fact inhibit mineralisation, despite it being in high quantities during ECM formation [311,
312]. DS, HS and heparin have also been previously reported to activate collagenase activity
and breakdown the collagen matrix of calvaria cultures. This means there may be a balance
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between formation and degradation of the ECM which is dominated by degradation early in
culture but shifted to formation late in culture [313-315].

Previously, Owen et al., (1990) demonstrated that osteoblasts move through three different
phase’s in vitro, beginning with cell proliferation followed by matrix development and
mineralisation [316]. The time period for these phases however will vary greatly between
different cell donors, cell passage number, tissue source and starting confluency of the
culture [61, 68, 288, 317]. However, each phase is characterised by the appearance or lack
thereof of ALP, mineralisation/calcium deposition and the expression of a range of various
genes. The cell proliferation phase results in increased Runx2, COL1A1 and ALP expression.
COL1A1 and ALP increases during matrix development while Runx2 expression begins to
decrease. Matrix development also sees the increase in hydroxyapatite anchoring molecules
OCN and IBSP. Finally the mineralisation phase sees increasing OCN and IBSP as well as
increases in calcium while COL1A1 and ALP decrease (Figure 3.10) [318].

The early signs of mineralisation in osteoblasts in the absence of GAG demonstrated by von
Kossa staining at one week post mineral induction indicate that proliferation stages have
ended and matrix development is occurring. Significant increases in calcium and von Kossa
staining by two weeks post mineral induction indicates that the mineralisation phase is in
progress. However, according to calcium quantification, the mineralisation phase is delayed
in the presence of all GAGs with the exception of heparin.

The expression of Runx2, COL1A1 and ALP has been previously found to be expressed in
osteoblasts in both growth and mineralisation media, with IBSP and OCN expression
sometimes present [318]. Due to this expression in both mineralising and non-mineralising
osteoblasts, the significant down regulation of COL1A1 expression in mineralising
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osteoblasts three weeks post mineral induction and levels similar to non-mineralising cells at
other weeks indicate that collagen formation in mineralising osteoblasts may be complete by
three weeks post mineral induction. This may account for the decrease in expression that is
seen. Similarly, Runx2 expression was significantly down regulated after three weeks post
mineral induction in mineralising osteoblasts, indicating mature osteoblast formation after
which Runx2 expression is generally decreased.

The addition of MPS VI GAG increased Runx2 expression, with significance observed at
five weeks post mineral induction. MPS I and MPS II GAG also resulted in increases in
Runx2 expression after five weeks post mineral induction but not to the extent of that caused
by MPS VI GAG. This indicates that these three GAGs may keep osteoblasts in an immature
state, with this effect most prominent due to MPS VI GAG. Runx2 expression was decreased
in the presence of DS, HS and heparin at one and five weeks post mineral induction. Heparin
however, which resulted in the highest von Kossa staining intensity, as well as calcium levels
similar to osteoblasts in the absence of GAG, had significantly decreased Runx2 expression
at five weeks post mineral induction, as well as decreased COL1A1 expression, indicating
that heparin is the strongest promoter of mineralisation due to promoting osteoblast
maturation.

OCN and IBSP have been described as exclusive mature osteoblast markers and are critical
in the mineralisation process [299, 318, 319]. IBSP in particular is known to bind apatite
crystals and therefore recruit them to the ECM in order to mineralise the ECM [97, 98].
Furthermore, in osteoblasts that are unable to mineralise, it has been found that IBSP levels
increase in the media [99]. This may be due to over production of IBSP as a feedback
mechanism to overcome the lack of mineralisation. Significant increases in IBSP expression
as a result of MPS II and MPS VI GAG, which combined with a decrease in von Kossa
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staining and calcium quantification (although only early on in MPS VI treated cells) could be
explained by this IBSP feedback mechanism. Furthermore, early and prolonged ALP levels
support the hypothesis that MPS II and MPS VI GAG may prevent osteoblasts from terminal
osteoblast differentiation and prevent them from mineralising.

Contrastingly, MPS VI osteoblasts had observable decreases in von Kossa staining and
calcium production from three weeks post mineral induction onwards compared to normal
osteoblasts. MPS VI osteoblasts also had significant decreases in ALP levels at all-time
points. The significant decreases in Runx2 and IBSP expression observed in MPS VI
osteoblasts is in contrast to the increased expression observed when MPS VI GAG is added
to normal osteoblasts. Overall, it is clear that both result in decreased mineralisation
potential, however the mechanism appears to be different. Further research will need to be
completed to determine the differences, but it was hypothesised that the differences in GAG
availability between the two systems might play an important role. The addition of GAGs to
osteoblasts cultures will act on the surface of cells and therefore any effects on cellular
signalling will be as a result of extracellular signals. Alternatively, high concentrations of
intrinsic GAG in MPS VI osteoblasts, may inhibit osteoblast maturation and mineralisation
to a far greater extent because it interferes directly with intracellular signalling by potentially
inhibiting Wnt signalling and BMP signalling pathways.

In conclusion, it was found that all GAGs tested except for heparin resulted in early
decreases in calcium levels compared to mineralising osteoblasts in the absence of GAG,
with terminal calcium levels being lowest in the presence of MPS II GAG. ALP levels and
gene expression data combined with calcium quantification showed that all osteoblasts were
able to mature and the lack of mineralisation in the presence of MPS II and MPS VI GAGs in
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particular may stem from an issue with apatite crystal formation, rather than osteoblast
maturation.

The previous two chapters have analysed the effects of MPS GAGs and commercial GAGs
on both MSC differentiation and osteoblast mineralisation, showing that each GAG affects
these processes in their own unique way. The next chapter will examine the Wnt signalling
pathways during these same processes and whether these GAGs interfere with the Wnt
signalling pathway.
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__________________________________________________

Chapter Five
Effects of MPS GAGs on Wnt Signalling During
Osteoblast Differentiation and Mineralisiation
__________________________________________________
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5.1. Introduction
The Wnt signalling pathway is a multifaceted pathway which allows the transduction of
signals from outside the cell for actions such as; cell proliferation, stem cell differentiation,
cell polarity and early embryo development [147-151, 153]. Wnt signalling is known to play
a key role in MSC regulation (maintaining the stem cell properties) and differentiation. An
increase in proliferation and a decrease in differentiation occur with the addition of the
canonical Wnt3a molecule, while the opposite occurs with the addition of the non-canonical
Wnt5a, indicating different roles of the canonical and non-canonical pathways [147, 257,
258, 320]. Furthermore, canonical Wnt signalling must be switched off in order for osteoblast
differentiation to occur, shown through a decrease in signalling [256].

The roles of DS, HS and heparin on Wnt signalling have been well documented, with HS
binding domains present on canonical Wnts, as well as the non-canonical Wnt, Wnt5b [175].
Sulfation patterns in particular, have important actions on binding properties to Wnts, with
certain HS sulfation preventing binding to Wnts, allowing for greater bioavailability [132,
175]. DS was also found to promote canonical Wnt signalling through biglycan and decorin
molecules. These molecules were shown to bind to Wnt3a, WISP1 and LRP6 and increase
TCF/LEF signalling, while biglycan deficient cells reduced this signalling [141, 143].

This chapter aims to elucidate the effects of MPS I, MPS II and MPS VI GAG, as well as
commercially available DS, HS and heparin on Wnt signalling. The effects of these GAGs on
canonical Wnt signalling in HEK293T Broad cells was determined, followed by determining
their effects on MSCs differentiating into osteoblasts and the ability of osteoblasts to mature
and mineralise. Wnt3a and Wnt5a have been previously shown to be responsible for stem
cell and osteoblast proliferation and differentiation, respectively. LRP5 binding to canonical
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Figure 5.1: Wnt signaling during osteoblast differentiation.
Wnt signalling molecules and their roles in MSC differentiation into
osteoblasts. Terminal lines indicate inhibition, black arrows indicate molecules
produced at that point during differentiation and red arrows indicate activating
molecules.
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Wnts is essential for signal transduction, while SFRP2 inhibits both signalling pathways by
binding to Wnts [147, 193, 251, 321]. Wnt7b and DKK2 have been shown to play important
roles in mineralisation onset, with suppression of Wnt7b expression required by DKK2 in
order for mineralisation to occur [262]. The expression of these genes during osteoblast
differentiation and mineralisation will be monitored by analysing expression data at different
time points (weeks one, three and five), with each gene known to be most active at specific
stages of differentiation and mineralisation (Figure 5.1).

By determining changes in Wnt signalling caused by various GAG molecules, the aim is to
elucidate a specific role, and how they may affect MSC differentiation and osteoblast
maturation and mineralisation.

5.2. Results
5.2.2. Wnt Gene Expression Profiles of MSCs and Osteoblasts Treated with GAGs
To determine the effects that GAGs have on Wnt signalling during osteoblast differentiation
and mineralisation in vitro, MSCs and osteoblasts were cultured over five weeks in
osteogenic differentiation media or osteoblast mineralisation media, respectively. Cells were
supplemented with 5μg/mL of MPS I, MPS II and MPS VI GAG and commercially available
DS, HS and heparin. RNA was isolated at one, three and five weeks post osteogenic and
mineral induction and the expression of Wnt signalling genes (Figure 5.2) shown to be
affected at different stages of osteoblast differentiation and mineralisation were analysed.

5.2.2.1. Wnt3a
No significant changes in Wnt3a expression were observed in differentiating MSCs
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Figure 5.2. Gene expression of Wnt related genes in the absence of
added GAG.
Expression of Wnt signalling genes during A) MSC differentiation and B)
osteoblast maturation and mineralisation were determined by culturing cells
in 96-well plates in differentiation media and mineralisation media
respectively with results compared to undifferentiated MSCs and
osteoblasts in growth media as a fold change. Results were plotted against
each other at one week (black), three weeks (grey) and five weeks (white)
at the mean of n=3 with SEM.
* indicates significant difference differentiated versus undifferentiated
(P<0.05, one-way ANOVA, Tukey’s post-hoc test).
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compared to undifferentiated MSCs in the absence of GAG despite increases in expression as
high as 2.30-fold occurring at late stages (Figure 5.2A). MSCs treated with DS and HS had
elevated Wnt3a expression at one and five weeks post osteogenic induction. While the
addition of heparin resulted in an initial elevation in Wnt3a expression one week post
osteogenic induction followed by significantly decreased expression at later time points
(Figure 5.3A). Supplementation of differentiating MSCs with MPS I and MPS II GAGs
decreased Wnt3a expression compared to osteogenic MSCs in the absence of GAG (not
significant). MSCs treated with MPS VI GAG had elevated Wnt3a expression, above that of
DS and HS, at one and five weeks post osteogenic induction, with the highest levels of
expression of 3.0 to 4.0-fold increases compared to osteogenic MSCs in the absence of GAG,
however significance was not reached.

Mineralising osteoblasts cultured in the absence of GAG had elevated Wnt3a expression
(1.60-fold increase) compared to non-mineralising osteoblasts after one week, before
decreasing to levels observed in non-mineralising osteoblasts (Figure 5.2B). Osteoblasts
treated with DS, HS and heparin all had decreased expression at one week post mineral
induction (not significant) (Figure 5.3B). Cells treated with HS had 2.50-fold increases in
Wnt3a expression at later time points but again did not reach significance. Heparin treated
osteoblasts resulted in Wnt3a expression decreasing with time and significantly reduced
expression at five weeks post mineral induction was observed compared to mineralising
osteoblasts in the absence of GAG. Similarly, MPS I, MPS II and MPS VI GAGs resulted in
decreased Wnt3a expression one week post mineral induction (Figure 5.3B). MPS I GAG
increased Wnt3a expression 2-fold five weeks post mineral induction, similar to HS, while
MPS II and MPS VI GAG caused Wnt3a expression to increase to that seen in mineralising
osteoblasts in the absence of GAG, similar to the trend observed due to DS.
113

5.2.2.2. Wnt5a
Differentiating MSCs in the absence of GAG (Figure 5.2A) showed an early 2.0-fold
increase (not significant) after just one week post osteogenic induction, before returning to
levels seen in undifferentiating MSCs. MSCs supplemented with DS and HS (Figure 5.4A)
resulted in a slight increase in expression at three weeks post osteogenic induction, while
heparin treated MSCs resulted in Wnt5a expression decreasing over the five weeks, reaching
significantly decreased expression at three and five weeks post osteogenic induction
compared to osteogenic MSCs in the absence of GAG. Furthermore, Wnt5a expression at
five weeks post osteogenic induction was barely detectable due to heparin addition. MPS I
GAG had similar effects on MSCs to that seen by DS and HS addition, with an increase in
Wnt5a expression at three weeks post osteogenic induction. MPS II and MPS VI GAG
increased Wnt5a expression, reaching significance at five weeks post osteogenic induction
with over 2.0-fold and 4.0-fold increases respectively compared to osteogenic MSCs in the
absence of GAG.

A significant increase in Wnt5a expression was seen at three weeks post mineral induction in
mineralising osteoblasts in the absence of GAG (2.0-fold) compared to non-mineralising
osteoblasts (Figure 5.2B). This was followed by a decrease in expression of 0.5-fold at five
weeks post mineral induction compared to non-mineralising osteoblasts. Osteoblasts
supplemented with DS, HS and heparin (Figure 5.4B) tended to have decreased Wnt5a
expression levels, particularly at the early time point of one week post mineral induction,
where all GAGs resulted in decreased expression compared to the mineralising osteoblasts in
the absence of GAG. Wnt5a expression appeared to be unaffected by DS at later time points.
Heparin treated osteoblasts had significantly decreased Wnt5a expression throughout the
experiment, whilst HS also caused decreased expression at all-time points, reaching
significance at one and three week’s post mineral induction.
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Figure 5.3. Wnt3a expression MSCs and osteoblasts in the presence of
added GAG.
The effects of 5µg/mL of GAG on Wnt3A expression during A) MSC
differentiation and B) osteoblast maturation and mineralisation was
determined by culturing cells in 96-well plates in differentiation media and
mineralisation media respectively with results compared osteoblast
differentiating MSCs and mineralising osteoblasts in the absence of added
GAG as a fold change. Results were plotted for one (black), three (grey)
and five (white) weeks post induction at the mean of n=3 with SEM.
* indicates significant difference between GAG versus no GAG (P<0.05,
one-way ANOVA, Tukey’s post-hoc test).
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Figure 5.4. Wnt5a expression MSCs and osteoblasts in the presence of
added GAG.
The effects of 5µg/mL of GAG on Wnt5A expression during A) MSC
differentiation and B) osteoblast maturation and mineralisation was
determined by culturing cells in 96-well plates in differentiation media and
mineralisation media respectively with results compared osteoblast
differentiating MSCs and mineralising osteoblasts in the absence of added
GAG as a fold change. Results were plotted for one (black), three (grey)
and five (white) weeks post induction at the mean of n=3 with SEM.
* indicates significant difference between GAG versus no GAG (P<0.05,
one-way ANOVA, Tukey’s post-hoc test).
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MPS I and MPS II treated osteoblasts had increasing Wnt5a expression at three weeks
compared to one week post mineral induction (Figure 5.4B), which resulted in final
expression levels being similar to mineralising osteoblasts in the absence of GAG. MPS VI
was the only GAG which resulted in elevated Wnt5a expression compared to mineralising
osteoblasts, with a 2.0-fold increase in expression at five weeks post mineral induction (not
significant).

5.2.2.3. Wnt7b
Wnt7b expression appears to be almost absent at one and three weeks post osteogenic
induction in MSCs in the absence of GAG. Wnt7b expression is first seen at five weeks post
osteogenic induction, with an increase in expression (>1.5-fold) compared to undifferentiated
MSCs, which did not reach significance (Figure 5.2A). The very low levels of Wnt7b
expression early on is further reduced in the presence of DS, HS and heparin (Figure 5.5A).
Wnt7b expression was undetected at five weeks post osteogenic induction for HS and three
and five weeks post osteogenic induction for heparin. Differentiating MSCs supplemented
with MPS I GAG replicated results seen from HS, while MPS II and MPS VI GAG (Figure
5.5A) had a 3.50-fold significant increase in expression at one week post osteogenic
induction before decreasing to levels in osteogenic MSCs in the absence of GAG with MPS
II, and a 2-fold increase in expression with MPS VI addition at five weeks post osteogenic
induction compared to the osteogenic MSCs in the absence of GAG (not significant).

Osteoblasts cultured in mineralisation media in the absence of GAG had significantly
elevated Wnt7b expression (2.0-fold increase) compared to non-mineralising osteoblasts at
one week post mineral induction (Figure 5.2B). Expression decreased to below levels in nonmineralising osteoblasts at three weeks post mineral induction, before again increasing at five
117

weeks post mineral induction (2-fold) compared to non-mineralised osteoblasts (not
significant). Wnt7b expression in mineralising osteoblasts treated with DS was observed to
be very similar to osteogenic MSCs in the absence of GAG until a decrease at five weeks
post mineral induction. There was an increase in expression observed for osteoblasts treated
with HS and heparin at three weeks post mineral induction before a decrease in expression to
below 0.5-fold compared to mineralising osteoblasts in the absence of GAG at five weeks
post mineralisation (Figure 5.5B). MPS I and MPS VI GAGs had little effect on Wnt7b
expression at one week post mineral induction (Figure 5.5B), while MPS II GAG resulted in
a 2-fold increase compared to mineralising osteoblasts in the absence of GAG. All three
GAGs resulted in a 2.0 to 2.5-fold increase in expression at three weeks post mineral
induction and returned to levels observed in mineralising osteoblasts in the absence of GAG.

5.2.2.4. DKK2
The DKK2 expression profile of MSCs differentiating into osteoblasts in the absence of
GAG had similar expression levels as undifferentiating MSCs with a slight increase in
expression of just under 2-fold at five weeks post osteogenic induction (not significant)
(Figure 5.2A). MSCs differentiating into osteoblasts with GAG supplementation (Figure
5.6A) appeared to have the same expression profiles over the five week period tested with
both commercial and MPS GAGs. DKK2 expression after one week post osteogenic
induction was largely unaffected, except for MPS II, which resulted in a greater than 2-fold
increase in expression compared to osteogenic MSCs in the absence of GAG. Expression
levels decreased due to all GAGs and by five weeks post osteogenic induction, significant
decreases in DKK2 expression were observed due to all GAGs, with expression undetected
in MSCs treated with heparin.

118

6.0

A

*

5.0
*

fold change

4.0

3.0

2.0

1.0

0.0
DS

HS

HEP

MPS I

MPS II

MPS VI

gag
7.0
6.0

B

5.0

fold change

4.0
3.0
2.0
1.0
0.0
DS

HS

HEP

MPS I

MPS II

MPS VI

gag

Figure 5.5. Wnt7b expression MSCs and osteoblasts in the presence of
added GAG.
The effects of 5µg/mL of GAG on Wnt7b expression during A) MSC
differentiation and B) osteoblast maturation and mineralisation was
determined by culturing cells in 96-well plates in differentiation media and
mineralisation media respectively with results compared osteoblast
differentiating MSCs and mineralising osteoblasts in the absence of added
GAG as a fold change. Results were plotted for one (black), three (grey)
and five (white) weeks post induction at the mean of n=3 with SEM.
* indicates significant difference between GAG versus no GAG (P<0.05,
one-way ANOVA, Tukey’s post-hoc test).
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Figure 5.6. DKK2 expression MSCs and osteoblasts in the presence of
added GAG.
The effects of 5µg/mL of GAG on DKK2 expression during A) MSC
differentiation and B) osteoblast maturation and mineralisation was
determined by culturing cells in 96-well plates in differentiation media and
mineralisation media respectively with results compared osteoblast
differentiating MSCs and mineralising osteoblasts in the absence of added
GAG as a fold change. Results were plotted for one (black), three (grey)
and five (white) weeks post induction at the mean of n=3 with SEM.
* indicates significant difference between GAG versus no GAG (P<0.05,
one-way ANOVA, Tukey’s post-hoc test).
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Mineralising osteoblasts cultured in the absence of GAG had decreased DKK2 expression
levels at all-time points (Figure 5.2B), with the lowest expression occurring at three weeks
post mineral induction compared to non-mineralising osteoblasts. Mineralising osteoblasts
supplemented with DS, HS and heparin showed similar results, with one and five week post
mineral induction expression levels similar to that of mineralising osteoblasts in the absence
of GAG (Figure 4.6B). There was a slight increase in DKK2 expression at three weeks post
mineral induction but did not reach significance. MPS I GAG had similar expression to the
commercial GAGs although there was a greater increase in DKK2 expression of 2.5-fold at
three weeks post mineral induction. MPS II and MPS VI GAG were similar to the results
from MSCs, however the decreases in expression over time were not as large and therefore
did not reach significance (Figure 4.6B).

5.2.2.5. SFRP2
SFRP2 expression in MSCs differentiating into osteoblasts in the absence of GAG was
significantly increased by 3.5-fold after one week post osteogenic induction, before returning
to levels in undifferentiated MSCs (Figure 5.2A). MSCs supplemented with commercial
GAGs (DS, HS and heparin; Figure 5.7A) resulted in decreased SFRP2 expression compared
to osteogenic MSCs in the absence of GAG. Heparin in particular resulted in significantly
lower SFRP2 expression at both one and five weeks post osteogenic induction compared to
osteogenic MSCs in the absence of GAG. Similarly, MPS I resulted in decreasing expression
from one to five weeks post osteogenic induction compared to osteogenic MSCs in the
absence of GAG. MPS II and MPS VI GAG resulted in significant increases in SFRP2
expression after one week post osteogenic induction, with increases of 7-fold and 3-fold,
respectively, compared to osteogenic MSCs in the absence of GAG. Expression due to these
two GAGs remained elevated above osteogenic MSCs in the absence of GAG over the
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remaining weeks; however, gene expression did not exceed a 2-fold increase which did not
reach significance.

Non-mineralising osteoblasts cultured in the absence of added GAG did not express SFRP2
until five weeks post seeding. After five weeks post mineral induction, a 2-fold increase in
SFRP2 expression was observed in mineralising osteoblasts in the absence of GAG
compared to non-mineralising osteoblasts (Figure 5.2B). Mineralising osteoblasts
supplemented with DS, HS and heparin were found to have decreased SFRP2 expression
after one week post mineral induction compared to mineralising osteoblasts in the absence of
GAG (Figure 5.7B). DS then resulted in a 2-fold increase at three and five weeks post
mineral induction (not significant), while expression due to HS and heparin was unaffected
compared to mineralising osteoblasts in the absence of GAG. All three MPS GAGs resulted
in increasing SFRP2 expression over time, however MPS I peaked at three weeks post
mineral induction compared to mineralising osteoblasts in the absence of GAG (Figure
5.7B). MPS II and MPS VI GAG appeared to have a large influence over SFRP2 expression
after five weeks post mineral induction, with expression being significantly up regulated by
26-fold and 20-fold respectively compared to mineralising osteoblasts in the absence of
GAG.

5.2.2.6. LRP5
LRP5 expression was unchanged in MSCs differentiating into osteoblasts in the absence of
GAG compared to undifferentiated MSCs (Figure 5.2A). MSCs differentiating into
osteoblasts supplemented with DS and heparin initially had increased expression of 1.5 and
2.0-fold,
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Figure 5.7. SFRP2 expression MSCs and osteoblasts in the presence of
added GAG.
The effects of 5µg/mL of GAG on SFRP2 expression during A) MSC
differentiation and B) osteoblast maturation and mineralisation was
determined by culturing cells in 96-well plates in differentiation media and
mineralisation media respectively with results compared osteoblast
differentiating MSCs and mineralising osteoblasts in the absence of added
GAG as a fold change. Results were plotted for one (black), three (grey)
and five (white) weeks post induction at the mean of n=3 with SEM.
* indicates significant difference between GAG versus no GAG (P<0.05,
one-way ANOVA, Tukey’s post-hoc test).
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respectively (not significant), at one week post osteogenic induction, which decreased over
time with LRP5 expression in MSCs treated with DS returning to levels observed in
osteogenic MSCs in the absence of GAG and expression decreased due to heparin by five
weeks post osteogenic induction (Figure 5.8A). MSCs treated with HS had little change in
LRP5 expression, with only a 1.5-fold increase at three weeks post osteogenic induction.
MPS I and MPS II GAGs had similar LRP5 expression profiles to DS and heparin, with
decreasing expression over the five weeks compared to osteogenic MSCs in the absence of
GAG. Following a 1.5 and 2.5-fold respective increase at one week post osteogenic
induction, expression then decreased over the five weeks to have a final expression of 0.5fold or lower. MPS VI GAG resulted in slight increases in expression, after having
expression levels similar to osteogenic MSCs in the absence of GAG after one week, with
expression increasing to a 2-fold increase after five weeks post osteogenic induction (not
significant).

Mineralising osteoblasts cultured in the absence of GAG had decreased LRP5 expression at
all time points. Expression reached as low as a 0.15-fold decrease compared to nonmineralising osteoblasts (Figure 5.2B). LRP5 expression in mineralising osteoblasts
supplemented with DS, HS and heparin resulted in an expression peak at three weeks post
mineral induction, with all but HS (1.5-fold) being significantly increased by 2 to 3.5-fold
compared to mineralising osteoblasts in the absence of GAG (Figure 5.8B). HS and heparin
then resulted in significant decreases in LRP5 expression at five weeks post mineral
induction. MPS VI GAG had very similar results to the commercial GAGs, with a significant
increase in expression at three weeks post mineral induction, which was the highest
expression of all GAGs tested. However, MPS I and MPS II GAGs only had slight increases
of up to 1.5-fold which did not reach significance.
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Figure 5.8. LRP5 expression MSCs and osteoblasts in the presence of
added GAG.
The effects of 5µg/mL of GAG on LRP5 expression during A) MSC
differentiation and B) osteoblast maturation and mineralisation was
determined by culturing cells in 96-well plates in differentiation media and
mineralisation media respectively with results compared osteoblast
differentiating MSCs and mineralising osteoblasts in the absence of added
GAG as a fold change. Results were plotted for one (black), three (grey)
and five (white) weeks post induction at the mean of n=3 with SEM.
* indicates significant difference between GAG versus no GAG (P<0.05,
one-way ANOVA, Tukey’s post-hoc test).
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5.2.3. Effects of GAGs on Canonical Wnt Signalling
Canonical Wnt signalling in HEK293T Broad cells was analysed through luciferase based
reporter assays to determine how different GAGs affect canonical Wnt signalling through the
Wnt3a mediated signalling pathway.

A Wnt3a dose response curve was set up with concentrations ranging from 0 to 500ng/mL.
HEK293T broad cells were transfected with a reporter plasmid (chapter 2.5.1), treated with
recombinant Wnt3a (chapter 2.5.2) and dual luciferase assays were performed on cell lysates
(chapter 2.5.3). A dose response between Wnt3a and TCF/LEF signalling was found, with
significant increases in signalling compared to no Wnt3a occurring at all concentrations
tested (Figure 5.9). Due to all concentrations resulting in significant increases in signalling,
250ng/mL Wnt3a was selected for further experimentation.

To determine the effects of 5µg/mL of MPS I, MPS II and MPS VI GAG, as well as DS, HS
and heparin on canonical Wnt signalling, cells were supplemented with each GAG in
addition to 250ng/mL Wnt3a (Figure 5.10). HEK293T broad cells treated with Wnt3a and
GAGs were compared to cells solely treated with Wnt3a. MPS I and MPS II GAG did not
appear to have an effect on Wnt3a. However, DS, HS and MPS VI GAG had significantly
elevated signalling compared to cells in the absence of GAG (Figure 5.10). Heparin was the
only GAG tested that resulted in a significantly decreased response to Wnt3a which appeared
to totally inhibit the Wnt3a response with the signal being reduced to levels similar to the
background levels seen in cells that were not treated with GAG or Wnt3a. To determine if
these significant changes in signalling due to DS, heparin and MPS VI GAG were
concentration dependant, HEK293T broad cells were tested with lower concentrations as
well. Both DS and MPS VI showed no effects on Wnt3a signalling at the lower
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Figure 5.9. Wnt3a dose response in HEK293T Broad cells.
The effects of Wnt3a dose response on TCF/LEF luciferase signalling in
HEK293T Broad cells were seeded into 96 well plates and treated with 0, 100,
250 and 500ng/mL of recombinant human Wnt3a enzyme for 6hrs. Cell extracts
were collected and assayed for luciferase activity. Results are presented as the
mean ± SEM of n=3 replicates.
* indicates significant difference from cells in the absence of added Wnt3a
(P<0.05, one way ANOVA, Tukey’s post hoc test).
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Figure 5.10. Effects of gags on Wnt3a induced signalling in HEK293T
Broad cells
The effects of different gags on Wnt3a induced TCF/LEF luciferase
signalling in HEK293T Broad cells was determined by seeding cells into 96
well plates. Cells were treated with 250ng/mL of recombinant human
Wnt3a enzyme and 5µg/mL of MPS I, MPS II, MPS VI, DS, HS or heparin
for 6hrs. Cell extracts were collected and assayed for luciferase activity.
Results are presented as the mean ± SEM of n=3 replicates.
* indicates significant difference from cells treated with Wnt3a without
GAG (P<0.05, one-way ANOVA, Tukey’s post-hoc test).
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Figure 5.11. GAG dose response on Wnt3a signalling
The effects of different concentrations of (A) DS, (B) heparin and (C) MPS
VI on Wnt3a induced TCF/LEF luciferase signalling in HEK293T Broad
cells was determined by seeding cells into 96 well plates and treated with
250ng/mL of recombinant human Wnt3a enzyme and 0, 0.1, 1 or 5µg/mL
of MPS VI GAG, DS or heparin for 6hrs. Cell extracts were collected and
assayed for luciferase activity. Results are presented as the mean ± standard
error of n=3 replicates.
* indicates significant difference from cells treated with Wnt3a without
GAG (P<0.05, one-way ANOVA, Tukey’s post-hoc test).
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concentrations tested (Figure 5.11A and B) however heparin resulted in a significant 50%
decrease in luciferase signal at 1µg/mL, but no effect was seen at lower concentrations
(Figure 5.11C).

5.3 Discussion
Wnt signalling has been found to play an essential role in regulating MSC differentiation and
osteoblast mineralisation through shifts between the canonical and non-canonical pathways,
which are each responsible for different cellular processes [147, 257, 321]. Furthermore, the
roles of GAGs in these processes have important effects, particularly with that of canonical
Wnt signalling. DS, HS and the highly sulfated version of HS, heparin, are known to bind to
various Wnt signalling molecules, either directly or indirectly, particularly the canonical
Wnts, such as Wnt3a [141, 143, 175].

HS binding sites known as weintraub motifs have been found on most canonical Wnts.
Altered Wnt signalling due to HS and heparin has increased MSC and osteoblast
proliferation through increased Wnt3a signalling which in turn inhibits MSC differentiation
and osteoblast mineralisation [133, 268, 322]. TCF/LEF signalling was induced in MSCs by
Wnt3a addition; however osteoblast cell lines required the addition of both Wnt3a and
heparin to induce TCF/LEF signalling. This resulted in increased expression of osteoblastic
genes such as Runx2, OCN and ALP [259, 268]. This synergism between Wnt3a and heparin
is perhaps cell line specific, or potentially acting on different pathways which result in
increased differentiation and mineralisation. Results obtained in this chapter showed that
Wnt3a significantly increased TCF/LEF signalling in the HEK293T broad cell line without
heparin. However, synergism with as low as 1µg/mL heparin resulted in a significant
decrease in TCF/LEF signalling compared to Wnt3a treatment alone and resulted in close to
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basal TCF/LEF signalling with higher heparin concentrations. Interestingly, desulfation of
heparin molecules has been found to decrease its binding affinity to Wnt3a, thus decreasing
TCF/LEF signalling [175, 267, 268]. We found that the less sulfated version of heparin, HS,
was able to significantly increase Wnt3a induced TCF/LEF signalling at 5µg/mL which
resulted in the greatest increase of TCF/LEF signalling of all GAGs tested.

DS influenced Wnt signalling with significantly increased TCF/LEF signalling in HEK293T
Broad cells with the addition of Wnt3a at 5µg/mL, showing that DS positively affects
canonical Wnt signalling either directly or indirectly. Previously, the effects of DS directly
on TCF/LEF signalling have not been as detailed as those of HS and heparin. DS containing
proteoglycans, biglycan and decorin, bind to Wnt3a, WISP and LRP6, regulating canonical
Wnt signalling [141, 143]. This activity however, is thought to be mediated through the
proteoglycan core protein rather than DS chains [143].

We determined that, of the three MPS GAGs tested, MPS I, MPS II and MPS VI, only MPS
VI GAG resulted in increased TCF/LEF signalling when supplemented with Wnt3a in
HEK293T broad cells. However, 5µg/mL was the lowest concentration tested to produce a
significant increase in signalling. MPS I and MPS II GAG did not produce any changes in
signalling, although MPS I did result in a slight increase with no significance being reached.

To determine where these GAGs may affect Wnt signalling, the expression of Wnt signalling
genes involved in MSC differentiation and mineralisation were analysed. In particular, Wnt
genes known to be involved in MSC proliferation and differentiation (Wnt3a and Wnt5a),
genes involved in mineralisation (DKK2 and Wnt7b) and a Wnt co-activator and Wnt
inhibitor genes (LRP5 and SFRP2) were analysed. These last two have been previously
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shown to be down and up regulated respectively in MPS VI human osteoblasts (unpublished
data by K, Zarrinkalam in the Matrix Biology Unit).

Wnt3a expression in MSCs differentiating into osteoblasts was elevated at one to five weeks
post osteogenic induction to 2.5-fold, while Wnt5a which was initially elevated at week one
and decreased to levels seen in osteogenic MSCs in the absence of GAG by five weeks post
osteogenic induction. The canonical Wnt co-activator, LRP5, showed very little changes in
expression and does not appear to be affected by the expression of Wnts. This supports
previous research that early osteoblast differentiation requires non canonical Wnt signalling
through Wnt5a (Figure 5.11) [256, 257]. Alternately, in the osteoblast cells, Wnt3a
expression was elevated 1.5-fold at one week post mineral induction, during osteoblast
proliferation stages before returning to levels observed in mineralising osteoblasts in the
absence of GAG by five weeks post mineral induction. Wnt5a expression was significantly
elevated at three weeks post mineral induction. Again, this supports the switch from
canonical Wnt signalling during osteoblast proliferation to non-canonical Wnt signalling
during mineralisation. Furthermore, the greater changes in Wnt5a expression may indicate
that its expression is more important than Wnt3a expression [262, 320, 321]. This is
plausible, as non-canonical signalling is a known inhibitor of the canonical pathway [256].

The addition of heparin resulted in significantly decreased Wnt3a expression in both MSC
and osteoblast cells during respective differentiation and mineralisation, indicating that the
decrease in TCF/LEF signalling in HEK293T cells was a valid indication of the effects of
heparin on canonical Wnt signalling. Surprisingly, heparin also resulted in significantly
decreased Wnt5a expression, with expression in osteoblasts constantly at 0.5-fold lower than
cells cultured in the absence of GAG. In addition, expression progressively decreased with
time in differentiating MSCs cultured in the absence of GAG. MPS VI GAG, DS and HS,
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which all showed increases in TCF/LEF signalling in HEK293T broad cells, resulted in
increases in MSCs differentiating into osteoblasts Wnt3a expression at one and five weeks
post osteogenic induction, with a suspicious decrease in expression at three weeks post
osteogenic induction for all GAGs. MPS VI resulted in the largest Wnt3a expression
increase. Alternatively, only HS resulted in increases in Wnt3a expression in mineralising
osteoblasts with a significant increase from one to five weeks post mineral induction, while
all other GAGs remained generally unchanged. These results indicate that not only do MPS
VI, DS and HS work synergistically with Wnt3a and induce TCF/LEF signalling, but they
also result in a modest increase in the expression of Wnt3a in differentiating MSCs where
canonical Wnt signalling is known to be down regulated in place of Wnt5a non-canonical
signalling [147]. Although it is known that DS and HS can increase Wnt signalling by
potentially binding to Wnt3a and other canonical Wnts, how they then result in an increase in
expression of specific genes is unknown and may affect other upstream signals.

Wnt5a expression which has been found to be involved with initial osteoblast differentiation
signals [147, 257] was elevated in MSCs treated with both MPS II and MPS VI GAG at five
weeks post osteogenic induction while only elevated in MPS VI treated osteoblasts. Wnt5a
expression which appeared to have decreased expression in the presence of all GAGs in
osteoblasts at one week post mineral induction resulted in significant increases due to MPS I
and MPS VI GAG at five weeks compared to one week post mineral induction. Furthermore,
heparin decreased Wnt5a expression in both MSCs and osteoblasts. This indicates that
commercial GAGs, HS, DS and heparin promote differentiation and then osteoblast
maturation while MPS II and MPS VI GAG does not prevent initial differentiation but
osteoblast maturation may be delayed or inhibited.
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SFRP2 is an inhibitor of both the canonical and non-canonical Wnt signalling pathways as it
binds to Wnts and prevents them from binding to frizzled receptors [247]. However, SFRP2
expression has also been linked to increased Wnt3a expression, increased cell proliferation
and decreased osteoblast differentiation at low concentrations [248, 323-325]. SFRP2
expression is significantly up regulated at one week post osteogenic induction for MSCs and
is significantly down regulated at five weeks compared to one week post osteogenic
induction. In contrast, osteoblast SFRP2 expression was not present until five weeks post
mineral induction where it is 2-fold higher than unmineralised osteoblasts. This indicates that
SFRP2 expression plays a key role in MSC differentiation and osteoblasts mineralisation.
MPS II and MPS VI GAG caused further elevation in SFRP2 expression in MSCs at one
week post osteogenic induction. Increased levels of SFRP2 expression are linked to
decreased bone formation both in vivo and in vitro, [243, 326]. Furthermore, increased
osteoblast SFRP2 levels increases ALP activity but inhibits mineralisation [327]. This may
provide some insight into a lack of mineralisation observed in MSCs differentiating into
osteoblasts (Chapter 3) and mineralising osteoblasts (Chapter 4) as a result of MPS II and
MPS VI GAG which appears to keep osteoblasts in an immature state which is unable to
form a mineralised matrix.

Wnt7b, like SFRP2 was highly regulated during MSC differentiation and osteoblasts
mineralisation. Expression was most prominent in osteoblasts and MSCs at five weeks post
induction. This is the expected expression profile as described previously by Li et al., (2005)
[262]. Expression remained high during mineralisation rather than decreasing however.
Furthermore, DKK2, which is a Wnt7b inhibitor, was constantly decreased compared to
osteoblasts in mineralisation media at all weeks, indicating that Wnt7b may be constantly
active, even during mineralisation. Differentiating MSCs had very low Wnt7b expression at
one and three weeks post osteogenic induction before increasing to basal levels, therefore
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showing major increases in expression, while DKK2 remained at basal levels over the five
week period.

DKK2 expression in MSCs, which began at basal levels or higher, decreased over time and
had significantly lower expression at five weeks post osteogenic induction as a result of the
addition of all GAGs. Wnt7b expression was either low or undetectable at late stages for all
GAGs except MPS II and MPS VI. These later two GAGs had significantly elevated Wnt7b
expression at one week post osteogenic induction and MPS VI GAG also had an increase at
five weeks post osteogenic induction. Although decreases in both Wnt7b and DKK2
expression was surprising, increased Wnt7b expression in MPS II and MPS VI GAG does
tend to correlate with decreases in mineralisation and calcium production seen in Chapter
Three and Four.

Mineralisation by osteoblasts is the process by which apatite minerals are deposited on
collagen scaffolds through binding to non-collagenous material such as IBSP [97, 98]. As
discussed previously, MSCs appear to switch from canonical Wnt signalling during MSC
proliferation to non-canonical Wnt signalling during MSC differentiation. Further
proliferation and ECM formation are believed to be under control of canonical Wnt
signalling, while interplay between the canonical Wnt, Wnt7b and its inhibitor, DKK2 have
been shown to be responsible for terminal differentiation and mineralisation of osteoblasts
[262]. DKK2-null osteoblasts have reduced mineralisation potential and have persistent
Wnt7b expression. The addition of DKK2 to the cells then caused a decrease in Wnt7b
expression followed by mineralisation [262]. These results support the data obtained in this
thesis which found significant increases in Wnt7b expression, coupled with significant
decreases in calcium production seen in MSCs and osteoblasts as a result of MPS II and/or
MPS VI GAG.
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In conclusion, it has been shown that commercially available DS and HS were able to induce
canonical Wnt signalling synergistically with Wnt3a, whereas heparin inhibited signalling.
MPS VI GAG was the only one of the MPS GAGs that stimulates Wnt3a signalling. MPS VI
GAGs consist solely of DS chains, in contrast to the combination of DS and HS chains of
MPS I and MPS II. This indicates that the changes in structure, most likely sulfation patterns,
appear to affect the binding of these GAGs to Wnt3a as demonstrated by the highly sulfated
heparin inhibiting signalling while HS promoted signalling. Furthermore, we identified that
MPS II and MPS VI GAG had alterations in Wnt signalling genes, with increases in
expression of Wnts as well as the Wnt inhibiting gene SFRP2 and a decrease in DKK2.
SFRP2 can also stimulate Wnt3a however [248, 325], and this may indicate a potential area
where MPS II and MPS VI GAG cause decreases in mineralisation in vitro. Overall, this
alteration in expression may explain decreases in mineralisation potential of osteoblasts as a
result of MPS II and MPS VI GAG, but not MPS I GAG.
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Chapter Six
General Discussion and Conclusions
___________________________________________________________________________
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6.1 General Summary
MPS disorders affect 1 in 22,500 Australian children and results in a progressive
deterioration of multiple organs [1]. MPS I, MPS II and MPS VI all present with dysostosis
multiplex with decreased bone mass and short stature [26, 328-330]. In particular, decreased
bone mass is likely due to deficiencies in bone formation and bone remodelling by
osteoblasts, which in turn are derived from mesenchymal stem cells [49, 78]. Therefore,
determining the mechanism behind bone pathology may help us develop more efficient
treatments for this aspect of MPS disease. To date, ERT is the most common therapy used for
MPS treatment and has been found to improve a range of aspects of the diseases such as
urinary GAG excretion, organomegaly and joint mobility, but only modest improvements in
skeletal pathologies [329-333]. The modest improvements in bone pathology are partly
because patients are given a sub-optimal dose, as determined through feline MPS VI studies
[22]. Patients are given a sub-optimal dose due to large costs in production [334]. Other
therapy options such as bone marrow transplants (BMT) have also shown very little
improvement in the bone pathology, but do improve organomegaly, enzyme activity,
decreased urinary GAG and improved intelligence, however, does carry with it a high risk of
morbidity and mortality [28, 335-339]. To determine why bone mass is decreased in MPS I,
MPS II and MPS VI [328, 340], the differentiation of MSCs into osteoblasts and their
subsequent maturation and mineralisation was analysed in the presence of GAGs arising
from these disorders.

GAGs are important molecules involved in regulating cellular signalling pathways and
organise the structure of both intra and extracellular environments [140, 142, 146]. GAG
turnover requires the stepwise degradation by enzymes. Due to the enzyme deficiencies in
MPS disorders however, accumulation of specific GAGs (HS and DS in MPS I and MPS II;
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DS in MPS VI) both intra and extracellular, may be interfering with normal cellular
signalling. Furthermore, within each MPS disorder, GAGs are degraded down to the point
where the N-terminus represents the substrate for the deficient enzyme. The accumulated
GAGs are therefore identical at the non-reducing end within each individual MPS disorder
but vary only in size. Furthermore, GAG profiles are consistent between various tissues,
plasma and urine [341].

Because bone mass is decreased in MPS I, MPS II and MPS VI [340], we hypothesise that
MPS GAGs when added to MSCs differentiating into osteoblasts and mineralising
osteoblasts in vitro, will result in decreased differentiation and/or mineralisation.

To address this hypothesis, normal hBM MSCs were differentiated into osteoblasts and
human osteoblasts were mineralised while supplemented with 5µg/mL of purified MPS I,
MPS II and MPS VI urinary GAG. The extent of differentiation and mineralisation were
observed through staining, mineral quantification and gene expression. In addition, the
effects of HS, DS and heparin were also analysed as controls as they are all known to
increase mineralisation in MSCs [272, 283]. These same GAGs are also known to promote
bone resorption by breaking down the collagen matrix; as a result, the exact effects on
osteoblasts are not entirely clear [313-315].

The results established the following key points among the different GAG treatments (Figure
6.1):
MPS II and MPS VI derived GAGs:
•

MSCs differentiated into osteoblasts in the presence of MPS II and VI GAG but were
arrested in an immature state as evidenced by increased ALP, IBSP and RUNX2 expression
and as a result, mineralisation was reduced
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•

Similarly to MSCs, MPS II and MPS VI GAG maintained osteoblasts in an immature state as
seen by increased RUNX2 and IBSP expression, but only MPS II appeared to significantly
affect the final mineral production.

•

MPS VI osteoblasts appeared also be arrested in an early osteoblast state which was unable
to produce a matrix capable of mineralisation due to significantly decreased ALP levels and
IBSP expression

•

Increased Wnt5a and Wnt7b expression in MSCs along with increased SFRP2 expression in
both MSCs and osteoblasts supports the decreased mineral deposition observed as it also
indicates osteoblasts in an immature state.

DS, HS and heparin:
•

Early and increased mineralisation was observed in MSCs and delayed mineralisation in
osteoblasts.

•

ALP, Runx2 and COL1A1 are significantly decreased in MSCs, but mostly unchanged in
osteoblasts, indicating that MSCs are differentiating and developing into mature osteoblasts
faster than normal.

•

Wnt7b expression in MSCs was very low at all time points, with expression barely detectable
at five weeks post osteogenic induction. Similarly, osteoblasts had very low expression at
five weeks post mineral induction which would allow for mineralisation to proceed.

•

Heparin appeared to be the strongest stimulator for MSC differentiation and mineralisation.

MPS I derived GAG:
•

Had similar mineralisation potential compared to both MPS II and MPS VI GAG in MSCs
and MPS VI in osteoblasts as determined through von Kossa staining and calcium levels.
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•

ALP levels and gene expression profiles of key osteogenic genes and Wnt signalling genes
were similar to that seen as a result of DS and HS in both MSCs and osteoblasts.

•

MPS I GAG inhibits mineralisation, but not to the same extent as MPS II and MPS VI GAG,
but has similar cellular responses to DS, HS and heparin.

6.2 MSC Differentiation and Osteoblast Mineralisation
MSC differentiation is a very complex and tightly controlled process [256, 342].
Differentiation into osteoblasts requires not only cues to initiate differentiation into
osteoblasts, but signals to inhibit the differentiation into other cell types such as chondrocytes
and adipocytes [87, 195]. Several signalling pathways are involved in osteoblast
differentiation, and further on, osteoblast matrix formation and mineralisation. These include
both the canonical and non-canonical Wnt signalling pathways, TGF-β/SMAD signalling
pathway, mitogen-activated protein kinase pathway, tyrosine kinase pathway, hedgehog
signalling pathway and cAMP-dependant pathway [147, 195, 207, 257, 317, 343].
Furthermore, these pathways work in unison, in providing correct signals to either inhibit or
promote osteoblast formation and mineralisation. In addition, GAGs can interfere with these
pathways by binding to proteins such as Wnts, BMPs and Hedgehog (HH) proteins [138,
141, 282, 344, 345]. The accumulation of GAGs as a result of MPS disorders can therefore
have drastic effects on these signalling pathways.

GAG profiles from different cells can be vastly different from one another in order to
accommodate the cellular functions for those particular cells [346-349]. Due to the
accumulation of undegraded GAGs in MPS disorders, each individual disorder will have
GAG profiles which have identical non-reducing termini. As previously mentioned, MPS I,
MPS II and MPS VI GAG all resulted in decreased mineralisation potential in both MSCs
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Figure 6.1: GAG interactions during osteoblast differentiation.
Where MPS I, MPS II, MPS VI, DS, HS and heparin interact with MSC differentiation
into osteoblasts and osteoblast mineralisation. Terminal lines indicate inhibition, black
arrows indicate molecules produced at that point during differentiation and red arrows
indicate activating molecules.
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and osteoblasts (chapters three and four), with MPS II and MPS VI GAG observed to have a
greater influence than MPS I GAG. Alternatively, HS, DS and heparin all increased
mineralisation in MSCs, while in osteoblasts, heparin had no effect and DS and HS both
resulted in delayed mineralisation. This indicates that DS, HS and heparin are promoting
osteoblast differentiation while they somewhat delay mineralisation of committed osteoblast
precursors. Previously, DS, HS and heparin have been shown to release calcium from mouse
calvariae cultures due to increased collagenase enzyme activity, thus decreasing total bone
mass [314, 315]. The collagenase activity stimulated by addition of GAGs to mineralisation
medium could be the cause of the delayed mineralisation observed in mineralising
osteoblasts. As mineralisation begins to occur in osteoblast cultures, added GAGs my result
in collagenase activity slowly degrading the newly mineralised matrix, resulting in a decrease
in net production of a mineralised matrix compared to mineralising osteoblasts in the absence
of GAG. Furthermore, the increases in mineralisation seen in MSCs differentiating into
osteoblasts in the presence of DS, HS and heparin could be due to promotion of early
differentiation. Early differentiation would mean earlier onset of mineralisation.

6.3 Wnt Signalling During Decreased Mineralisation
The Wnt signalling pathway has been found to play a pivotal role in osteoblast differentiation
and mineralisation [147, 195, 207, 256, 265, 320, 321] and previous research in our lab has
shown increases in canonical Wnt signalling antagonists such as SFRP2 and decreases in
Wnt signalling agonists such as LRP5 in MPS VI osteoblasts (data not published). Wnt
signalling in MPS I and MPS II have not previously been explored however. It was observed
that canonical Wnt signalling through Wnt3a was elevated as a result of MPS VI GAG, DS
and HS in HEK293T Broad cells while it was decreased as a result of heparin. MPS I and
MPS II GAG appeared to have little effect on Wnt3a signalling, however gene expression
144

data of Wnt5a, Wnt7b, DKK2 and SFRP2 was very similar between MPS II and MPS VI
GAG and somewhat distinct from MPS I. This indicates that unlike the DS and HS molecules
from commercial sources, as well as DS from MPS VI patients, DS and HS molecules in
MPS I and MPS II patients do not affect Canonical Wnt signalling.

Wnt3a gene expression in MSCs followed what was observed in Wnt3a signalling in
HEK293T broad cells, with MPS VI, DS and HS all increasing Wnt3a expression and
heparin decreasing expression. MPS II and MPS VI GAG particularly resulted in differences
in the early differentiation marker Wnt5a, the late osteoblast marker Wnt7b and the Wnt
inhibitor SFRP2 [262, 321]. Wnt5a was elevated for longer periods due to MPS II and MPS
VI GAG while Wnt7b was significantly elevated in MSCs treated with the same GAGs,
which supports the decrease in mineralisation seen in chapters three and four. Immature
osteoblasts are thus producing an ECM but are unable to extensively mineralise the matrix
indicated by increased Wnt7b expression, thus accounting for a significant increase in IBSP
which has been shown to increase when mineralisation is inhibited [99]. This supports a
decrease in bone mass seen in MPS II and MPS VI patients, and it would be interesting to see
if increased circulating IBSP production is present in MPS II and MPS VI patients.

SFRP2 which is commonly known as a Wnt signalling antagonist has recently been
discovered to have a more diverse roll and may increase canonical Wnt3a signalling and thus
increase proliferation [324, 325], and therefore decrease differentiation. SFRP2 was elevated
in MPS II and MPS VI treated MSCs and osteoblasts indicating that these two GAGs are
maintaining cells in a somewhat immature osteoblast state. These immature cells may be
proliferating through an SFRP2/Wnt3a pathway while producing an extracellular matrix
which is unable to be mineralised due to high levels of Wnt7b which has previously been
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shown to inhibit mineralisation [262]. However, increases in SFRP2 could potentially be
inhibiting Wnt7b activity which will need to be further investigated.

Overall, it appears that of the three MPS GAGs, only MPS VI GAG has an effect on
canonical Wnt signalling, but gene expression data indicates that Wnt3a expression is not
altered as much as the non-canonical Wnt5a. Therefore, although there are no changes in
HEK293T broad cells, the known effects of non-canonical Wnt signalling inhibiting the
canonical Wnt signalling [241] may influence which signalling pathway is predominating as
a result of MPS GAGs.

6.4 Effects of Sulfation and Chain Length on GAG Action
Sulfation of GAGs can result in further conformational changes in addition to the presence of
iduronate residues in their structures and therefore alter the way they interact with proteins
[108]. Sulfation patterns of HS molecules in particular have been found to have important
effects on bone formation, with increased sulfation resulting in increased bone
mineralisation, providing the HS molecules are attached to the cell membrane. [138]. MPS I
and MPS II GAGs contain high levels of both HS and DS, since the defective enzymes are
unable to cleave either an iduronic acid (IduA) residue or a 2-O sulfate from the iduronic acid
residue respectively [4, 350]. This, as a consequence, results in all accumulated HS and DS
chains to have non-reducing termini of IduA which are unsulfated in MPS I and 2-O sulfated
in MPS II. MPS VI with its deficient N-acetyl galactosamine 4-sulfatase enzyme results in
the accumulation of DS chains with a non-reducing termini consisting of 4-O sulfated Nacetyl galactosamine [1].
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Current knowledge of how HS and DS interact within cellular pathways is still in its infancy
with conflicting results based on what characteristics affect protein binding most. Chain
length has been found to play a role in protein binding with reports that proteins, such as
FGF2, BMPs, heparin cofactor II and thrombin, have affinities for specific sized HS chains
of up to dodecasaccharides, but less activity with longer chains and shorter chains such as
tetrasaccharides [304, 351]. Other studies have shown that the minimal sized HS fragment
required to induce protein binding is a trisaccharide molecule containing an IduA residue,
flanked by monosulfated hexosamine residues [352]. MPS GAGs due to the varying lengths
of the accumulated GAGs shown by Byers et al., (1998) [341], as well as specific sulfation
patterns [353, 354], in this case at the non-reducing ends, may result in cellular activities
which are not part of the normal functions within the context of the cells normal behaviour.

It appears to be a consensus that sulfation is a key to protein binding, and this is compounded
by the flexibility of IduA residues in HS and DS [355-357]. Furthermore, identification of a
hierarchy of sulfates in HS that aid protein binding has been identified. N- sulfation is most
important for protein binding, followed closely by 6-O sulfation while 2-O sulfation is less
important while unsulfated domains are unlikely to have any protein binding potential [138].
HS molecules analysed in Hurler (MPS I) and normal MAPC (multipotent adult progenitor
cells) cells showed large differences between HS molecules with a 26% decrease in 6-O
sulfation, although 2-O-GlcNS were elevated in Hurler cells. Overall, they identified that
with increasing accumulation, there was a decrease in 6-O sulfation [145]. Decreases in 6-O
sulfation of HS has previously been shown to decrease the binding affinity to BMPs and
Wnts which then decreases signalling pathways such as P-smad [138]. Overall, this could
result in the decreased mineralisation potential of MSCs treated with MPS I GAG and
furthermore the decreased bone mass phenotype in MPS patients. Similar studies looking at
sulfation patterns should be done on MPS II and MPS VI GAG. HS resulted in increased
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Wnt3a signalling but MPS I and MPS II GAG had no effect, indicating that HS molecules in
MPS I and MPS II are different to commercial HS and have no direct effects on canonical
Wnt signalling.

Pan et al., (2005) showed that HS molecules obtained from MPS I MSCs had a decrease in
MPS I HS molecules binding efficiency to proteins such as FGF2 to its receptor FGFR [145].
Gatto et al., (2012) however showed that osteogenic differentiation of MPS I MSCs is not
affected as determined by ALP levels and gene expression data [275]. A decrease in calcium
and von Kossa staining (Chapter 3) as a result of MPS I GAG addition was observed but not
to the extent seen due to MPS II and MPS VI GAG. Gene expression data in the presence of
MPS I GAG was very similar to that of DS and HS rather than other MPS GAGs. From these
experiments, it could be hypothesised that the binding potential of MPS I HS GAGs is
greater than that from MPS II, thus not interfering with MSC osteogenic differentiation and
mineralisation to the extent caused by MPS II GAG. To date, no sulfation data has been
obtained on MPS II and MPS VI accumulated GAGs apart from the knowledge of their strict
non-reducing ends. This information would be invaluable to determining how the GAGs
affect the process of bone formation.

6.5 Conclusion
Decreased mineralisation due to MPS I, MPS II and MPS VI GAG addition was observed in
vitro for normal MSCs and osteoblasts, which supports the decreased bone mass phenotype
seen in these MPS disorders. MPS I GAG appeared to work through a different mechanism to
MPS II and MPS VI and, did not result in a decrease in mineralisation to an extent observed
due to the other two GAGs. MPS II and MPS VI GAGs supported MSCs differentiation but
appeared to arrest osteoblasts in an immature state where they can produce an extra cellular
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matrix which is unable to mineralise to the same extent as in the absence of GAG. This may
occur through an increase in SFRP2-dependant Wnt3a signalling in MSCs and osteoblasts
thus preventing terminal differentiation and mineralisation. Furthermore, this could indicate
that in vivo, MSCs could be recruited to areas of new bone formation, begin to differentiate
into osteoblasts but are unable to extensively mineralise the ECM matrix. This results in
reduced sites for new areas of bone formation, resulting in a decreased bone mass phenotype.
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Abbreviations
°C

Degrees Celsius

µm

micro meter

ALP

Alkaline phosphatase

APC

Adenomatous polyposis coli

BMP

Bone morphogenic protein

BMT

Bone marrow transplant

BMU

basic multicellular unit

BSA

Bovine serum albumin

BV/TV

Bone volume/total volume

Cbfβ

Core-binding factor subunit beta

CFU-F

Colony forming unit-fibroblasts

CNS

Central nervous system

COL1A1

collagen type 1α1

CS

Chondroitin sulfate

DJD

Degenerative joint disorder

DKK

Dickkopfs

DNA

Deoxyribonucleic acid

DS

Dermatan sulfate

DSPG

dermatan sulfate proteoglycan

DVL

Disheveled

EDTA

Ethylenediaminetetraacetic acid

ERT

Enzyme replacement therapy

FCS

fetal calf serum
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FGF

Fibroblast growth factor

FGFR

Fibroblast growth factor receptor

FRAT

frequently rearranged in T-cell lymphoma protein

FZD

Frizzled

GlcA

Glucoronic acid

GlcNAc

N-acetyl-glucosamine

GSK3β

Glycogen synthase kinase 3 β

H2SO4

Sulfuric acid

HCl

Hydrochloric acid

HS

Heparan sulfate

HSPG

Heparan sulfate proteoglycan

IBSP

Bone Sialoprotein

IDUA

Iduronidase

KS

Keratan sulfate

L, mL, µL

Litre, millilitre, microlitre

LiCl

Lithium Chloride

LRP

Low-density lipoprotein receptor-related protein

NaOH

Sodium Hydroxide

OCN

Osteocalcin

OPG

Osteoprotegrin

OPN

Osteopontin

OSE2

Osteoblast specific element 2

OSX

osterix

PBS

Phosphate buffered saline

pNPP

p-Nitrophenyl Phosphate
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RNA

Ribonucleic acid

ROR2

Neurotrophic tyrosine kinase, receptor-related 2

RT

Reverse transcriptase

RUNX

Runt-related transcription factor

RYK

related to receptor tyrosine kinase

SFRP

small frizzled related protein

SOST

sclerostin
Lymphoid enhancer binding factor 1/T-cell-specific transcription

TCF/LEF

factor

TGF-β

Tumor growth factor-β

U

Units

UV

Ultra violet

WIF

Wnt inhibitory protein

WISP-1

Wnt-1 induced signaling protein
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Materials

Life technologies™ (Victoria, Australia)
-α- modified eagles medium (αMEM)
-Dulbeccos Phosphate buffered Saline (DPBS)
-Fetal Calf Serum (FCS)
-TRIzol
-SYBR Green
-Lipofectamine
-Trypan Blue
-TRYPLE

SIGMA-ALDRICH (New South Wales, Australia)
-Mayers Haematoxylin
-Formaldehyde
-Bovine Kidney Heparan Sulfate
-Penicillin/Streptomycin
-L-Glutamine
-Dexamethasone
-Lithium Chloride
-CelLytic
-Trypsin
-Sodium dodecyl sulfate
-BCA assay kit
-Chlorophyll
-Bovine Serum Albumin (BSA)
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-Ethanol
-Iso-2-Propanol
-Dermatan sulphate
-Potassium Phosphate
-HEPES

QIAGEN (Victoria, Australia)
-QuantiTect reverse transcription kit
-Signal reporter kit

WAKO chemicals (Osaka, Japan)
-Ascorbate-2-phosphate

CAYMAN Chemical (Michigan, USA)
-Calcium assay kit

AnaSpec (California, USA)
-Sesnolyte pNPP alkaline phosphatase assay kit

MERK KGaA (Damstadt, Germany)
-Silver Nitrate

AJAX (Sydney, Australia)
-Sodium Thiosulfate
-Sodium Hydroxide
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PROMEGA (Wisconsin, USA)
-Dual-Luciferase assay kit

R and D systems (Minnesota, USA)
-Human Wnt3a recombinant protein

ROCHE (Penzberg, Germany)
-Collagenase/Dispase
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