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Summary:
The treatment of cartilage defects remains an unmet medical need as the current
treatment options are currently sub-optimal as the most common treatment options;
microfracture and autologous chondrocyte implantation (ACI) result in repair tissue
consisting of predominantly fibro-cartilage rather than hyaline cartilage. Due to the
ability of mesenchymal stem cells (MSCs) to differentiate along the cartilage lineage,
MSCs have been touted as a cellular source to regenerate damaged cartilage. However,
a number of prevailing concerns for such a treatment remain. Generally,
administration of MSCs into a cartilage defect results in poor regeneration of the
damaged cartilage, with most clinical trials reporting that as with microfracture and
ACI, the repaired cartilage consists of fibro-cartilage rather than hyaline cartilage.
Methods that improve the chondrogenic potential of transplanted MSCs in vivo may
be advantageous. In addition, the proclivity of MSC-derived cartilage to undergo
hypertrophic differentiation or form bone in vivo also remains a clinical concern.
Hypertrophic differentiation of MSC-derived cartilage can be said to closely mimic
the endochondral ossification observed in the skeletal development of the long bones
of the body. If MSC-derived cartilage was to undergo hypertrophic differentiation in
vivo this would result in the failure of the cartilage graft as the newly formed tissue
would resemble bone which would lack the ability to absorb and transfer
biomechanical loads to the same extent as hyaline cartilage. Physiological hypoxia
has previously been shown to improve chondrogenesis of MSC-derived cartilage
through upregulation of the chondrogenic transcription factor SRY sex determining
region-box 9 (SOX9) and to reduce hypertrophy markers.
This study focuses on establishing a mechanism of action by which hypoxia or low
oxygen tension can be used to attenuate or limit hypertrophic differentiation of MSCderived cartilage. Having established a mechanism of action, the subsequent goals of
this study were to develop an in vitro culture regime to mimic the beneficial effects of
physiological low oxygen tension in a normoxic environment. This was achieved
using the pharmacological compound FG-4592, which is currently undergoing clinical
trials for the treatment of chronic kidney disease.
In conclusion, this study demonstrates that hypoxic differentiation of MSC-derived
cartilage has beneficial effects in terms of improved chondrogenesis and attenuated
xi

hypertrophy. This study identifies PTHrP, Zfp521 and MEF2C as key factors that
regulate hypertrophic differentiation of MSC-derived cartilage in response to
physiological hypoxia, genetic activation of the HIF pathway and the hypoxia mimetic
compound FG-4592.
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Chapter 1:
Introduction
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Chapter 1: Introduction
1.1.1 Cartilage Biology
Articular cartilage is a specialized tissue consisting of chondrocytes imbedded in a
dense extracellular matrix (ECM) containing collagens and proteoglycans. The role of
articular cartilage is to provide a lubricated, smooth surface that can both reduce and
transfer biomechanical loads onto the subchondral bone beneath (Sophia Fox et al.,
2009). Collagen accounts for approximately two-thirds of the dry weight of articular
cartilage, with the principle collagen of articular cartilage being collagen type II (Eyre,
2002). The main functions of collagens in articular cartilage is to provide structural
support and transfer biomechanical loads, in addition collagens also restrict the
swelling pressure of the embedded proteoglycans of the ECM in order to provide
compression stiffness (Mow and Huiskes, 2005).
The remainder of the cartilage dry weight consists of proteoglycans. (Sophia Fox et
al., 2009). Proteoglycans are complex molecules that are a major component of
articular cartilage. Aggrecan is a proteoglycan in articular cartilage that allows
cartilage to withstand compressive stresses due to joint loading, aggrecan makes up
80 – 90% of all proteoglycans in articular cartilage (Mow and Huiskes, 2005).
The articular cartilage of the diarthrodial joints can be divided into three distinct
regions as demonstrated in Figure 1.1.1. Closest to the articular surface of the joint is
the superficial zone. This superficial zone represents between 10-20% of the cartilage
and consists of collagen fibres that are orientated parallel to the articular surface
(Clark, 1990). The superficial zone contains the highest water content of all cartilage
zones along with the highest collagen content; in contrast the aggrecan content is the
lowest. The superficial zone is exposed to the highest tensile and compressive stresses
of the articular cartilage layers (Mow and Huiskes, 2005). The maintenance of the
integrity of the superficial zone is vital in order to protect zones beneath from damage.
Beneath the superficial zone lies the middle zone that compromises 40-60% of the
total thickness of articular cartilage. In the middle zone the collagen content decreases
in respect to the high collagen content of the superficial zone whereas the aggrecan
content increases (Mow and Huiskes, 2005). In the middle zone the formation of the
collagen fibres are found to be more random and dispersed that in the superficial zone.
1

In terms of functionality, the middle zone resists compressive forces that may be
applied to the joint (Sophia Fox et al., 2009).
The deep zone makes up 30-40% of articular cartilage and has the lowest water content
of all three zones. In the deep zone the collagen fibres are found to be arranged
perpendicular to the articular surface, the collagen fibres of the deep zone cross the
tide-mark into the calcified cartilage beneath and this anchors the cartilage to the
subchondral bone. The orientation of the collagen fibres provides protection from
compressive forces that may be applied to the joint. (Bhosale and Richardson, 2008,
Mow and Huiskes, 2005).

Figure 1.1.1: Structure of articular cartilage. Reprinted with permission from Wolters Kluwer Health,
Inc. (Buckwalter et al., 1994) Copyright 1994.

The ability for articular cartilage to withstand high cyclical loading is due to the fact
that articular cartilage can be viewed to consist of two phases; one fluid phase
consisting of interstitial fluid (~80% of wet-weight of the tissue) and one solid phase
consisting of ECM components (including collagen, GAG and aggrecan), which is
both porous and permeable (Sophia Fox et al., 2009, Maroudas et al., 1968). Upon
joint loading, an increase in fluid pressure is observed, which in turn results in the
fluid being extruded from the solid phase. The extruded interstitial fluid flows through
the pores of the ECM components, frictional drag forces are exerted on the walls of
the solid matrix causing compaction (Mow and Huiskes, 2005). The dense collagen
network functions to restrain the swelling pressures from proteoglycans (PGs) in
addition to providing stiffness and strength to the tissue. Collagen itself is a rod-shaped
molecule with a high degree of structural organisation. The various combinations and
2

organisation of collagen alpha chains and triple helixes within collagen fibrils are used
to define collagen types. In articlular cartilage the predominant collagen type is
collagen type II with smaller amounts of types VI, IX, XI, XII and XIV (Mow and
Huiskes, 2005).
PGs are large, complex molecular structures containing a core protein with one or
more covalently attached GAG side chains. A major PG component of articular
cartilage is aggrecan. Aggrecan provides cartilage with the mechanical properties to
withstand compressive stress. Aggrecan is made up of a core protein surrounded by
chondroitin sulphate and keratin sulphate GAG chains, as many as 50 GAG chains
may be attached to a single aggrecan core protein creating a large macromolecule
(Hardingham and Fosang, 1992). These large, stable complexes are critical for the
maintenance of the ECM architecture. The GAG side chains are an-ionic due to the
presence of negatively charged sulfate groups contained in the GAGs, these negative
charges attract counter ions that give rise to Donnan osmotic pressure which
encourages tissue hydration (Mow and Huiskes, 2005).

Figure 1.1.2: Schematic diagram indicating the collagen-proteoglycan matrix in cartilage. Reprinted
with permission from Wolters Kluwer Health, Inc (Mow and Huiskes, 2005) Copyright 2005.
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In addition this effect causes GAGs to repel each other, the interactions with the local
collagen fibril network results in GAGs which remain restrained in close proximity to
each other. The combination of influx of water and restraint of the GAGs by the
collagen network result in a swelling pressure known as Donnan osmotic pressure
(Donnan, 1924). This swelling pressure provides the equilibrium compressive
stiffness of the ECM in articular cartilage, which can range from 0.5 to 1.0 MPa (Mow
and Huiskes, 2005). These facts demonstrate the critical importance that GAG and
PGs, and in particular aggrecan play in maintaining cartilage homeostasis. Cartilage
that is regenerated using tissue engineering and regenerative medicine procedures
must be rich in GAG and collagen in order to mimic the structure and function of
native articular cartilage.

1.1.2 Cartilage Defects

Articular cartilage is a tissue consisting of a dense network of collagens and
proteoglycans that is avascular in nature. This dense tissue combined with the lack of
vasculature mean that articular cartilage lacks an intrinsic repair mechanism (Mankin,
1974, Frenkel and Di Cesare, 1999). Damage to articular cartilage is observed as a
result of either traumatic degradation or osteoarthritic degradation (Frenkel and Di
Cesare, 1999). Traumatic degradation of cartilage can be as a result of accident or
injuries, with sports injuries being a common cause of cartilage degradation (Flanigan
et al., 2010). A large, multi-centre study examining the prevalence of cartilage defects
has shown that chondral lesions were found in 60% of patients undergoing knee
arthroscopies to diagnose the cause of knee pain (Widuchowski et al., 2007). Cartilage
defects of the knee that are as a result of injury have been associated with the onset of
Osteoarthritis (OA) in later life, with knee cartilage defects demonstrating an
association with early radiographic OA, (Ding et al., 2005). It is therefore imperative
that cartilage defects are treated as soon as possible to reduce the associated risk of
developing OA later in life.

4

1.1.3 Osteoarthritis (OA)

Osteoarthritis (OA) is a complex pathological condition characterized by loss or
damage of articular cartilage with subsequent inflammation of the synovium and
degeneration of the underlying subchondral bone (Pritzker et al., 2006). The
pathological symptoms associated with OA can be visualised in Fig. 1.1.3 below.

Figure 1.1.3: A schematic representation of OA aetiology and symptoms. The left side (A) of the
diagram represents a heathy knee joint and the right side (B) demonstrates the physiological impact of
OA in a knee joint. Reprinted by permission from Macmillan Publishers Ltd: Nature reviews drug
discovery (Wieland et al., 2005), copyright 2005. http://www.nature.com/nrd/

In 2003 a bulletin released by the world health organisation (WHO) estimated that
9.6% of men and 18% of women over 60 years suffered from OA worldwide (Woolf
and Pfleger, 2003). OA represents a massive disease burden (Michaud et al., 2006)
and economic burden (Bitton, 2009) worldwide. As OA is an age related disease, it is
expected that the prevalence of OA will continue to increase as the overall mean age
of the global population increases (Lawrence et al., 2008). Currently there are no
5

disease-modifying therapies available to OA patients as current treatments for OA rely
heavily on analgesics such as paracetamol and non-steroidal anti-inflammatory drugs
(NSAIDs) to primarily treat the pain and associated inflammation arising from this
progressive disease and not the disease itself (Qvist et al., 2008, Wieland et al., 2005).
Articular injections of hyaluronic acid (HA) for the treatment of OA have been in use
for many years however, only slight clinical efficacy has been observed when
compared to placebo controls (Lo et al., 2003). Inter-articular administration of
corticosteroids is recommended for the treatment of a flare up of knee pain, the
maximum efficacy only lasts less than one week (Gossec and Dougados, 2004). None
of the current treatment options have any impact on halting disease progression or
regenerating the damaged joint tissue. Ultimately, when OA progresses the only
course of treatment available to patients is a total joint replacement (TJR). As
populations increase, the number of patients undergoing TJR surgery is also expected
to increase with over four million knee replacement surgeries estimated to be
performed per year by 2050 (Bashinskaya et al., 2012).

1.1.4 Current strategies for cartilage repair

Articular cartilage acts as a shock absorber that covers the epiphysis of the long bones
in diarthrodial joints. Articular cartilage is an avascular tissue and as such has limited
intrinsic repair capacity (Yamasaki et al., 2014). Cartilage defects that have occurred
as a result of trauma or sports injury can cause long-term pain for patients. Although
exact incidence rates are difficult to establish for the prevalence of cartilage defects,
in a large study of patients undergoing arthroscopy for knee pain, 61% of patients were
found to have cartilage lesions (Hjelle et al., 2002). Cartilage defects of the knee have
been associated with the onset of OA, with knee cartilage defects demonstrating an
association with early radiographic OA, decreased cartilage volume, increased joint
surface area and type II collagen breakdown (Ding et al., 2005).

The current standard treatment for cartilage defects is a procedure known as
microfracture (MF). A MF procedure consists of the creation of surgical perforations
in the subchondral bone that allows for bone marrow cells to enter the defect cavity
(Steadman et al., 1997). Although good patient outcome is observed with MF only a
6

small percentage of the resulting tissue was “predominantly hyaline” with the majority
of the new tissue consisting of fibrocartilage (Knutsen et al., 2004). In an eleven year
long term follow-up study examining the effectiveness of MF, patients that underwent
a MF procedure reported a significant improvement in joint function and the patients
indicated a reduction in pain (Steadman et al., 2003).

Mosaicplasty grafting is a procedure whereby cylindrical osteochondral grafts are
harvested from a non-load bearing area of cartilage (generally the trochlea) and
transplanted into a cartilage defect. (Matsusue et al., 1993, Bobić, 1996, Hangody et
al., 1997). Mosaicplasty procedures are performed on patients who have deep defects
that have reached into the subchondral bone. Long-term follow up studies revealed
that no significant differences were observed in terms of patient outcome when a sideby-side comparison of MF and mosaicplasty was performed at ten years post
procedure (Ulstein et al., 2014).

Autologous chondrocyte implantation (ACI), is a two-step procedure, by which a
biopsy of cartilage is removed from a non-weight bearing region of cartilage,
chondrocytes are isolated and subsequently expanded in vitro under Good
Manufacturing Conditions (GMP) conditions. The patient’s autologous chondrocytes
are then implanted into the cartilage defect and held in place using an autologous
periosteum or a collagen scaffold (Brittberg et al., 1994). In a long term follow-up
study, greater than 70% of patients with large chronic cartilage defects were treated
successfully with ACI, and the autologous grafts were maintained for five years (Biant
et al., 2014).

Characterised chondrocyte implementation (CCI) is a next generation ACI treatment
whereby the chondrocytes are characterised and selected prior to implantation.
Characterised chondrocytes are an expanded population that express a marker profile
that is indicative of the ability of the chondrocytes to form hyaline cartilage in vivo
(Dell'Accio et al., 2001, Dell'Accio et al., 2003). When CCI was compared to MF,
early treatment of cartilage defects with CCI resulted with significantly improve
patient outcome however, clinical outcomes were comparable with MF 5 years post
procedure (Vanlauwe et al., 2011). ChondroCelect is a CCI procedure classed as an
Advanced Medicinal Therapeutic Product (AMTP) that has approval for clinical use
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in Europe. There are adverse effects associated with CCI treatment, a European
Medicines Agency (EMA) report on ChondroCelect in 2009 demonstrated that 27%
of patients suffered cartilage hypertrophy (EMA, 2009).

A review comparing MF, mosaicplasty and ACI by Rodríguez-Merchán stated that no
significant differences in patient outcome were found between the treatments and that
none of the treatments actually restored damaged articular cartilage

(Rodríguez-

Merchán, 2012).

1.1.5 Mesenchymal Stem Cells (MSCs)
Mesenchymal stem cells (MSCs) are multipotent stromal cells that have the capacity
to differentiate into a number of tissues such as bone and cartilage in vivo as originally
described by Friedenstein and colleagues (Friedenstein et al., 1966, Friedenstein et al.,
1968, Owen and Friedenstein, 1988, Ashton et al., 1980). The isolation, expansion and
characterisation of human MSCs from human bone marrow performed by Pittenger
and colleagues described how MSCs readily proliferate and can differentiate into
multiple tissue types in vitro (Pittenger et al., 1999). MSCs can also be isolated from
a number of adult tissues including the bone marrow (Friedenstein et al., 1966),
adipose tissue, (Gimble et al., 2007, Zuk et al., 2002) umbilical cord tissue and blood
(Flynn et al., 2007, Lee et al., 2004, Troyer and Weiss, 2008).
Due to the high expansion potential of MSCs and their ability to differentiate along a
several tissue lineage pathways, MSCs have been touted as a cellular source to
regenerate damaged tissues that lack an intrinsic repair capacity (Caplan, 1991). In
addition to the capacity of MSCs to regenerate damaged tissue, MSCs also possess the
ability to home to the site of injury or insult and modulate disease through the release
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of trophic factors that can modulate the immune system or promote intrinsic repair
(Caplan and Correa, 2011).
As of November 2014, the clinical trial database clinicaltrials.gov listed 439 studies
using MSCs that were either active or completed. For these studies MSCs were
isolated from several sources and were used treat a wide variety of conditions and
diseases such as graft versus host disease (GVHD) (Le Blanc et al., 2004), acute
myocardial infarction (Schächinger et al., 2004, Wollert et al., 2004), diabetes mellitus
(and associated complications) (Lu et al., 2011) and osteoarthritis (OA). Of the 439
clinical trial studies either active or completed, 34 clinical trials were focused on the
treatment of OA or cartilage defects with MSCs.

1.1.6 MSCs for cartilage repair

The ability of MSCs to differentiate into cartilaginous tissue has meant the use of
MSCs has been promoted as a potential regenerative therapy for damaged cartilage.

To date MSCs have been tested in several pre-clinical models of OA and cartilage
defects across several species, details of which can be found in Table 1.1.6.1 (Barry
and Murphy, 2013).

Disease Model
Traumatic OA
(knee fracture)
Hemimeniscectomy
Unilateral ACL
transection
Spontaneous OA
Collagenaseinduced OA

Species
Mouse

Outcome
Prevention of OA

Rat

Meniscal repair

Rabbit

Improved
cartilage repair
Partial cartilage
repair
Cartilage
protection

Hartley strain
Guinea pig
Mouse

Study
Diekman et al.
(2012)
Horie et al.
(2012)
Toghraie et al.
(2012)
Sato et al. (2012)
ter Huurne et al.
(2012)
9

ACL transection
and medical
meniscectomy
Microfractured
chondral defects

Sheep

Horse

Reduced OA and
meniscal
regeneration
Enhanced
cartilage quality

Al Faqeh et al.
(2012)
Frisbie et al.
(2009)

Table 1.1.6.1: MSC induced repair in OA / cartilage defect pre-clinical models. Reprinted by
permission from Macmillan Publishers Ltd: Nature reviews rheumatology (Barry and Murphy, 2013)
copyright 2013. http://www.nature.com/nrrheum/

The pre-clinical studies mentioned in Table 1.1.6.1 demonstrate that administration of
MSCs can either protect against the onset of OA or result in repair of the damaged
cartilage. The mechanism of action by which MSCs exert protection or induce repair
remains to be fully elucidated. In a study by Murphy et al. it was found that in a goat
model of OA the repaired tissue showed no engraftment of the implanted cells into the
intact or fibrillated cartilage however, the synovial capsule, fat pad and lateral
meniscus showed high levels of cell engraftment (Murphy et al., 2003). This result
indicated that MSCs may activate intrinsic repair of cartilage by paracrine effects and
recruitment of host cells to the injured cartilage.

One of the first human studies to examine the repair of cartilage defects in OA knee
joints using MSC therapy was performed by Wakitani and colleagues in 2002. In this
study autologous bone marrow MSCs were culture expanded and then administered to
24 patients (Wakitani et al., 2002). The MSCs were embedded in a collagen gel and
an autologous periosteum was used to maintain the MSCs in position. 42 weeks after
transplantation of the MSC graft, the cartilage defects were covered in a soft tissue
and cartilage-like tissue was partially observed. No statistical difference in clinical
outcome was observed in this study. In a subsequent study from the same group, 2
patients who presented with injuries to their articular cartilage were treated with
autologous MSCs after all conservative treatments had been exhausted. As with the
previous study, the patients’ autologous MSCs were loaded onto a collagen gel, which
was maintained in position with a periosteum. Six months after MSC treatment the
patients had improved walking ability and reduced pain. Arthroscopy revealed that the
repaired cartilage consisted of fibrocartilage and not the desired hyaline cartilage
(Shigeyuki et al., 2004). Follow-up studies on the patients demonstrated that the
improvement in clinical outcome was maintained for nine years for one patient and
seven years for the other (Yamasaki et al., 2014).
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Over the past decade the number of clinical trials using MSCs to treat cartilage defects
as a result of OA or injury has grown rapidly. As of November 2014, clinicaltrials.gov
lists eight clinical trials using MSCs to treat cartilage defects or OA are currently
active and recruiting or will be recruiting patients in the future (Table 1.1.6.2). As can
been seen in table 1.1.6.2, the source of MSCs, vehicle and dosing strategies are
variable between clinical trials. The results of a recent proof of concept clinical trial
that took place in Korea demonstrated that administration of adipose derived MSCs
(AD-MSCs) was able to reduce knee pain and improve knee movement. Biopsies and
subsequent histology of the regenerated cartilage revealed good repair of the defect
and repaired cartilage that was hyaline-like in nature (Jo et al., 2014). Several other
clinical trials using BM derived MSCs have demonstrated improved clinical patient
outcome after short-term follow up analysis (Vangsness et al., 2014, Davatchi et al.,
2011, Mohsen Emadedin et al., 2012).
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Trial

Sponsor

Phase;
current stage
Phase I; active,
not recruiting

Indication

Intervention

Comparator

To evaluate the
safety and
efficacy of
human umbilical
cord
mesenchymal
stem cell (hUCMSC) for
articular cartilage
defect of knee.
NCT02291926

Shenzhen
Hornetcorn Biotechnology
Company

Knee OA

A single dose of
2×107allogenic
hUC-MSCwill be
implanted to
patients by intraarticular
injection, and
repeated every
month for four
times.

None (open-label,
single-group
safety study)

Use of
Autologous Bone
Marrow Aspirate
Concentrate in
Painful Knee OA,
A Randomized
Placebo
Controlled Pilot
Study
NCT01931007

Mayo Clinic

Phase 0;
recruiting

Knee OA

Placebo injection

Autologous Bone
Marrow Derived
Mesenchymal
Stem Cells
Enhanced With
Platelet Rich
Plasma Versus
Platelet Rich
Plasma In OA
NCT01985633

Postgraduate
Institute of
Medical
Education and
Research (India)

Phase I/II;
recruiting

Knee OA

Autologous Bone
marrow aspirate
be combined
previously
separated platelet
poor bone
marrow plasma
and used for
injection under
ultrasound
guidance into one
of the subject's
painful knees.
Autologous Bone
Marrow Derived
Mesenchymal
Stem Cells alone
or enhanced with
Platelet Rich
Plasma

Use of
Mesenchymal
Stem Cells for the
Repair of
Articular
Cartilage
Disorder of Knee
Using Intraarticular Injection
of Mesenchymal
Cells Alone or
Mesenchymal
Cells With
Platelet Lysate
NCT02118519

University of
Jordan

Phase II;
recruiting

Knee OA

Autologous Bone
Marrow Derived
Mesenchymal
Stem Cells alone
or enhanced with
Platelet Rich
Plasma

Platelet Rich
Plasma

Platelet Rich
Plasma
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Trial

Sponsor

Phase;
current stage
Phase I/II;
recruiting

Indication

Intervention

Comparator

Evaluation of
Safety and
Exploratory
Efficacy of
CARTISTEM®
NCT01733186

Medipost Co Ltd.

Knee cartilage
defect or injury

None (open-label,
single-group
safety study)

Translational
Biosciences

Phase I/II;
recruiting

Knee OA

University of
Marseille

Phase 0;
recruiting

Knee cartilage
defects

Allogeneicunrelated,
umbilical cord
blood-derived
mesenchymal
stem cells, ex
vivo cultured,
combined with
sodium
hyaluronate
Allogeneic
mesenchymal
trophic factors
(MTF) from
human umbilical
cord tissuederived
mesenchymal
stem cells
injected into the
knee joints or
injected
subcutaneously
Fresh nonculture-expanded
autologous bone
marrow-derived
MSCs, mixed and
activated with
protein scaffold

Safety and
Feasibility Study
of Mesenchymal
Trophic Factor
(MTF) for
Treatment of OA
NCT02003131

Transplantation
of Bone Marrow
Stem Cells
Stimulated by
Proteins Scaffold
to Heal Defects
Articular
Cartilage of the
Knee;
NCT0115989911
7
Autologous Bone
Marrow MSC
Transplantation
for Articular
Cartilage Defects
Repair
NCT01895413

Pontifícia
Universidade
Católica do
Paraná (Brazil)

Phase I/II;
recruiting

Knee OA

Single intraarticular injection
of autologous
bone marrowderived MSC by
arthroscopy

None (open-label,
single-group
safety study)

None

None (open-label,
single-group pilot
study)

Table 1.1.6.2: Active and recruiting clinical trials using MSCs to treat cartilage defects. (Adapted
and updated from Barry & Murphy 2013. Information from www.clincialtrials.gov and information
correct as of November 2014).

13

1.2 Prevailing concerns with MSC treatment for
cartilage defects
1.2.1 Hypertrophy:

MSC therapy for the treatment of cartilage defects has demonstrated some clinical
efficacy in several clinical trials however; one of the prevailing concerns associated
with this treatment is the proclivity for MSC derived cartilage to undergo hypertrophy.
This hypertrophy closely resembles endochondral ossification that is observed during
the skeletal development of the long bones. During endochondral ossification
chondrocytes first proliferate, undergo hypertrophy, and subsequently die. The
cartilage extra cellular matrix (ECM) is then invaded by blood vessels, osteoclasts and
osteoblast that remodel the ECM to form bone (Mackie et al., 2008). The process of
endochondral ossification can be visualised in figure 1.2.1.

Figure 1.2.1 A schematic diagram showing the endochondral ossification development of long
bones: A, Mesenchymal cells condense. B, Cells of condensations become chondrocytes (c). C,
Chondrocytes at the centre of condensation stop proliferating and become hypertrophic (h). D,
Perichondrial cells adjacent to hypertrophic chondrocytes become osteoblasts, forming bone collar (bc).
Hypertrophic chondrocytes direct the formation of mineralized matrix, attract blood vessels, and
undergo apoptosis. E, Osteoblasts of primary spongiosa accompany vascular invasion, forming the
primary spongiosa (ps). F, Chondrocytes continue to proliferate, lengthening the bone. Osteoblasts of
primary spongiosa are precursors of eventual trabecular bone; osteoblasts of bone collar become cortical
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bone. G. At the end of the bone, the secondary ossification centre (soc) forms through cycles of
chondrocyte hypertrophy, vascular invasion and osteoblast activity. The growth plate below the
secondary centre of ossification forms orderly columns of proliferating chondrocytes (col).
Haematopoietic marrow (hm) expands in marrow space along with stromal cells. Reprinted by
permission from Macmillan Publishers Ltd: Nature (Kronenberg, 2003) copyright 2003.
http://www.nature.com/nature/

Chondrogenically differentiating MSCs undergoing hypertrophy display a similar
hypertrophy phenotype to growth plate chondrocytes during endochondral ossification
(Mueller and Tuan, 2008). The progression of MSC-derived cartilage towards
hypertrophy results in the up-regulation of several osteogenic and hypertrophy
markers such as Collagen X, Runt-related Transcription Factor 2 (RUNX2) and
Alkaline phosphatase (ALP) (Mueller and Tuan, 2008).

MSC micromass chondrogenic pellets underwent hypertrophy and were mineralised
upon subcutaneous transplantation into severe combined immunodeficiency (SCID)
mice (Pelttari et al., 2006, Weiss et al., 2010). SCID mice lack an immune system and
thus can be used to test cells of human origin in pre-clinical animal models without
immunological complications. The tendency of MSC derived cartilage to undergo
hypertrophy and form bone is also being explored for use in bone repair (Farrell et al.,
2008, Farrell et al., 2011, Yang et al., 2014, van der Stok et al., 2013). Recent studies
have indicated that mechanically functional human cartilage can be created in vitro by
differentiation of MSCs, which can be then moulded to form anatomically sized
cartilage grafts for the treatment of cartilage defects. However, cartilage formed using
this method also expressed the hypertrophy marker Collagen X (Bhumiratana et al.,
2014). The ossification of transplanted MSC-derived cartilage tissue in a cartilage
defect would be deleterious in a clinical setting.

1.3 Hypoxia / low oxygen tension
1.3.1 Hypoxia inducible factor / Prolyl-hydroxylase Pathway:

The cellular response to low oxygen tension or hypoxia is controlled by the oxygen
sensing prolyl hydroxylase domain (PHD) enzymes that regulate hypoxia inducible
factor (HIF) stabilisation (Kaelin Jr and Ratcliffe, 2008, Schofield and Ratcliffe,
2004). Briefly, under normoxic oxygen conditions the PHDs hydroxylate proline
residues on the HIFα subunit. Upon hydroxylation HIFα is then recognised by the von
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Hippel-Landau tumour suppressor E3 ubitiquin ligase complex (pVHL) (Jaakkola et
al., 2001). HIFα is then ubiquitinated by pVHL and subsequently HIF is destroyed by
proteasomal degradation (Jaakkola et al., 2001, Kamura et al., 2000). Under hypoxic
conditions, the PHD enzymes require oxygen as a co-factor to hydroxylate HIF and
such the PHD enzymes are inactive. This leads to an accumulation of HIFα, which
then dimerizes with HIFβ, translocates to the nucleus and activates hypoxia inducible
genes (Kaelin Jr and Ratcliffe, 2008).

Figure 1.3.1: Diagram representing the HIF pathway (Courtesy of Arisomrnis Thanos
http://eyewiki.aao.org/File%3AHIF_pathway.jpg)

Under hypoxic conditions both HIF1α and HIF2α are upregulated in response to a
reduction in oxygen tension however, both HIF1α and HIF2α vary in how they
mediate the hypoxic response. HIF1α primarily mediates a fast, acute response to
hypoxia whereas HIF2α is responsible for mediating the response to long-term or
chronic hypoxic conditioning. Once exposed to a hypoxic environment HIF1α activity
is rapidly increased but is quickly degraded within a few hours, conversely HIF2α
activity is increased slowly and steadily and its expression can be maintained in the
long-term (Holmquist-Mengelbier et al., 2006, Nilsson et al., 2005).
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Figure 1.3.2: Model showing protein levels and activity of HIF-1α and HIF-2α at hypoxia (1% O₂ &
5% O₂). Reprinted from Recruitment of HIF-1α and HIF-2α to common target genes is differentially
regulated in neuroblastoma: HIF-2α promotes an aggressive phenotype. Cancer Cell, 10, 413-423,
copyright

2006

with

permission

from

Elsevier.

(Holmquist-Mengelbier

et

al.,

2006).

http://www.cell.com/cancer-cell/home

1.3.2 The effects of hypoxia on chondrogenesis

Hypoxia or low oxygen tension has been demonstrated to have beneficial effects on
chondrocytes in vitro (Murphy et al., 2009). Articular cartilage is an avascular tissue
and therefore a hypoxic environment (Gibson et al., 2008). Chondrocytes are adept at
residing in this hypoxic environment and it has been demonstrated that hypoxia and
specifically the increase in HIF2α can mediate an upregulation of the master
chondrogenic transcription factor SOX9 (Lafont et al., 2007, Thoms et al., 2013,
Thoms and Murphy, 2010). This increase in SOX9 activity results in an upregulation
of the chondrogenic matrix proteins Collagen II and aggrecan (Lafont et al., 2007,
Thoms et al., 2013, Thoms and Murphy, 2010). The specific depletion of Prolyl
hydroxylase domain-containing protein 2 (PHD2) from human articular chondrocytes
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has been shown to promote cartilage matrix production by upregulating SOX9, which
in turn results in increases of the matrix genes Col2A1, Col11a2, Aggrecan and Col9a1
(Thoms and Murphy, 2010).

Hypoxia also promotes anticatabolic effects in human cartilage by decreasing the
expression of A disintegrin and metalloproteinase with thrombospondin motifs 5
(ADAMTS5), which is an aggrecanase responsible for the degradation of aggrecan
(Thoms et al., 2013). Hypoxia has also been shown to attenuate expression of the
collagen degrading enzyme Matrix Metallopeptidase 13 (MMP13) while increasing
expression of endogenous tissue inhibitor metalloproteinase inhibitor 3 (TIMP3),
which inhibits MMP’s and aggrecanses (Thoms et al., 2013). These studies
demonstrate that hypoxia can induce increased matrix production in chondrocytes
while inhibiting or attenuating the catabolic breakdown of glycosaminoglycans
(GAG) in the ECM. Isolation and expansion of human MSCs under hypoxic
conditions has been shown to enhance their chondrogenic capacity resulting in
increased GAG and collagen synthesis (Adesida et al., 2012, Sheehy et al., 2012).

Hypoxia has been shown to regulate chondrogenic differentiation and inhibit markers
of hypertrophy in the murine C3HT10½ cell line. Hypoxia promoted GAG synthesis
while reducing alkaline phosphatase activity and mineralization. Hypoxia was shown
to inhibit Collagen X expression via the down-regulation of RUNX2 (Hirao et al.,
2006). MSC cartilage pellets that were differentiated under hypoxic conditions have
also be observed to have reduced deposition of the hypertrophic proteins Collagen X
and Collagen I as well as attenuated mineralisation (Sheehy et al., 2012).

In a 2014 study by Leijten et al., the chondrogenic differentiation of human MSCs in
hypoxia resulted in the up-regulation of several cartilage matrix genes; Col2a1, SOX9
and ACAN (Aggrecan), while the hypertrophic genes Col10a1 and MMP13 were
attenuated. This group then went onto subcutaneously implant chondrogenically
differentiated MSCs that were cultured for five weeks in normoxia (19% - 21%
oxygen) or hypoxia (2.5% oxygen).The MSCs were loaded in alginate and implanted
into SCID mice for five weeks. The explanted samples differentiated in hypoxia had
significantly reduced calcification of the implant and reduced blood vessel invasion.
This procedure demonstrated that the chondrogenic differentiation of MSCs in
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hypoxia provides a protection against the induction of a hypertrophic phenotype in
vivo (Leijten et al., 2014).

The attenuation of hypertrophy markers as a result of hypoxia or low oxygen tension
has been observed in C3HT10½ cells and human MSC-derived cartilage, however, the
molecular pathways regulating this effect has yet to be fully elucidated.

1.4 Regulation of Hypertrophy:
1.4.1 Parathyroid hormone related protein (PTHrP)
Parathyroid hormone related protein (PTHrP) is a protein that maintains cartilage
homeostasis and plays a pivotal role during skeletal development by blocking
hypertrophic differentiation of chondrocytes. PTHrP protein is produced by several
tissues and is generated by alternative splicing as one of three isoforms, 139, 141 or
173aa (Gardella and Jüppner, 2001). Synthetic peptides that contain the first 34 amino
acid peptides of PTHrP can successfully bind to and activate the PTHrP receptor
PTHR1 and induce a response, however N-terminally truncated PTHrP peptides such
as PTHrP (7-34) will bind to PTHR1 but will not induce a cellular response and are
thus competitive antagonists (Gardella and Jüppner, 2001). Other isoforms of PTHrP
have been used to induce or enhance bone repair; PTHrP (107-111) otherwise known
as osteostatin has been demonstrated to improve bone repair in a rat cranial defect
model when osteostatin was soak-loaded into a collagen hydroxyapatite scaffold
(Quinlan et al., 2015). PTHrP can be used as a bone anabolic therapy and it is
commonly used in clinical setting to treat osteoporosis (Esbrit and Alcaraz,
2013). Intermittent administration of PTHrP (1–36) has been found to increase bone
mass in rodent models of osteoporosis (Stewart et al., 2000).

The rate of chondrocyte differentiation in the growth plate is controlled by PTHrP and
its regulation of SOX9 and RUNX2. (Vortkamp et al., 1996, Kronenberg, 2006,
Kronenberg et al., 1997, Lee et al., 1996, Lanske et al., 1996). PTHrP and Indian
Hedgehog (Ihh) work synergistically, in a negative feed-back loop to co-ordinate
endochondral bone development chondrocyte proliferation and differentiation, which
can be seen in Figure 1.4.1.
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Figure 1.4.1: PTHrP and Ihh regulate chondrocyte differentiation during skeletal development: PTHrP
is secreted from chondrocytes at the ends of long bones, PTHrP acts on proliferating chondrocytes to
maintain proliferation and delay the production of Ihh (1). Chondrocytes that are distant from the release
of PTHrP produce Ihh. The Ihh acts on its receptor on chondrocytes to increase the rate of proliferation
(2) and stimulates the production of PTHrP at the ends of bones (3). Ihh also acts on perichondrial cells
to convert these cells into osteoblasts of the bone collar (4). Reprinted by permission from Macmillan
Publishers Ltd: Nature (Kronenberg, 2003) copyright 2003. http://www.nature.com/nature/

The ability for PTHrP to regulate chondrocyte differentiation and hypertrophy in the
growth plate has meant that use of recombinant PTHrP peptide has been seen as a
possible method to attenuate hypertrophy and regulate differentiation of MSC-derived
cartilage, both in vitro and in vivo. In a number of studies it was found that when MSC
micromass pellets were treated with recombinant PTHrP peptide during differentiation
a reduction in the hypertrophy markers, Collagen X and ALP was observed (Weiss et
al., 2010, Fischer et al., 2010). The attenuation in hypertrophy markers correlated in a
PTHrP dose dependent reduction in Collagen II deposition indicating a reduction in
chondrogenesis (Weiss et al., 2010). This detrimental effect on Collagen II deposition
would be deleterious in a therapeutic setting. Intermittent (6 hour exposure followed
by removal) exposure to recombinant PTHrP has been demonstrated to improve
chondrogenesis while attenuating markers of hypertrophic differentiation in MSCs
undergoing chondrogenic differentiation (Fischer et al., 2014). In dose response
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studies it has been observed that the addition of PTHrP to the chondrogenic media of
MSCs undergoing differentiation reduces markers of hypertrophy is a does dependent
manner, however higher doses of PTHrP have been observed to have a detrimental
impact on GAG synthesis (Mueller et al., 2013). Various isoforms of PTHrP have been
shown to have differing effects on chondrogenic differentiation and hypertrophy of
MSCs, PTHrP (1-34) has been shown to both upregulate COL2A1 gene expression
while reducing COL10A1 gene expression and alkaline phosphatase (ALP) (Lee and
Im, 2012).

The use of recombinant PTHrP peptide as a therapeutic agent for repair of articular
cartilage has shown some promise in pre-clinical models of OA and cartilage defects.
Treatment of full-thickness cartilage defects by inter-articular administration of
recombinant PTHrP peptide in a rabbit model showed regeneration of cartilage tissue
8 weeks post injury (Kudo et al., 2011). In a similar rabbit pre-clinical study,
subcutaneous systemic administration of recombinant PTHrP peptide resulted in
improvement in the macro and microscopic aspect of articular cartilage repair and the
microarchitecture of the subchondral bone in focal osteochondral defects after 6 weeks
in vivo, however none of the quantifiable repair parameters reached statistical
significance (Orth et al., 2013). In a rabbit model of induced OA, which was preceded
by induced osteoporosis (OP), the administration of recombinant PTHrP peptide
subcutaneously resulted in a decrease in cartilage damage as a result of the induced
OA insult (Bellido et al., 2011).

Hypoxia has been found to regulate PTHrP, it has been shown that prolonged hypoxia
results in the HIF2α mediated up-regulation of PTHrP expression in several human
cancer and endothelia cell lines (Manisterski et al., 2010). Human articular
chondrocytes cultured in hypoxic conditions has been shown to enhance PTHrP
expression in a HIF1α and HIF2α dependent manner (Pelosi et al., 2013).

1.4.2 Parathyroid hormone receptor 1 (PTHR1)

Parathyroid hormone receptor 1 (PTHR1) is a class II G-protein coupled receptor
(Juppner et al., 1991). PTHR1 agonists include both parathyroid hormone (PTH),
which regulates blood calcium and phosphate levels and PTHrP, which, as discussed
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above, regulates skeletal development processes (Mahon et al., 2002, Mannstadt et al.,
1999). PTHR1 is highly expressed and is colocalized with Zfp521 in pre-hypertrophic
chondrocytes of the growth plate (Correa et al., 2010).

1.4.3 Histone Deacetylase 4 (HDAC4)

Histone deacetylases (HDACs) are a class of enzymes that regulate changes in cell
growth and differentiation by altering the chromatin structure and repressing the
activity of certain transcription factors. HDAC4 is a class II HDAC enzyme meaning
that its expression restricted to specific cell types such as chondrocytes, whereas class
I HDACs are more widely expressed (Grozinger and Schreiber, 2002).

HDAC4 is highly expressed in pre-hypertrophic chondrocytes and regulates the onset
of chondrocyte hypertrophy and endochondral bone formation by inhibiting the
activity of RUNX2 (Vega et al., 2004). Mice lacking HDAC4 display a phenotype that
has early onset hypertrophy, which leads to inappropriate and ectopic bone formation.
Conversely, transgenic mice that overexpressed HDAC4 under the control of a Col2a1
promotor had retarded ossification and mineralization of bone and displayed no
hypertrophic chondrocytes (Vega et al., 2004).

HDAC4 is phosphorylated at three conserved serines and this phosphorylation permits
the interaction with the 14-3-3 regulatory proteins, which maintains HDAC4 and 143-3 in the cytoplasm as a complex. The dephosphorylation of HDAC4 breaks the
interaction between HDAC4 and 14-3-3 and permits HDAC4 to enter the nucleus
where it can exert its effects on target genes (Kozhemyakina et al., 2009, Grozinger
and Schreiber, 2000). Physiological or pharmacological factors that can increase
HDAC4 expression and its ability to translocate to the nucleus may be promising
options to explore in terms of modulating hypertrophy.

1.4.4 Zinc Finger Protein 521 (Zfp521)

Zinc finger protein 521 (Zfp521) is a transcription factor, which consists of 30
Krupple-like zinc fingers (Bond et al., 2004). Zfp521 has been observed to be a target
gene and key effector of PTHrP signalling in growth plate chondrocytes (Correa et al.,
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2010). Zfp521 is also known as early haematopoietic zinc finger protein (EHZF) in
humans (Bond et al., 2008) and ecotropic viral insertion site 3 (Evi3) in mice (Justice
et al., 1994). In humans Zfp521 is found to be expressed in various organs including
the brain, muscle, heart and kidneys and is highly expressed in primitive hematopoietic
cells (Bond et al., 2004).

More recently it has been found that Zfp521 is expressed in the mesenchymal
condensations during skeletal development, as well as in the perichondrium,
periosteum, osteoblasts, osteocytes, chondroblasts and in growth plate prehypertrophic chondrocytes (Wu et al., 2009, Correa et al., 2010, Hesse et al., 2010a).
Zfp521 has been shown to antagonize RUNX2 expression leading to a repression of
osteoblast differentiation and it is this balance between Zfp521 and RUNX2
expression, which controls the rate of bone formation during skeletal development
(Wu et al., 2009, Hesse et al., 2010b).

Figure 1.4.4 : In pre-hypertrophic chondrocytes, the binding of PTHrP to PTHR1 results in a protein
kinase A (PKA) mediated upregulation of Zfp521 and an increase in protein phosphatase 2A (PP2A)
which, in turn, dephosphorylates HDAC4. HDAC4 is translocated to the nucleus where it forms a
complex with Zfp521 and RUNX2, repressing RUNX2 activity and attenuating markers of hypertrophy.
Reprinted from Zfp521 Is a Target Gene and Key Effector of Parathyroid Hormone-Related Peptide
Signaling in Growth Plate Chondrocytes. Developmental Cell, 19, 533-546 with permission from
Elsevier. Copyright 2010. (Correa et al., 2010). http://www.cell.com/developmental-cell/home

Deletion of Zfp521 in conditional knock-out (cKO) mice results in post-natal
dwarfism by retardation of longitudinal bone growth, the Zfp521 cKO mice also have
an altered growth plate structure with premature ECM mineralisation observed
(Correa et al., 2010).
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Administration of recombinant PTHrP (1-34) to differentiating ATDC5 cells was
shown to increase Zfp521 expression at both gene and protein level, conversely
Zfp521 expression was attenuated as a result of administration of the PTHR1
antagonist peptide PTHrP (7-34) (Correa et al., 2010). RUNX2 expression is reduced
following PTHrP (1-34) treatment, this repression of RUNX2 was observed to be
Zfp521 dependent following PTHrP (1-34) treatment of chondrocytes isolated from
Zfp521 cKO mice and floxed controls (Correa et al., 2010). Zfp521 also represses
PTHR1 expression in pre-hypertrophic chondrocytes. PTHR1 expression was found
to be increased in Zfp521 cKO mice and this suggests that Zfp521 mediates a negative
feed-back loop, which downregulates PTHR1 expression (Correa et al., 2010). Zfp521
expression has also been observed to be upregulated in human articular chondrocytes
cultured in hypoxic conditions; this effect was subsequently negated by using small
interfering RNA (siRNA) targeting PTHrP in order to inhibit PTHrP expression
(Pelosi et al., 2013).

1.4.5 Myocyte Enhancer factor 2C (MEF2C)

The transcription factor MEF2C, is involved in several diverse differentiation
processes during development including neural development, cardiovascular
development and skeletal development (Potthoff and Olson, 2007). MEF2C has been
particularly implicated in mediating cardiomyocyte hypertrophy (Muñoz et al., 2009).
MEF2C has also been shown to have an important role in endochondral bone
development, chondrocyte maturation and hypertrophy (Arnold et al., 2007).

The deletion of MEF2C in a homozygous knock-out mouse results in embryonic
lethality at day 9.5 due to severe vascular abnormalities (Lin et al., 1998). A
heterozygous deletion of MEF2C in mice results in impaired bone development with
reduced mineralization of the cartilaginous matrix of the sternum (Arnold et al., 2007).
The conditional deletion of MEF2C using a Cre recombinase system controlled by the
Col2a1 promoter resulted in the generation of mice that survived to adulthood, these
mice had shortened limbs with a lack of ossification of the sternum and their
chondrocytes were unable to undergo hypertrophy (Arnold et al., 2007). In contrast,
the generation of transgenic mice that expressed a superactive MEF2C fusion protein
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under a Col2a1 promoter resulted in premature and inappropriate ossification of the
growth plate (Arnold et al., 2007). This excessive ossification and induction of
hypertrophy by MEF2C was shown to be as a result of the activation of Col10a1
promoter by MEF2C, in addition MEF2C knock-out mice were shown to have reduced
expression of the hypertrophy markers Col10a1 and RUNX2 (Arnold et al., 2007).

PTHrP signalling has been demonstrated to inhibit the expression and translational
activity of MEF2C in chondrocytes as a result of the nuclear translocation of HDAC4
(Kozhemyakina et al., 2009). The repression of Col10a1 in chondrocytes by the
actions of PTHrP and MEF2C requires the action of PP2A to induce the translocation
of HDAC4 (Kozhemyakina et al., 2009). The repression of Col10a1 can be induced
by direct stimulation of PKA using the PKA activator forskolin (Kozhemyakina et al.,
2009). Methods that lead to the repression of MEF2C in MSC-derived cartilage may
allow for the creation of de novo cartilage that would be free of or have attenuated
expression of hypertrophy markers.
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Figure 1.4.5: Inhibition of chondrocyte hypertrophy by PTHrP signalling, which attenuates MEF2C
expression leading to repression of hypertrophy. Reprinted with permission from American Society
for Microbiology. Copyright 2009. (Kozhemyakina et al., 2009). http://journals.asm.org/

1.4.6 ATDC5 cells as a model system
In order to examine the molecular mechanism regulating attenuation of hypertrophy
this study will employ the use of the chondrogenic cell line ATDC5 in addition to
primary MSCs. The ATDC5 cell line was established by Atsumi and collagues in 1990
(Atsumi et al., 1990). ATDC5 cells were derived from and isolated from murine
teratocarcinoma fibroblastic cells and were observed to undergo high levels of
chondrogenic differentiation in comparison to other cells lines that are also used to
study 2D chondrogenesis such as C3HT10½ cells (Atsumi et al., 1990). ATDC5 cells
have been shown to demonstrate sequential chondrogenic differentiation, in that the
cells will deposit GAG and ECM followed by the upregulation of hypertrophy markers
such as collagen X (Shukunami et al., 1996, Shukunami et al., 1997, Tare et al., 2005).
ATDC5 cells are both a stable cell line and are not detrimentally effected by passage
as is the case with primary cells, these facts make ATDC5 cells an ideal cell source to
study the mechanisms of chondrogenesis as ATDC5 cells (Yao and Wang, 2013).
During this study a number of pharmacological agents are employed to augment the
differentiation process, the use of the ATDC5 cell line allows for the visualisation of
any toxic effects of these drugs at earlier time-points than with a 3D MSC culture
system. As of 2013 over 200 studies have employed the use of this robust and
consistent cell line to study the mechanisms governing chondrogenesis (Yao and
Wang, 2013).

1.5 Hypothesis:
Having examined the current literature in relation to hypertrophy in chondrocytes and
hypoxic differentiation the following mechanism of action was hypothesized. Under
long-term or chronic physiological hypoxic conditions, HIF2α expression is
upregulated and is maintained (Holmquist-Mengelbier et al., 2006). As the actions of
PHD enzymes are inhibited by the lack of oxygen HIF is stabilized. HIF then
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accumulates and translocates to the nucleus where HIF activates hypoxia responsive
genes such as PTHrP (Manisterski et al., 2010, Kaelin Jr and Ratcliffe, 2008)

Once PTHrP is available, it can bind to its receptor PTHR1. Upon activation of
PTHR1, a PKA mediated pathway is initiated; PKA activates PP2A, which is
responsible for the dephosphorylation of HDAC4. Once HDAC4 is dephosphorylated
this allows HDAC4 to enter the nucleus of the chondrocyte (Kozhemyakina et al.,
2009, Grozinger and Schreiber, 2000). Concurrently, PKA also induces an increase in
Zfp521 expression (Correa et al., 2010).

At this point the proposed mechanism of action pathway diverges into two concurrent
pathways. In the Zfp521 pathway, Zfp521, RUNX2 and HDAC4 form a complex that
attenuates the expression of RUNX2. This reduced expression of RUNX2 results in
the attenuation of other hypertrophy genes downstream of RUNX2 such as Collagen
X and alkaline phosphatase. (Figure 1.5.1)

In the MEF2C pathway, the dephosphorylation and subsequent translocation of
HDAC4 into the nucleus results in HDAC4 binding to MEF2C (Kozhemyakina et al.,
2009). HDAC4 binding to MEF2C results in the functional inhibition of MEF2C. This
loss of MEF2C function results in an inhibition of Collagen X. (Figure 1.5.2.)

Upon activation the Zfp521 MEF2C pathways work synergistically to attenuate the
hypertrophic differentiation of chondrocytes (Figure 1.5.3)
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Figure 1.5.1: Diagram showing the proposed mechanism of action, by which the hypoxic activation of
PTHrP and Zfp521 signalling attenuates hypertrophic differentiation in chondrocytes.
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Figure 1.5.2: Diagram showing the proposed mechanism of action, by which the hypoxic activation of
PTHrP and MEF2C signalling attenuates hypertrophic differentiation in chondrocytes.
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Figure 1.5.3: Diagram showing the proposed mechanism of action, by which the hypoxic activation of
PTHrP, Zfp521 and MEF2C signalling in combination attenuates hypertrophic differentiation in
chondrocytes.
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1.6 Aims of the project:
The treatment of cartilage defects as a result of OA or injury remains an unmet medical
need as the current treatment options do not provide sufficient regeneration or
protection of the damaged cartilage. Current treatments for OA rely heavily on
analgesics and anti-inflammatory drugs to manage the pain and swelling associated
with OA and allow the patients move joint movement and reduced pain. Additional
treatments such as the injection of hyaluronic acid or corticosteroids may provide short
term relief but provide limited long-term beneficial effects.

The association between cartilage injuries in early life and prevalence of OA in later
life has now been established. Treatments that result in the regeneration of cartilage
that has been damaged as a result of injury may provide protection against the onset
of OA in later life. As the incidence rates of OA are forecast to increase into the future
an effective disease modifying OA therapy (DMOAT) is required to relieve the disease
and associated economic burden.

MSCs have been touted as a cellular source to repair and regenerate cartilage that has
been damaged either as a result of injury or OA. As previously discussed, there have
been numerous clinical trials using MSCs for cartilage repair however, several in vivo
and in vitro studies have demonstrated the proclivity of MSC derived cartilage to
undergo hypertrophic differentiation. The hypertrophic differentiation of MSC
derived cartilage would be deleterious in a therapeutic setting.

The development of a MSC cell therapy product for cartilage repair that is resistant to
hypertrophic differentiation, or the use of a pharmacological agent that could be used
in conjunction with a standard MSC therapy to alleviate hypertrophy, could have
tangible clinical benefits.

This thesis is divided into four main studies, specific objectives for each of the four
studies is as follows:
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In chapter 3 the main objective is to examine if physiological hypoxia improves
chondrogenesis in both MSC-derived cartilage and ATDC5 cells. This will be
determined by examining if physiological hypoxia both improves GAG deposition
while concurrently attenuating markers associated with hypertrophic differentiation.

In chapter 4 the main objective it to elucidate the biological roles of three key factors;
PTHrP, Zfp521 and MEF2C under physiological hypoxic conditions and to determine
if physiological hypoxia exposure results in an increase or decrease of the expression
of these key factors.

In chapter 5 the main objective it to examine several pharmacological agents to
determine if these agents can be used to augment the PTHrP - Zfp521 – MEF2C
pathway with a secondary goal to develop a pharmacological treatment regime that
could be used clinically for the attenuation of hypertrophy of MSC-derived cartilage.

Finally, in chapter 6 the main objective is to examine the roles of the hypoxia inducible
factors HIF1α and HIF2α under normoxic conditions, to elucidate which HIF is
responsible for the activation of the PTHrP – Zfp521 – MEF2C pathway and thus
attenuate hypertrophy. The secondary aim of this chapter is to act as a proof of concept
study to examine if genetic overexpression of the HIF can activate the PTHrP – Zfp521
– MEF2C pathway under physiological normoxic conditions.

The overall aim of this project is to examine the role of physiological hypoxia in the
attenuation of hypertrophy and establish a method of action for this attenuation of
hypertrophy in MSC-derived cartilage and ATDC5 cells. Once the mechanism of
action has been established, the next aim is to develop an in vitro differentiation regime
to mimic or maintain the positive effects of physiological hypoxia in a normoxic
environment with the goal of developing a pharmacological treatment regime that
could have relevant clinical applications.

With these aims in mind it was hypothesized that physiological, pharmacological
and/or genetic activation of hypoxia regulated pathways will attenuate hypertrophy in
MSC-derived cartilage.
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Chapter 2:
Materials and Methods
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2.1 Mesenchymal stem cell culture
2.1.1 Mesenchymal stem cell isolation and expansion:
Bone marrow (BM) aspirates were obtained from the iliac crest of healthy donors. All
procedures were performed with informed consent and ethically approved by the
Clinical Research Ethical Committee at University College Hospital, Galway
(UCHG). MSCs were expanded using a direct plating technique whereby following
arrival of the sample in the laboratory, the bone marrow aspirate is washed with DPBS (Gibco) and subsequently transferred into T-175 (Nunc) tissue culture flasks.
MSCs were allowed to attach the surface of the flask and after 3 days of culture were
then fed MSC expansion media. MSC expansion media consisted of alpha minimum
essential media (MEM) with Glutamax (Gibco), 10% Hyclone fetal bovine serum
(FBS) (Thermo Scientific), 1% penicillin/streptomycin (Sigma) and 5ng/ml fibroblast
growth factor 2 (FGF-2) (Pepro-Tech). Upon reaching 70-80% confluence MSCs were
subcultured by washing with 5ml of D-PBS, which was then discarded. Subsequently,
5ml of 0.25% trypsin/EDTA (Gibco) was added to each T-175 flask and left to
incubate at 37°C for 5 minutes. Cell detachment was confirmed by observing the
MSCs under a microscope. To neutralise the 0.25% trypsin/EDTA, 10ml of MSC
expansion media was added to each flask. The MSC suspension was then transferred
to a 50ml sterile centrifuge tube. The MSC cell suspension was then centrifuged at
400G for 5 minutes. The cell supernatant was then removed and discarded, the cell
pellet was then resuspended in 5-10ml of MSC expansion media and a cell count was
performed using a haemocytometer. MSCs were then plated into T-175 flasks at a
density of 1x106 or cryopreserved in cryopreservation media consisting of FBS with
10% dimethyl sulfoxide (DMSO). MSCs were then cultured at either 2% oxygen
(hypoxia) in a Galaxy RS hypoxia incubator (New Brunswick) or 19% oxygen
(normoxia). MSCs were then expanded until sufficient cell numbers for chondrogenic
differentiation were obtained. 2% oxygen was selected as as the oxygen tension for
subsequent experiments for several reasons; articular cartilage is a hypoxic tissue due
to its lack of vasculature and the oxygen levels found in articular cartilage range from
1%-7% depending on the zone of cartilage examined (Fermor et al., 2007). The source
for the MSCs used during these experiments was from bone marrow of healthy
volunteers, it has been observed that the oxygen tension of the bone marrow ranges
34

from 1%-6% (D'Ippolito et al., 2006, Grant and Smith, 1963). It was postulated that
maintaining MSCs at a low oxygen tension similar to their in vivo niche would be
beneficial. Previous studies from our lab have shown that 2% oxygen was
advantageous for GAG deposition when compared to 5% or 19% oxygen and no
significant differences were observed when 1% and 2% oxygen were compared. Thus
2% oxygen was chosen as the oxygen tension for future experiments.

2.1.2 Micromass pellet chondrogenic differentiation of MSCs:
Chondrogenic differentiation of MSCs was initiated between passages 2 and 4
inclusive. MSCs were washed with D-PBS and then detached from T-175 tissue
culture flasks using 0.25% trypsin/EDTA (Gibco), once detached from monolayer 3D
micromass pellet chondrogenic differentiation (Johnstone et al., 1998) was initiated.
Once in suspension, the MSCs were centrifuged at 400G for 5 minutes, expansion
media was removed and a cell count was performed. 250,000 cells per micromass
pellet for each condition to be examined were then resuspended in complete
chondrogenic media (CCM) containing DMEM high glucose (Gibco), 100nM
dexamethasone, 50 μg/ml ascorbic acid 2- phosphate, 40 μg/ml L-proline, 1% ITS
supplement

(Becton

Dickinson),

1mM

sodium

pyruvate

(Gibco),

1%

penicillin/streptomycin (Gibco) with 10ng/ml transforming growth factor β-3 (TGFβ3) (Pepro-Tech). To initiate condensation, 250,000 MSCs in 500μl of CCM were
transferred into individual 1.5ml screw-cap microfuge tubes and centrifuged at 250G
for 5 minutes using a swing out rotor. The lids of the screw cap microfuge tubes were
slightly loosened before being placed into incubators to allow for gaseous exchange.
Pellets that originated from MSCs expanded in hypoxic conditions were differentiated
in hypoxia (2% O2) and MSCs expanded at normoxia (19% O2) were differentiated in
normoxia. CCM was refreshed 3 times per week. The micromass pellets were then
differentiated for a total of 28 days. For each condition to be analysed 4 MSC
micromass pellets were generated, 3 for DMMB and pico green assays and 1 for
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histological sectioning. Conditioned media from the micromass pellets was harvested
at days 7, 14, 21 and 28 of differentiation. For harvesting conditioned media - 48 hours
before the time point of interest CCM was refreshed with 500μl, 24 hours before the
time point 350μl of media was removed and discarded. On the day of media harvest
100μl of conditioned media was the removed and stored at -80°C for additional
analysis.
2.1.3 Sulfated glycosaminoglycan (GAG) quantification of micromass pellets:
Quantitative analysis of the sulphated GAG content of individual MSC micromass
pellets was performed by DMMB (1,9 Dimethylmethylene blue) assay (Müller and
Hanschke, 1996). MSC micromass pellets were enzymatically digested using a papain
digestion buffer consisting of 25 μg/ml papain (Sigma) in DMMB buffer (50 mM
sodium phosphate, 2 mM EDTA, 2 mM N-acetyl cysteine, pH 6.5) overnight at 60°C.
To ensure full dispersion of the micromass pellets all microfuge tubes were vortexed.
GAG quantification was then performed using a 1, 9 Dimethylmethylene blue
(DMMB) assay. 12.5μl of digested sample was diluted in 37.5μl of DMMB buffer per
well to be analysed. Reference standards were created using chondroitin-6-sulfate
(Sigma) in DMMB buffer. 50μl of diluted sample or standard was added to a well of
a 96 well plate. 200μL of DMMB stock solution (16mg of 1,9 Dimethylmethylene
blue was dissolved in 100% ethanol and combined with a solution of 2.73g NaCl,
3.04g glycine, 690μl concentrated HCL in dH2O, the DMMB stock was then adjusted
to pH 3 with HCL) was added was added to each well. All standards and samples
were assayed in triplicate. The plate was then incubated at room temperature for 5
minutes before being read at 595nm on a Wallac victor plate reader.

2.1.4 Quantification of dsDNA of MSC micromass pellets:
Quantification of total dsDNA in the digested pellets was performed using a Quant-iT
Pico Green dsDNA kit (Invitrogen) according to the manufactures protocol. Papain
digested samples were diluted 1:25 and 100μl of diluted sample was added to each
well of a black 96 well plate (Nunc). Serial dilutions of DNA stock supplied with the
pico green kit was used to create reference standards; 100μl of each standard was
added to the appropriate wells. All standards and samples were assayed in triplicate.
100μl of pico green solution was then added to the wells and incubated at room
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temperature for 2 minutes before reading on a fluorescent plate reader by excitation at
485nm and emission at 535nm. The combination of results from both the DMMB and
pico green assays provides a ratio of GAG normalized to dsDNA content as a μg:μg
ratio.

2.2 Histology:
2.2.1 Preparing samples for histology
Prior to histology, all micromass pellets were fixed in 10% neutral buffered formalin
(Sigma), stained with eosin (Sigma), wrapped in filter paper and placed inside tissue
processing cassettes. The pellets were then processed for histological analysis using a
Leica ASP300 tissue processor. Samples were dehydrated in an increasing alcohol
series (70%, 95% and 100%) cleared with xylene and infiltrated with molten
histological wax. Samples were then removed from the cassettes and filter paper and
placed into wax moulds. Samples were then embedded in molten paraffin using a
Leica EG1150 H heated paraffin embedding module. Once the paraffin wax has set
samples could then be histologically sectioned at a thickness of 5μm using a Leica
RM2235 microtome and mounted on SuperFrost Plus slides (Fisher). Slides were then
incubated for 60 minutes at 60°C to ensure attachment of the sections to the slide and
melt off excess wax. Slides were then stored at room temperature until further
histological / immunohistochemical analysis.
2.2.2 Safranin-O histological staining of MSC micromass pellets
The paraffin embedded sectioned samples were deparaffinised using xylene (Sigma)
twice for 5 minutes and rehydrated in a decreasing alcohol series (twice in 100%
ethanol for 2 minutes, 95% ethanol for 20 seconds, and 70% ethanol for 20 seconds
and dH₂O for 1 minute). Sections were then incubated in Mayer’s haematoxylin
(Sigma) for 6 minutes to stain cell nuclei. Excess haematoxylin was then removed by
rinsing sections in tap water for 2 minutes followed by a further 3 minutes. Sections
were then placed in 0.02% fast green (Sigma) for 4 minutes followed by 1% acetic
acid (Sigma) for 3 seconds. To stain for sulphated proteoglycans sections were
incubated in 1% safranin-O (Sigma) for 6 minutes. Sections were then dehydrated in
an increasing alcohol series (95% ethanol for 1 minute followed by 100% ethanol for
2 minutes twice). Sections were then cleared with xylene twice for 2 minutes. Finally,
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sections were mounted using DPX (Fischer) and cover slipped. Slides were allowed
to dry overnight and images of staining were obtained using an Olympus BX51
microscope. Positive staining was indicated by Safranin-O staining sulphated
proteoglycans a red / orange colour.
2.2.3 Toluidine Blue histological staining of MSC micromass pellets
Prior to staining two separate phosphate buffer solutions were made; Buffer A – 0.2M
Na2HPO4 and Buffer B – 0.2M NaH₂PO₄. 200ml of Toluidine blue buffer was made
by combining 94.7ml of buffer A with 5.3ml of buffer B with 100ml of dH₂O. This
solution was then brought to pH 8.0.
The paraffin embedded sectioned samples were deparaffinised using xylene (Sigma)
twice for 2 minutes and rehydrated in a decreasing alcohol series (100% ethanol for 2
minutes, 95% ethanol for 2 minutes, and 70% ethanol for 2 minutes and dH₂O for 1
minute). Toluidine blue working solution was then created by combining 40ml of
toluidine blue buffer with 3ml of 0.5% toluidine blue stain. The working solution was
then heated to 57-60°c using a microwave. Sections were then added to the heated
working solution and incubated for 5 minutes. Sections were then removed from the
working solution and rinsed in running tap water for 5 minutes. Sections were then
cleared with xylene twice for 2 minutes. Sections were mounted using DPX and cover
slipped. Positive staining was indicated by Toluidine blue staining sulphated
proteoglycans a purple colour.
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2.2.4 Immunohistochemistry:
Staining for Collagen II, RUNX2, Collagen X, HIF2α, Zfp521, MEF2C and PTHR1
was performed by initially clearing paraffin by placing slides in xylene twice for 5
minutes. Slides were rehydrated to water in a decreasing alcohol series (100% ethanol
twice for 5 minutes, 95% ethanol twice for 5 minutes and 70% ethanol for 5 minutes
followed by dH₂O for 5 minutes). Antigen retrieval was performed by filling a coplin
jar with the required volume of 10mM Sodium Citrate pH 6.0 (Tri-sodium citrate
dehydrate 2.94g (Santa Cruz) in dH₂O 1000ml, pH to 6.0 with 1M HCL). Sodium
citrate solution was heated to 60°C using a hotplate, and temperature was monitored
using a thermometer. Once the sodium citrate solution was heated to 60°C the slides
were placed into the buffer, the solution was then heated to 97°C for 20 minutes before
allowing solution to cool for 40 minutes.
When staining for Collagen II, Collagen X and HIF2α samples were incubated in
40mU/ml chondroitinase ABC (Sigma) in 0.1M Tris/acetate pH 7.6 containing 1%
BSA for 30 minutes at 37°C in a humidified chamber prior to blocking. Sections were
blocked for endogenous peroxidase with 0.3% hydrogen peroxide (Sigma) in
methanol for 15 minutes at room temperature. Non-specific binding was blocked with
10% normal goat serum (KPL) for 1 hour at room temperature in a humidified
chamber. Primary antibodies were separately diluted in 10% goat serum prior to
incubation at concentrations detailed in Table 2.2.4. Primary antibody incubation
times are also detailed in table 2.2.4. Following primary antibody incubation slides
were washed in 1X TBS followed by incubation with appropriate biotinylated
secondary antibody either goat anti-mouse IgG or goat anti-rabbit IgG (pre-diluted KPL) as appropriate for 1 hour at room temperature in a humidified chamber.
Secondary antibody was removed by washing in 1X TBS. Streptavidin peroxidase was
then incubated on the sections for 30 minutes at room temperature in a humidified
chamber. Staining was developed by combining 1 drop (~20μl) of DAB (Abcam) and
1ml Chromogen (Abcam), the solution was then vortexed and added to the sections
for 10 minutes or until staining has developed. Sections were then counterstained with
haematoxylin (Sigma) before dehydration in an alcohol series, clearing with xylene
(twice for 5 minutes), mounting with DPX and coverslipped. Slides were then allowed
to dry overnight prior to imaging with an Olympus BX51 microscope. Positive
staining for specific proteins of interest is visualised by brown DAB staining. In order
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to optimize antibody concentration, preliminary experiments were performed using
various primary antibody concentrations. To act as a negative control one slide
received no primary antibody each time staining was performed to account for the
possibility of non-specific DAB staining acting as a false-positive result. An example
of a section, which received no primary antibody, as a negative control can be seen in
Fig. 2.2.4 below

Figure 2.2.4: Immunohistochemical staining negative control section.

Antibody

Manufacturer

Chondroitinase Antibody
ABC Treated

Concentration

Incubation

Collagen II

Abcam #54236

Yes

Pre-diluted

4°C 18 hrs

RUNX2

Abcam #76956

No

1:200

37°C 1hr

MEF2C

Abcam #64644

No

1:200

4°C 18 hrs

Collagen X

Abcam #49945

Yes

1:1000

4°C 18 hrs

PTHR1

Abcam#

No

1:200

4°C 18 hrs

Yes

1:500

4°C

104832
HIF2α

Abcam #20654

Overnight
Zfp521

Abcam

No

1:200

37°C 1hr

#113835
Table 2.2.4: Details of antibodies, concentrations and incubation times used to analyse protein
deposition in chondrogenic MSC pellets by immunohistochemistry.
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2.2.5 Quantification of immunohistochemistry
In order to quantify the extent of positive staining observed in immunohistochemical
sections the open-source imaging software Image J was used (http://imagej.net/). In
order to quantify the number of DAB positive pixels that could be observed in each
image the Image J plugin IHC Profiler was employed. IHC Profiler is an open source
plugin for the quantitative evaluation and automated scoring of immunohistochemistry
images of human tissue samples (Varghese et al., 2014). Due to variations in staining
intensity of DAB, background staining and counterstains the automatic scoring
functionality of the plugin could not be used for this study. Briefly, this plugin allows
for the colour deconvolution of the image of interest, the algorithm that this plugin
contains allows for the specific separation of colours on the DAB spectrum from the
rest of the image. Once the DAB specific image has been separated from the rest of
the image the threshold values are manually set to ensure the all DAB staining is
accounted for while removing any remaining background / non-specific staining. After
the threshold has been set the “analyse particles” function of Image J is selected. A
report is automatically generated by Image J containing the details of the number of
DAB positive regions in the image along with the number of pixels contained within
each positive region. The basic workflow of this procedure can be seen in figure 2.2.5
below.

Figure 2.2.5: Workflow detailing process of DAB positive pixel quantification of
immunohistochemical images.
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2.3 ATDC5 cell culture
2.3.1 ATDC5 cell expansion
ATDC5 cells (Atsumi et al., 1990) were obtained from the European Collection of
Cell Cultures (ECACC). ATDC5 cells were expanded in DMEM/Ham’s F12 +
Glutamine (Sigma), 5% FBS (Thermo Fischer) with 1% penicillin/streptomycin
(Gibco). ATDC5 cells were expanded at either hypoxia in a Galaxy RS hypoxia
incubator or normoxia for at least 1 passage before differentiation was initiated. Upon
reaching 70-80% confluence ATDC5 were subcultured by washing with 5ml of DPBS, which was then discarded. Subsequently, 5ml of 0.25% trypsin/EDTA (Gibco)
was added to each T-175 flask and left to incubate at 37°C for 5 minutes. Cell
detachment was confirmed by observing the cells under a microscope. To neutralise
the 0.25% trypsin/EDTA, 10ml of ATDC5 expansion media was added to each flask.
The ATDC5 suspension was then transferred to a 50ml sterile centrifuge tube. The
ATDC5 cell suspension was then centrifuged at 400G for 5 minutes. The cell
supernatant was then removed and discarded, the cell pellet was then resuspended in
5-10ml of ATDC5 expansion media and a cell count was performed using a
haemocytometer. ATDC5 were then plated into T-175 flasks at a density of 1x106 or
cryopreserved in cryopreservation media consisting of FBS with 10% dimethyl
sulfoxide (DMSO) As per the suppliers recommendations ATDC5 cells we not used
for any assays once they passed passage 28.
2.3.2 Monolayer chondrogenic differentiation of ATDC5 cells
ATDC5 cells were seeded at 25,000 cells per well of a 24 well plate at a density of
~12,500 cells/cm², the cells remained in 1ml expansion media for 24 hours prior to
differentiation. 24 hours after initial seeding media was changed from 1ml of
expansion media to 1ml of differentiation media. Differentiation media consisted of
DMEM high glucose (Sigma), 100nM dexamethasone, 50 μg/ml ascorbic acid 2phosphate, 40 μg/ml L-proline, 1% ITS supplement, 1mM sodium pyruvate, 1%
penicillin/streptomycin with 2% FBS. ATDC5 cells were differentiated in either
hypoxia or normoxia for up to 21 days. 1ml of conditioned media was harvested at
days 7, 14 and 21 of differentiation and stored at -80°C for later analysis.
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2.3.3 Alcian Blue staining of ATDC5
Following differentiation, media was removed and ATDC5 were washed twice with
D-PBS. Cells were then fixed with 95% methanol for 30 minutes. Cells were then
stained with 1% Alcian Blue for 16 hours at room temperature. The Alcian Blue was
then removed and the wells washed several times with dH₂O to remove excess stain.
Positive blue staining indicating matrix proteoglycan production could then be imaged
using an Olympus BX51 microscope.

2.4 Addition of drugs / peptides during differentiation
In order to determine optimal dosing strategies, dose-response timecourse studies were
performed using the drugs/peptides listed below. Initial dosing strategies for PTHrP
(1-34) were obtained from Weiss et al., 2010. Initial dosing strategies for PTHrP (734) were obtained from Correa et al., 2010. In the case of FG-4592 no in vitro data
was readily available to the author at the time of commencement of the experiments.
In this case serial dose-response and time-course studies were performed across a wide
range of FG-4592 concentrations. Initial optimization experiments began examining
doses in the pico molar range, the dosing was incrementally increased to find the
optimal doses.
2.4.1 Addition of exogenous PTHrP (1-34) during MSC micromass pellet
differentiation:
To assess the effect of exogenous PTHrP (1-34) addition on MSC micromass pellet
differentiation, a series of increasing concentrations (10pg/ml, 100pg/ml, 1ng/ml,
10ng/ml, 100ng/ml) of PTHrP (1-34) peptide (Bachem) were added to CCM 3 times
per week from day 14 of differentiation until day 28. PTHrP (1-34) supplemented
CCM was added to MSC pellets differentiated in both hypoxia and normoxia. As the
PTHrP (1-34) peptide was resuspended in water, water was used as a vehicle control
for groups not receiving PTHrP (1-34) peptide.
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2.4.2 Addition of exogenous PTHrP (1-34) during ATDC5 differentiation:
To assess the effect of exogenous PTHrP (1-34) addition on ATDC5 differentiation, a
series of increasing concentrations (10nM, 100nM and 1μM) of PTHrP (1-34) peptide
(Bachem) were added to ATDC5 differentiation media 3 times per week from day 7
of differentiation until day 21. PTHrP (1-34) supplemented ATDC5 differentiation
media was added to ATDC5 cells differentiated in both hypoxia and normoxia. As the
PTHrP (1-34) peptide was resuspended in water, water was used as a vehicle control
for groups not receiving PTHrP (1-34) peptide.

2.4.3 Addition of exogenous PTHrP (7-34) during ATDC5 differentiation:
To assess the effect of exogenous PTHrP (7-34) addition on ATDC5 differentiation,
100nM of PTHrP (7-34) peptide (Bachem) was added ATDC5 differentiation media
from day 12 until day 14 of differentiation. PTHrP (7-34) supplemented ATDC5
differentiation media was added to ATDC5 cells differentiated in both hypoxia and
normoxia. As the PTHrP (7-34) peptide was resuspended in water, water was used as
a vehicle control for groups not receiving PTHrP (7-34) peptide.

2.4.4 Addition of FG-4592 during MSC micromass pellet differentiation and
ATDC5 differentiation:
To assess the effect of FG-4592 (Stratech Scientific) on MSC micromass pellet
differentiation and ATDC5 differentiation, 50μM (high dose) and 10μM (low dose)
was added to CCM or ATDC5 differentiation media 3 times per week when media
was being refreshed. FG-4592 treatment commenced from day 1 of differentiation
until day 28 during MSC micromass differentiation or until day 21 during ATDC5
differentiation. FG-4592 was initially resuspended in DMSO and as such DMSO was
used as a vehicle control for groups not receiving FG-4592.
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2.5 Assays performed on conditioned media (CM)
from MSC micromass pellets and ATDC5 cells
2.5.1 Alkaline phosphatase activity assay performed on CM from MSC
micromass pellets:
Conditioned media from day 28 micromass pellets was assayed to quantify alkaline
phosphatase activity. In a 96 well plate 10μl of conditioned media from individual
pellets was combined with 190μl of pNPP liquid substrate (Sigma), incubated at room
temperature for 30 minutes and subsequently the absorbance of each sample was
analysed at 405 nm on a Wallac Victor plate reader, then converted to μM
concentration using the equation:
Absorbance= (extinction coefficient)(concentration)(path length).
Non conditioned CCM was also analysed as a blank measurement and this value was
subtracted from the values obtained from samples.

2.5.2 Alkaline phosphatase activity assay performed on CM from ATDC5 cells
undergoing differentiation:
Conditioned media from days 7, 14 and 21 of ATDC5 differentiation was assayed to
quantify alkaline phosphatase activity. In a 96 well plate 10μl of conditioned media
from individual wells was combined with 190μl of pNPP liquid substrate (Sigma),
incubated at room temperature for 30 minutes and subsequently the absorbance of each
sample was analysed at 405 nm on a Wallac Victor plate reader, then converted to μM
concentration using the equation:
Absorbance= (extinction coefficient)(concentration)(pathlength).
Non conditioned CCM was also analysed as a blank measurement and this value was
subtracted from the values obtained from samples.
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2.5.3 PTHrP (1-34) immunoassay:
The PTHrP immunoassay was employed to give a greater understanding of the
synthesis and subsequent release of PTHrP (1-34) into the CM. This assay gives a
read-out of the cumulative release of PTHrP (1-34) over a 48 hour period. As
chondrogenesis is a relatively slow process, when compared to other biological
signalling events, observations which compile data over a long time frame can provide
a more accurate picture of how chondrogenesis is progressing as opposed to Q-PCR,
which only gives a “snap-shot” of genetic information at a finite time-point.
Conditioned media from micromass pellets differentiated in both hypoxia and
normoxia was harvested on days 7, 14, 21 and 28 of differentiation. In order to
quantify the secretion of PTHrP (1-34) into the conditioned media of micromass
pellets a PTHrP immunoassay (Bachem) was performed as per the manufacturer’s
instructions. Briefly, enzyme immunoassay (EIA) buffer 20X concentrate was diluted
in 1L of dH₂O to create a 1X EIA buffer solution. 50μl of standard or sample (in
diluent) and 25μl of antiserum (in EIA buffer) was added to each well of the
immunoplate. 50μl diluent and 25μl EIA buffer was added to blank wells. The
immunoplate was then incubated overnight at 4°C. The following day the plate was
incubated at room temperature for 1 hour to allow the plate to return to room
temperature. Biotinylated tracer was then rehydrated in EIA buffer and 25μl added to
all wells. The plate was then incubated at room temperature for 2 hours. The plate was
then washed 5 times with 300μl per well of EIA buffer. 100μl of streptavidin-HRP
was then added to each well and the plate was incubated for 1 hour at room
temperature. The plate was then washed 5 times with 300μl per well of EIA buffer.
100μl of 3,3’,5,5’-Tetramethylbenzidine (TMB) solution was added to all wells. The
plate was then incubated for 45 minutes at room temperature. The reaction was then
terminated by adding 100μL of 2N HCL to each well. The absorbance of each
standard and sample was then analysed at 450nm on a Wallac Victor 3 plate reader.

2.6 HIF overexpression in ATDC5 cells
2.6.1 Plasmid isolation:
HIF1α and HIF2α pcDNA3 triple mutant plasmids were obtained from Addgene
(Addgene HIF2α plasmid #44027 and HIF1α plasmid #44028). Both plasmids encode
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an oxygen-regulation insensitive (normoxia-stable and active) full-length murine
HIF1α or HIF2α as appropriate (Hu et al., 2007). A pcDNA3 empty vector plasmid
(Addgene plasmid #10792) was used as a control in all experiments.
Single bacterial colonies were obtained by streaking the obtained plasmid stab culture
onto a lysogeny broth (LB) (Sigma) agar plate containing 100μg/ml ampicillin and
incubating the plate overnight. Single colonies were then harvested with a sterile
pipette tip. Initially, a mini preparation of plasmid DNA was performed by placing the
inoculated pipette tip into a 15ml sterile tube containing 2ml of liquid LB with
100μg/ml ampicillin. This culture was then incubated overnight at 37°C in a shaking
incubator with the lid of the 15ml tube slightly loosened to allow for gaseous
exchange. The following day the bacterial culture was transferred to a sterile 1L
conical flask containing 500ml of liquid LB with 100μg/ml ampicillin. The 1L flask
was then incubated overnight at 37°C in a shaking incubator. The following day
plasmid DNA was isolated from the bacterial cultures using a PureLink HiPure
plasmid filter purification kit (Invitrogen) according to the manufacturer’s
instructions. Briefly, the LB bacterial culture media was aspirated into sterile 50ml
tubes and centrifuged at 4000G for 10 minutes. Supernatant is then discarded and 10ml
of resuspension buffer containing RNase A (supplied with kit) was added to each tube.
The pellet was resuspended until homogeneous. 10ml of lysis buffer (supplied with
kit) was added to the cell suspension and the tubes were mixed gently by inversion.
10ml of precipitation buffer (supplied with kit) was then added to each tube. The
precipitated cell lysate was then added to a HiPure filter maxi column, which had
previously been equilibrated with 30ml of equilibration buffer (supplied with kit). The
lysate was then allowed to flow through the filter column into a 50ml tube and the
flow-through was discarded. The inner filtration cartridge was removed from the
column and discarded. The maxi filter column was then washed with 50ml of wash
buffer (supplied with kit) and flow-through was discarded. A sterile 50ml tube was
then placed under the column. To elute the DNA from the maxi filter column 15ml of
elution buffer (supplied with kit) was added to the column. The buffer that passed
through the column contained the eluted plasmid DNA. To precipitate the DNA,
10.5ml of isopropanol was added to the elution tube containing the plasmid DNA. This
solution was then transferred into a 30ml syringe (BD) and a PureLink HiPure
precipitator (supplied with kit) was attached to the syringe. The DNA solution was
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then passed through the precipitator and flow-through discarded. The DNA precipitate
was then washed with 5ml of 70% ethanol. The plasmid DNA was elutied from the
precipitator, 1ml of TE buffer was flushed through the precipitator. The eluted DNA
was then collected in a sterile 1.5ml microfuge tube. The yield and quality of the eluted
DNA was then assessed using a NanoDrop 2000 spectrophotometer (Thermo
Scientific). Plasmid DNA was then stored at -20°C for long term storage.
2.6.2 Transient overexpression of HIF1α and HIF2α using pcDNA3
overexpression plasmids
ATDC5 cells were seeded at 100,000 cell per well of a 6 well plate at a density of
~10,000 cells/cm² in 2ml expansion media and allowed to attach for 24 hours. For
each well to be transfected, 2.8μg of plasmid DNA was combined with OptiMEM
media (Invitrogen) up to a final volume of 127μl. 11μl of FuGENE HD (Promega)
was added to the plasmid DNA and OptiMEM complex. The complex was then mixed
by pipetting gently several times. The complex was then incubated at room
temperature for 10 minutes. 125μl of the complex was then added to the ATDC5 cells
drop-wise, the 6-well plate was then tilted back and forth to ensure uniform
distribution of the complex throughout the well.
ATDC5 cells were then incubated for 48 hours or 7 days and cells harvested for
subsequent Q-PCR analysis. Cells that were to be analysed 7 days post transfection
were switched from ATDC5 expansion media to ATDC5 differentiation media 48
hours post transfection.

2.7 Gene expression analysis
2.7.1 RNA isolation:
RNA isolation was performed on ATDC5 cells using Trizol (Sigma) and an Isolate II
RNA Mini Kit (Bioline) according to the manufacturer’s instructions. ATDC5 cells
were washed twice with D-PBS and cells were detached from monolayer using 500μl
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trypsin. Once cells had detached trypsin was neutralised with 1ml of ATDC5
expansion media. The cell suspension was then transferred into a 15ml tube and
centrifuged at 400G for 5 minutes at 4°C. The supernatant was carefully removed and
the cell pellet resuspended in 1ml of ice-cold D-PBS and centrifuged at 400G for 5
minutes at 4°C. D-PBS was carefully removed leaving the cell pellet undisturbed. The
cell pellet was then stored at -80°C or RNA isolation was performed immediately. The
cell pellet was re-suspended in 1ml of Trizol (Sigma), the cell suspension was pipetted
several times and vortexed for 1 minute to ensure a homogeneous solution and to aid
cell lysis. The cell suspension was then transferred to a sterile 1.5ml microfuge tube
and allowed to incubate for 5 minutes at room temperature. 200μl of chloroform
(Fisher Scientific) was then added to the cell suspension. Microfuge tubes were then
vigorously shaken for 15 seconds. The tubes were then incubated at room temperature
for 15 minutes. Microfuge tubes were then centrifuged at 12,000 G for 15 minutes at
4°C to allow the solution to separate into two phases. The clear upper aqueous layer
(~450μl) containing the RNA was then carefully removed and transferred to a new
1.5ml microfuge tube. A volume of 70% ethanol equal to the volume of the removed
aqueous layer was then added to the microfuge tube. The tube was then mixed
carefully by inverting the tube several times. RNA was then bound to an Isolate II
mini column by placing up to 700μl of the RNA lysate into the column, the column
was then centrifuged for 30 seconds at 11,000 G. The column membrane was then
desalted by adding 350μl of membrane desalting buffer (supplied with kit) to the
column followed by centrifugation at 11,000 G for 1 minute. The membrane was then
washed with 200μl of wash buffer 1 (supplied with kit), followed by centrifugation for
30 seconds at 11,000 G. This was followed by washing of the membrane with 600μl
of wash buffer 2 (supplied with kit), followed by centrifugation at 11,000 G for 30
seconds. The final washing step consisted of 250μl of wash buffer 2 followed by
centrifugation at 11,000 G for 2 minutes to dry the column membrane completely. The
column was then placed into a nuclease free 1.5ml microfuge tube. To elute the RNA,
30μl of RNase-free water (Ambion) was added directly onto the centre of the column
membrane. The column with nuclease free microfuge tube was then centrifuged at
11,000 G for 1 minute. The RNA was then eluted to the microfuge tube and the column
discarded. The RNA sample was then kept on ice until RNA quantification. The
quality and concentration of the RNA was then analysed using a NanoDrop 2000
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(Fisher Scientific). RNA samples were then stored at -20°C until required for further
analysis.

2.7.2 cDNA synthesis
Complementary DNA (cDNA) was generated using a Tetro cDNA synthesis kit
(Bioline) according to the manufacturer’s protocol. The cDNA synthesis reaction was
set up as per table 2.7.2. Briefly, 1μg of total RNA (concentration was determined
using a nano-drop) was combined with 1μl Random Hexamer Primers (Bioline), 1μl
10mM dNTP mix (Bioline), 1μl 10mM dNTP mix (Bioline), 4 μl 5X RT Buffer
(Bioline), 1μl Ribosafe RNase Inhibitor (Bioline), 1μl Tetro Reverse Transcriptase
(200u/μl) (Bioline). Nuclease free water was then added to the mixture to make the
final volume up to 20μl.
1μg of Total RNA

Xμl

Random Hexamer Primer

1μl

10mM dNTP mix

1μl

5X RT Buffer

4μl

Ribosafe RNase Inhibitor

1μl

Tetro Reverse Transcriptase (200u/μl)

1μl

Nuclease free water

To 20μl

Table 2.7.2

Samples were then mixed gently by pipetting. Samples were then transferred to a
Veriti gradient thermal cycler (Applied Biosystems). The samples were then incubated
for 10 minutes at 25°C followed by 30 minutes at 45°C. The reaction was terminated
by incubation of the samples at 85°C for 5 minutes. The samples were subsequently
held at 4°C. The cDNA samples were then stored at -20°C or were chilled on ice if
proceeding to QPCR immediately.
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2.7.3 QPCR:
Gene expression was analysed using TaqMan probe sets (Applied Biosystems) for
genes of interest. TaqMan probe details are detailed in table 2.7.3a.

Gene

Species

TaqMan Assay Number

RPLP0

Mouse

Mm00725448_s1

HIF1α

Mouse

Mm00468869_m1

HIF2α

Mouse

Mm01236112_m1

PTHLH

Mouse

Mm00436057_m1

Zfp521

Mouse

Mm00521009 m1

MEF2C

Mouse

Mm01340842_m1

RUNX2

Mouse

Mm00501584 m1

Col2a1

Mouse

Mm01309565_m1

Col10a1

Mouse

Mm00487041_m1

Table 2.7.3a: TaqMan gene expression assay details.

For each individual reaction the following Q-PCR components were combined in a
nuclease free microfuge tube as detailed in table 2.7.3b.
Component

Volume

2X TaqMan gene expression master

10μl

mix
20X TaqMan probe

1μl

cDNA (Concentration 1μg)

0.4μl

Nuclease free water

8.6μl

Table 2.7.3b: Q-PCR mix components
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Q-PCR was performed on a StepOnePlus instrument (Applied Biosystems). 20μl of
the Q-PCR mix was added to each well of a MicroAmp fast optical PCR plate (Applied
Biosystems), each reaction was performed in triplicate. The Q-PCR programme used
for amplification can be seen in figure 2.7.3c. The Q-PCR amplification programme
consisted of 2 stages; stage 1 heated the samples to 50°C for 2 minutes rising to 95°C
for 10 minutes. Stage 2 consisted of 40 cycles of 95°C for 15 seconds followed by
60°C for 1 minute. Average Ct values were obtained from genes of interest and the
non-hypoxia responsive housekeeping gene RPLP0. Comparative ΔΔCt values could
then be calculated.

Figure 2.7.3c: RT-PCR run method

2.8 Western blotting
2.8.1 Cell Harvest:
ATDC5 cells were harvested by removing media and washing twice with ice-cold DPBS. Cells were then detached using trypsin and placed back into appropriate cell
culture incubators (2% O₂ or 19% O₂) for 5 minutes. Trypsin was then neutralised
using ATDC5 expansion media and the cell suspension was transferred to 15ml tubes.
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Cells were then centrifuged at 400G for 5 minutes at 4°C. Media was removed and
discarded and the cell pellet was resuspended in 1ml of ice-cold D-PBS. Cells were
then centrifuged again at 400G for 5 minutes at 4°C. D-PBS was then removed and
the cell pellet was resuspended in RIPA buffer (Sigma), which contained a protease
inhibitor cocktail (Sigma). The 15ml tubes were placed in ice for 30-60 minutes to
allow cell lysis to occur. Following lysis, cells were then placed into a microfuge tube
and centrifuged at 14,000 rpm for 20 minutes at 4°C. The clear supernatant was then
transferred to a new microfuge tube and stored at -20°C until protein determination
could be performed.

2.8.2 Protein Quantification:

Protein quantification was determined by BCA assay (Thermo Scientific) as per the
manufacturer’s instructions. A standard curve was created using the supplied albumin
standard. Unknown samples and standards were added to the 96 well plate. A working
reagent stock was created by combining 50 parts BCA reagent A and 1 part BCA
reagent B. 200μl of working reagent was then added to each well and the plate was
then incubated at 37°C for 30 minutes. The absorbance of the samples and standards
was then read at 562nm on a Wallac Victor 3 plate reader.

2.8.3 Sodium dodecylsulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE)
and Immunoblot Analysis:

SDS-PAGE was performed using a protocol adapted from Laemmli 1970 (Laemmli,
1970). A mini PROTEAN electrophoresis system (Bio-Rad) was then assembled
according to the manufacturer’s instructions. A 10% separating gel (Table 2.8.3.1) was
poured between the glass plates (1.5mm) to approximately 2cm from the top of the
plate. To ensure the top of the gel was uniform, 500μl of isopropanol was added to the
top of the gel. The gel was then allowed to polymerise for 20-30 minutes. The
isopropanol layer was then removed and the 4% stacking gel (Table 2.8.3.1) was
loaded. A 15 well spacer comb was then inserted between the glass plates and into the
4% stacking gel. The 4% stacking gel was then allowed to polymerise for 10-20
minutes. The gel was then loaded into the mini PROTEAN tank and the tank was filled
with 1X Running buffer. The 15 well spacer comb was then carefully removed.
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For 16ml of 10% Separating Gel:

For 10ml of 4% Stacking Gel:

diH₂O

6.3ml

diH₂O

6ml

30% Acrylamide

5.33ml

30% Acrylamide

1.33ml

1.5M

Tris-HCL 4ml

pH8.8

0.5M

Tris-HCL 2.5ml

pH6.8

10% SDS

160μl

10% SDS

100μl

10% APS

160μl

10% APS

100μl

TEMED

16μl

TEMED

10μl

Table 2.8.3.1: Separating and Stacking Gel recipes

20μg of protein was combined with an appropriate volume of 4x sample loading
buffer. Water was added to samples to give a final volume of 10-30μl. Samples were
then heated to 95°C for 5 minutes using a heat block followed by flash cooling on ice.
Samples were then loaded into the wells of the stacking gel along with 5μl of
ColorPlus Prestained protein ladder (10-230 kDa New England Biolabs). The gels
were then run at 80 V until the loading dye front had reached the stacking gel /
separating gel interface. The voltage was then increased to 120 V until the loading dye
front reached the bottom of the gel.

Once the running of the gel was complete, the gel was removed from between the glass
plates prior to protein transfer. Protein transfer was performed using a Trans-Blot
Semi-dry transfer cell (Bio-Rad). PVDF membrane (GE Healthcare) was activated by
soaking the membrane in methanol followed by Anode II buffer. 6 templates of
Whatman paper were cut to size (6.5cm x 9.5cm). 2 Sheets of Whatman paper were
soaked in Anode I buffer, 1 sheet was soaked in Anode II buffer and 3 sheets were
soaked in Cathode buffer. A transfer sandwich was then assemble by placing 2 pieces
of Anode I buffer soaked Whatman paper onto the Anode plate of the semi-dry transfer
cell. Next, 1 piece of Anode II buffer socked Whatman paper was layered on top. The
pre-activated PVDF membrane was then placed on top of the Whatman paper and any
air bubbles were carefully removed. The SDS-PAGE gel was then carefully placed on
top of the PVDF membrane. Finally, 3 pieces of Cathode buffer soaked Whatman
paper were placed on top of the SDS-PAGE gel. The semi-dry transfer cell was then
closed and ready for protein transfer. A diagram of the semi-dry protein transfer
sandwich can be seen in figure 2.8.3.2.
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Figure 2.8.3.2: Semi-dry protein transfer sandwich
http://www.rndsystems.com/resources/images/5598.gif

4X Sample Loading Buffer

8 mM Tris/HCl [pH 6.8]
10 % Glycerol (v/v)
2 % SDS (w/v)
4 % β-Mercaptoethanol (v/v)
0.2 % Bromophenol blue (w/v)
0.1% Sodium Azide in diH2O.

10X Running Buffer

144g Glycine
30g Tris-Base
10g SDS
dH₂O to 1L

Anode I Buffer

300mM Tris Base (36.4g)
20% Methanol (200ml)
dH₂O to 1L

Anode II Buffer

25mM Tris-Base (3.0g)
20% Methanol (200ml)
dH₂O to 1L

Cathode Buffer

25mM Tris-Base (3.0g)
20% Methanol (200ml)
40mM 6-Aminoketanoicacid (5.2g)
dH₂O to 1L

Table 2.8.3.3: Western Blotting Buffers
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Protein transfer was carried out at 50 mA with constant current for 60 minutes.
Confirmation of protein transfer was carried out by staining the membrane with
Ponceau-S (Sigma) for 5 minutes. The membrane was then blocked by incubation with
blocking buffer (5% non-fat dry milk solution in 1X TBS-T) for 1 hour at room
temperature. Blocking buffer was then removed and the membrane washed in 1X
TBS-T. Primary antibodies were diluted in 3% BSA in TBS-T and incubated on the
membrane overnight at 4°C. Details of primary antibody concentrations can be found
in table 2.8.3.4. The membrane was then washed 3 times for 15 minutes in blocking
buffer followed by 3 washes in 1X TBS-T for 15 minutes each. Membranes were then
incubated with the relevant horseradish peroxidase conjugated secondary antibody
(1:2000 Goat anti-mouse IgG-HRP or 1:2000 Goat anti-rabbit IgG-HRP Santa-Cruz
Biotechnology) for 1 hour at room temperature. The membrane was then washed in
blocking buffer for 15 minutes followed by 1X TBS-T for 15 minutes, the final
washing step consisted of either PBS or TBS to remove excess Tween 20.

Primary

Manufacturer

Isotype

Dilution

Santa-Cruz

Mouse monoclonal 1:750

SC-12722

IgG

Santa-Cruz

Mouse monoclonal 1:1000

SC-365862

IgM

Abcam

Rabbit polyclonal

Ab113835

IgG

Santa-Cruz

Mouse monoclonal 1:2000

SC-47778

IgG

Antibody
PTHR1

MEF2C

ZFP521
β-Actin

1:2000

Table 2.8.3.4: Primary antibodies used for western blotting

Primary antibodies were optimized by testing several concentration of the primary
antibody

in

combination

with

varying

primary

antibody

incubation

times/temperatures. Initial primary antibody concentrations were obtained from the
data sheet supplied with the antibody. Primary antibody concentrations were then
increased or decreased depending on results of initial optimization experiments. In
some cases antibodies for the same protein but from different supplies were tested
head-to-head to determine the optimal primary antibody for each protein of interest.
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2.8.4 Protein visualisation by Enhanced Chemiluminescence:
Visualisation of the proteins of interest was performed using a SuperSignal West Pico
Enhanced Chemiluminescence (ELC) kit (Thermo Scientific) as per the
manufacturer’s instructions. Briefly, luminol/enhancer buffer was mixed 1:1 with
peroxide buffer and this solution was then incubated on the membrane for 1 minute.
Chemiluminescence could then be visualised using a FluroChem digital imaging
system (Alpha Innotech).
2.8.5 Scanning densitometry of western blots:
In order to quantify the band intensity of western blots the open-source imaging
software Image J and specifically the “gel analysis” function was used
(http://imagej.net/). Briefly, the image of the western blot was imported into the image
J software. The area around the β-Actin band is highlighted and the “plot lanes”
function is then selected. This function provides a percentage value of each band.
Next, the bands containing the protein of interest are analysed in the same way. The
obtained values can then be used to calculate mean band intensity of the protein of
interest having taking into account any variation in protein loading.

2.9 Statistical Analysis:
All MSC experiments are presented as the mean of a minimum of 3 different human
MSC donors + SEM in order to take into account the biological variation observed
across human donors. In addition a minimum of 3 biological replicates were performed
for each individual MSC donor.
All ADTC5 experiments are presented as a minimum of 3 separate & independent
experiments (performed at different times, at different cell passage and in different
tissue culture dishes). In addition a minimum of 3 biological replicates per independent
experiment were also included and analysed.
To determine statistical significance, a two-tailed student’s T-TEST was performed
when comparing only 2 groups. To confirm that data was normally distributed, a
D'Agostino & Pearson omnibus normality test was performed using graph pad Prism
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5 software. When comparing more than 2 groups a one-way ANOVA was performed
followed by Tukey's Multiple Comparison Test to compare differences between
groups. In the event that data was not normally distributed a Kruskal-Wallis test was
performed when appropriate. Statistically significant changes are marked as * =
p<0.05; ** = p<0.01; *** = p<0.001
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3.1 The effect of physiological hypoxia on chondrogenic differentiation
Articular cartilage is an avascular tissue and is therefore a hypoxic environment
(Gibson et al., 2008). In vivo bone marrow MSCs reside in a micro-environment that
has an oxygen tension of between 2% and 8% O₂ (Mohyeldin et al., 2010). Therefore,
it is postulated that maintaining MSCs at an oxygen tension relevant to their in vivo
environment will promote MSC proliferation and enhance differentiation. Previous
studies have shown that hypoxia can increase matrix synthesis in human articular
chondrocytes through the upregulation of SOX9 (Thoms and Murphy, 2010, Thoms
et al., 2013). Chondrogenic differentiation of bone marrow derived MSCs in 5% O₂
has previously been shown to improve chondrogenic differentiation (Sheehy et al.,
2012, Meyer et al., 2010). However, other studies have demonstrated that 2% O₂ has
a detrimental impact on adipose derived MSC chondrogenesis (Malladi et al., 2006).
Hypoxia has been demonstrated to attenuate or reduce the expression of proteins
associated with hypertrophic differentiation. Hypoxia has been shown to inhibit
Collagen X expression via the down-regulation of RUNX2 in the murine cell line
C3HT10½ (Hirao et al., 2006). MSCs differentiated under hypoxic conditions have
also be observed to have reduced deposition of the hypertrophic proteins Collagen X
and Collagen I as well as attenuated mineralisation (Sheehy et al., 2012).
Differentiation of MSC-derived cartilage under low oxygen tension prior to
implantation in vivo has been shown to maintain the attenuation of hypertrophy
markers and mineralisation of a cartilage implant after 5 weeks in vivo (Leijten et al.,
2014).

This chapter aims to demonstrate the beneficial effects of differentiation of MSCderived cartilage under hypoxic conditions. It will also make evident the improved
chondrogenic potential of MSC-derived cartilage differentiated under hypoxic
conditions through an increase in GAG and Collagen II protein deposition.
Concurrently, it will show the ability of hypoxic differentiation to attenuate markers
of hypertrophic differentiation such as ALP content, Collagen X deposition and
RUNX2 deposition. To further validate these results, the ability of hypoxic
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differentiation to improve chondrogenesis and attenuate hypertrophy will be tested in
the murine chondrogenic cell line ATDC5.

3.1.1 Hypoxia improves MSC Chondrogenesis

To assess the effect of hypoxia on MSC chondrogenesis, micromass pellets were
differentiated for 28 days in either normoxia (19% O₂) or hypoxic (2% O₂) conditions.
Prior to differentiation MSCs were exposed to 5ng/ml FGF-2 during culture, the
beneficial effect of FGF-2 on MSC chondrogenesis can be observed in section 3.1.2.
The increased level of GAG in the hypoxia group was observed as positive red/orange
staining by Safranin-o staining or purple by Toluidine blue in MSC micromass pellets
at 28 days. Micromass pellets cultured in hypoxia also show a more uniform
distribution of GAG throughout the matrix whereas the pellets differentiated in
normoxia only show that positive GAG is isolated in the centre of the pellets (Fig
3.1.1.1).
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Safrinin O / Fast Green (A)

Normoxia

Hypoxia

Toluidine Blue (B)

Normoxia

Hypoxia

Figure 3.1.1.1: Safranin-O histological staining was performed on day 28 MSC micromass pellets that
were differentiated in either hypoxia or normoxia. GAG positive staining is indicated by the red / orange
colour, cytoplasm is stained green and nuclei are purple / blue in colour (A). Toluidine Blue staining
was also performed and GAG positive staining is indicated by the purple stain (B). Micrographs were
taken at 10X magnification. Scale bar =200µm

To access the deposition of GAG across a time-course, MSC micromass pellets were
harvested for histology at days 14, 21 and 28 of differentiation (Figure 3.1.1.2).
Positive Safranin-o staining can be observed earlier in the hypoxia group, this indicates
that hypoxia induces GAG deposition earlier during differentiation when compared to
normoxic controls.
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Safrinin O / Fast Green

Hypoxia

Normoxia

D14

D21

D28

Figure 3.1.1.2: Safranin-O histological staining was performed on day 14, 21 and 28 of MSC micromass
pellets differentiation. MSC micromass pellets were differentiated in either hypoxia or normoxia. GAG
positive staining is indicated by the red / orange colour, cytoplasm is stained green and nuclei are purple
/ blue in colour. Micrographs were taken at 10X magnification. Scale bar =200µm

Having demonstrated increases in GAG deposition as a result of hypoxic
differentiation by histological staining GAG deposition was subsequently analysed
using a DMMB assay in order to quantify levels of sulphated GAG in micromass
pellets. After 28 days, MSC pellets differentiated in hypoxia had deposited 2.5 fold
more GAG than pellets cultured in normoxia. As no increase in the overall DNA
content was found between the two treatments, a significant increase was
demonstrated in the GAG:DNA ratio of the pellets differentiated in hypoxia, when
compared to normoxic pellets (Fig 3.1.1.3).
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Figure 3.1.1.3: GAG deposition in MSC micromass pellets at day 28 of differentiation was determined
by DMMB assay (A). DNA content of the micromass pellets was determined by pico green assay (B).
The GAG:DNA ratio was obtained by dividing the total μgGAG by total μgDNA (C). Results are
presented as mean ± SEM of 7 MSC donors, each with 3 technical replicates. *** = p ≤ 0.001 as
determined by students t-test.

3.1.2 Fibroblast Growth Factor 2 Enhances Chondrogenesis in Hypoxia
Fibroblast growth factor 2 (FGF-2) is a growth factor that has been shown to increase
proliferation of MSCs and maintain multilineage differentiation potential (Tsutsumi
et al., 2001). FGF-2 has also been shown to increase the chondrogenic differentiation
ability of MSCs in vitro (Solchaga et al., 2005).
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To examine the effect of FGF-2 on MSC chondrogenic differentiation in our systems,
5ng/ml FGF-2 was added to MSCs during cell expansion prior to differentiation. The
addition of FGF-2 significantly enhanced GAG deposition in MSC micromass pellets
differentiated under hypoxic conditions. The addition of FGF-2 had no effect on the
overall DNA content of the micromass pellets. The addition of FGF-2 had no
significant effect on GAG deposition in MSC micromass pellets differentiated under
normoxic conditions (Fig 3.1.2). In all subsequent experiments, 5ng/ml FGF-2 was
added to MSC expansion media prior to differentiation.

A

B

C

Figure 3.1.2: DMMB and Pico Green assays performed on day 28 MSC micromass pellets that had or
had not been treated with 5ng/ml FGF-2 during cell expansion. GAG deposition in MSC micromass
pellets at day 28 of differentiation was determined by DMMB assay (A). DNA content of the micromass
pellets was determined by pico green assay (B). The GAG:DNA ratio was obtained by dividing the total
μgGAG by total μgDNA (C).Results are presented as mean ± SEM of 3 MSC donors with 3 technical
replicates per MSC donor analysed . * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001 as determined by oneway ANOVA followed by Tukey's multiple comparison post-test.
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3.1.3 Hypoxia Increases Collagen II deposition
Collagen II, the most abundant collagen found in articular cartilage, was increased in
human MSC pellets differentiated in hypoxic conditions, when compared to the
normoxic group, as shown by immunohistochemistry of histological sections from day
28 MSC pellets. The location of the positive Collagen II staining correlates with
positive GAG staining observed at the same time-point, with pellets differentiated in
hypoxia displaying strong, uniform staining throughout the pellets. (Fig 3.1.3).
A

Immunohistochemistry for Collagen II

Normoxia

Hypoxia
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Figure 3.1.3: Immunohistochemistry for Collagen II deposition revealed an upregulation in Collagen II
protein

deposition

in

pellets

differentiated

in

hypoxia

when

compared

to

normoxia.

Immunohistochemistry was performed on sections from 28 day micromass pellets. Micrographs were
taken at 10X magnification. Scale bar =200µm. n=3 (A). Quantification of DAB positive pixels per
immunohistochemical section was obtained using imageJ. Data is presented as mean number of DAB
positive pixels ± SEM, sections from 3 seprate human donors were used for the analysis. p=0.11 n=3
(B).

3.1.4 Hypoxia Increases Wet Weight and Diameter of MSC Micromass Pellets
To establish what physiological effects hypoxic differentiation had on MSC
micromass pellets, pellets were weighed using a balance to determine their wet weight.
To determine the diameter of the pellets, individual pellets were placed onto a
microscope slide and brightfield images were obtained. The scale bar from the images
could then be used to measure the individual pellet diameters. Pellets that were
differentiated under hypoxic conditions were found to have significantly greater wet
weight and diameter than their normoxic counterparts. All measurements were
obtained from pellets that were differentiated for 28 days (Fig 3.1.4).
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A

B

C

Brightfield images of micromass pellets

Normoxia

Hypoxia

Figure 3.1.4: Hypoxia increases the wet weight of MSC micromass pellets (A). Hypoxia increases the
diameter of MSC micromass pellets. Results are presented as mean ± SEM of 7 MSC donors, 3 technical
replicates per donor. *** = p ≤ 0.001 as determined by students t-test. (B). Brightfield images were
used for diameter quantification. Brightfield micrographs of MSC micromass pellets taken at 4X
magnification. Scale bar = 500µm, n=7. (C).

3.1.5 Hypoxia has no significant effect on Aggrecan protein deposition in MSC
micromass pellets
Aggrecan is one of the major proteoglycans that makes up articular cartilage and it is
critical for providing the cartilage with its load bearing properties (Kiani et al., 2002).
Despite having demonstrated that hypoxia improves GAG and Collagen II deposition
in MSC micromass pellets here I observed no significant effect on the abundance or
structure of aggrecan deposition in pellets cultured in hypoxia when compared to
normoxia counterparts as observed by immunohistochemistry, however upon
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quantification of DAB positive pixels per image was examined it was revealed that
their was a reduction in DAB positive staining in pellets cultured under hypoxic
conditions when compared to normixic counterparts (Fig 3.1.5).

A

Immunohistochemistry for Aggrecan

A

Normoxia

Hypoxia
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B

A

Figure 3.1.5: Immunohistochemistry for aggrecan revealed no significant changes in protein deposition
in pellets differentiated in hypoxia when compared to normoxia. Immunohistochemistry was performed
on sections from pellets that had been differentiated for 28 days. Micrographs were taken at 10X
magnification. Scale bar = 200µm. n=3 (A). Quantification of DAB positive pixels per
immunohistochemical section was obtained using imageJ. Data is presented as mean number of DAB
positive pixels ± SEM, sections from 3 seprate human donors were used for the analysis. p=0.35 n=3
(B).

In summary, Section 3.1 describes the effects of physiological hypoxia on
chondrogenically differentiating MSCs. This section demonstrates that hypoxic
differentiation results in increases in GAG deposition as demonstrated by safranin-O
and toluidine blue histological staining of sections. This result was also quantified by
DMMB analysis, which revealed a significant increase in GAG deposition in hypoxia
differentiated groups. Immunohistochemistry for Collagen II, the most abundant
collagen found in native articular cartilage demonstrated an increase in Collagen II
protein deposition following hypoxic differentiation. These findings indicate that
hypoxia improves chondrogenic differentiation of MSCs as demonstrated by the
increased GAG and Collagen II deposition.
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3.2 Hypoxia attenuates markers of hypertrophy in
MSC-derived cartilage
3.2.1 Hypoxia Reduces ALP content
After establishing in Section 3.1 that hypoxia improves MSC chondrogenic
differentiation, in Section 3.2 I then sought to demonstrate that hypoxia also attenuates
markers of hypertrophy in MSC-derived cartilage.
To determine the effect of physiological hypoxia on MSC-derived cartilage,
micromass pellets were differentiated for 28 days under normoxic or hypoxic
conditions. CM was harvested at day 28 and ALP content was analysed using a pnitrophenyl phosphate assay (pNPP). ALP content was significantly attenuated in the
CM from pellets differentiated under hypoxic conditions when compared to normoxic
controls (Fig 3.2.1).
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Figure 3.2.1: ALP content in CM from day 28 MSC micromass pellets was quantified using a pNPP
assay. A significant decrease in ALP content was observed in MSC micromass pellets differentiated in
hypoxia when compared to normoxia controls. Results are presented as mean ± SEM of 7 MSC donors
each with 3 technical replicates. *** = p ≤ 0.001 as determined by students t-test.
.

3.2.2 Hypoxia Decreases RUNX2 Protein Deposition in MSC-derived cartilage
In MSC micromass pellets, hypoxia reduced expression of RUNX2 protein at day 28,
when

compared

to

pellets

cultured

in

normoxia

as

demonstrated

by

immunohistochemistry. This result is indicated by a decrease in brown stained
RUNX2 positive nuclei in pellets differentiated under hypoxic conditions (Fig 3.2.2).
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Figure 3.2.2: Immunohistochemistry reveals a reduction in RUNX2 protein deposition in MSC
micromass

pellets

differentiated

in

hypoxia

when

compared

to

normoxic

controls.

Immunohistochemistry performed on sections form day 28 pellets and micrographs images taken at
20X magnification. Scale bar = 100µm. n=3 (A). Quantification of DAB positive pixels per
immunohistochemical section was obtained using imageJ. Data is presented as mean number of DAB
positive pixels ± SEM, sections from 3 seprate human donors were used for the analysis. ** = p ≤ 0.01
as determined by student t-tests n=3 (B).

3.2.3 Hypoxia Decreases Collagen X Protein Deposition in MSC-derived cartilage
In MSC micromass pellets, hypoxia reduced expression of Collagen X protein at day
28, when compared to pellets cultured in normoxia as demonstrated by
immunohistochemistry. This result is indicated by the decrease in staining intensity in
the ECM of micromass pellets differentiated in hypoxia (Fig 3.2.3).
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Figure 3.2.3: Immunohistochemistry reveals a reduction in Collagen X protein deposition in MSC
micromass

pellets

differentiated

in

hypoxia

when

compared

to

normoxic

controls.

Immunohistochemistry performed on sections form day 28 pellets. Micrographs images taken at 10X
magnification. Scale bar = 200µm. n=3 (A). Quantification of DAB positive pixels per
immunohistochemical section was obtained using imageJ. Data is presented as mean number of DAB
positive pixels ± SEM, sections from 3 seprate human donors were used for the analysis. p=0.15, n=3
(B).

In Section 3.2 three key markers of hypertrophic differentition were examined to
establish the effects of hypoxic differentition on MSC-derived cartilage. It was
observed that hypoxia reduced ALP content in addition to RUNX2 and Collagen X
protein levels as demonstrated by immunohistochemistry. In summary, Section 3.2
indicates that hypoxia can attenuate three key markers of hypertrophic differentition,
ALP, RUNX2 and Collagen X in MSC-derived cartilage.

3.3 The effect of physiological hypoxia on ATDC5
differentiation:
Having established in Sections 3.1 and 3.2 that physiological hypoxia improves MSC
chondrogenesis while attenuating markers of hypertrophy it was then necessary to
determine if these effects were as an artefact of the 3D micromass differentiation
protocol or if they were confined to human cells. To provide answers to these
questions, subsequent assays were performed using the murine cell line ATDC5,
which undergoes differentiation in a monolayer. ATDC5 cells are an ideal cell line as
they model the processes of condensation and hypertrophy in a monolayer system
(Shukunami et al., 1996, Yao and Wang, 2013). Previous studies have indicated that
differentiating ATDC5 cells in 1% O₂ can have a detrimental effect on matrix
synthesis (Chen et al., 2006b, Chen et al., 2006a). For these experiments 2% O₂ was
selected as the oxygen tension to allow for direct comparison between MSCs and
ATDC5s.
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To assess the effects of physiological hypoxia on ATDC5 differentiation in a
monolayer system, ATDC5 were differentiated for 7, 14 or 21 days in either normoxic
(19% O₂) or hypoxic (2% O₂) conditions. Increased levels of GAG in the hypoxia
group were observed as positive blue staining of cartilage nodules by Alcian Blue
histological stain. Positive staining was also observed at earlier time points in the
hypoxia group in comparison to normoxic counterparts (Fig 3.3.2)

Morphology of ATDC5 cells

During Expansion

During Differentiation

Figure 3.3.1: Upon initiation of differentiation of ATDC5, cell aggregates are formed and the cells
and take up a rounded morphology. Micrographs taken at 10X magnification.

Alcian Blue

Hypoxia

Normoxia
Day 7

Day 14

Day 21
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Figure 3.3.2: ATDC5 cells were differentiated in monolayer conditions for 7, 14 and 21 days in either
hypoxia or normoxia. Alcian Blue staining for GAG demonstrates an increase in GAG production as a
result of hypoxia, there was more positive staining at all time-points in hypoxia when compared to their
normoxic counterparts. Micrographs taken at 4X magnification. Scale bar = 200µm. Arrows indicate
areas of intense positive alcian blue staining.

In Section 3.3 it was demonstrated that hypoxia improves the chondrogenic
differentiation of ATDC5 cells. This Section demonstrates that the improvement in
chondrogenesis as a result of hypoxia can be seen in cells from human and murine
origin and also can be observed in both 3D and 2D culture systems.

3.4 Hypoxia attenuates markers of hypertrophy in
ATDC5 cells:
Having established in Section 3.3 that ATDC5 cells show improved chondrogenic
ability following hypoxic differentiation I then wished to investigate if hypoxia also
reduces makers of hypertrophic differentiation in ATDC5 cells.
3.4.1 Hypoxia Reduces ALP content in ATDC5 cells
ATDC5 cells undergoing chondrogenic differentiation in hypoxic conditions
demonstrated a 60% reduction in ALP content. Over a 21 day time-course, ATDC5
cells differentiated in normoxia show elevated levels of ALP content over time when
compared to ATDC5 cells differentiated in hypoxia, which maintain constant low
levels of ALP content throughout differentiation (Fig 3.4.1).
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Figure 3.4.1: pNPP assay was performed to quantify ALP content in the CM from ATDC5 cells
undergoing differentiation in hypoxia or normoxia at day 7, 14 and 21. Results are presented as mean
± SEM of 3 independent experiments with 3 technical replicates per independent experiment. *** = p
≤ 0.001 as determined by student t-tests.

3.4.2 Hypoxia Reduces RUNX2 and Col10a1 Gene Expression in ATDC5 cells
To establish if hypoxia inhibited key regulators of hypertrophy in ATDC5, the
expression of both RUNX2 and Col10a1 mRNA was assessed. RUNX2 mRNA levels
were reduced by ~40% in ATDC5 differentiated for 21 days under hypoxic conditions.
No significant change in RUNX2 mRNA expression was observed on days 7 and 14
of differentiation. ATDC5 cells differentiated under hypoxic conditions were found to
have significantly reduced gene expression of Col10a1 at day 21 of differentiation (Fig
3.4.2).
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Figure 3.4.2: QPCR for RUNX2 was performed on ATDC5 cells differentiated in hypoxia and
normoxia at day 7, 14 and 21 of differentiation, at day 21 of differentiation ATDC5 cells differentiated
in hypoxia had significantly reduced RUNX2 mRNA expression when compared to normoxic controls
(p= 0.0447) Data is presented as fold change relative to day 7 normoxia values as mean ± SEM from 3
independent experiments with 3 biological replicates for each experiment. * = p ≤ 0.05 as determined
by student t-tests. (A). Col10a1 gene expression in ATDC5 cells was analysed at day 21 of
differentiation by QPCR, hypoxia was found to significantly reduce Col10a1 gene expression when
normalized to normoxic controls (p= 0.0036) Data is presented as fold change relative to day 21
normoxia values as mean ± SEM from 3 independent experiments with 3 biological replicates for each
experiment. ** = p ≤ 0.01 as determined by student t-tests (B). The non-hypoxic responsive gene RPLP0
used as a house-keeping control for both A and B.

In summary Section 3.4 describes the effects of hypoxia on markers of hypertrophy in
ATDC5 cells. This Section demonstrates that hypoxia attenuates ALP release from
ATDC5 cells as well as reducing the expression of two genes associated with
hypertrophic differentiation; RUNX2 and Col10a1. Section 3.4 confirms that the
attenuation of hypertrophy markers observed in MSC-derived cartilage in Section 3.2
can also be observed in ATDC5 cells.

3.5 Discussion
Collectively, the results generated in the first chapter of this study provide evidence
for the positive effects of exposure of MSCs to physiological hypoxia during the
differentiation process. This chapter demonstrates that hypoxic can have beneficial
effects of MSC chondrogenic differentiation by increasing GAG and collagen II
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deposition. Concurrently, hypoxia also has the ability to attenuate three key markers
of hypertrophic differentiation; namely ALP, Collagen X and RUNX2. This chapter
also details that similar effects can be observed in ATDC5 cells as in MSC-derived
cartilage.
Looking towards the clinical application of MSC-derived cartilage, the generation of
cartilage that is rich is GAG and Collagen II and closely resembles that of the native
cartilage is highly desirable. The MSC-derived cartilage generated in this study under
hypoxic conditions is highly chondrogenic, with enriched GAG (Figure 3.1.1.1 –
3.1.1.3) and Collagen II deposition (Figure 3.1.3) when compared to normoxic
controls. Previous studies have showed that differentiating MSC-derived cartilage in
hypoxic conditions increases GAG and Collagen II deposition (Sheehy et al., 2012,
Meyer et al., 2010). In human articular chondrocytes the hypoxia induced increase in
cartilage matrix genes such as Collagen II and aggrecan is as a result of HIF2α binding
to SOX9 (Thoms et al., 2013, Thoms and Murphy, 2010). The ability of MSC-derived
cartilage differentiated in hypoxic conditions to deposit GAG earlier during
differentiation than their normoxic counterparts is another positive benefit of hypoxic
differentiation (Figure 3.1.1.2). This effect may be beneficial in clinical applications
where MSC-derived cartilage is differentiated in vitro prior to transplantation of the
graft, reducing the time required to generate sufficiently GAG enriched cartilage.
The addition of FGF-2 during the expansion of MSCs was found to be vital in
mediating the increase in GAG deposition observed in MSC-derived cartilage
differentiated under hypoxic conditions (Figure 3.1.2). This finding correlates with
previous studies that have demonstrated the pivotal role for FGF-2 in MSC
chondrogenic differentiation (Solchaga et al., 2005, Ito et al., 2008).
Interestingly, aggrecan protein deposition was not increased by hypoxia in any of the
MSC donors that were tested and infact upon quantification of DAB positive pixels in
the images the opposite was observed, with hypoxa decreasing aggrecan staining when
compared to normoxic controls, however due to high variability between donors this
result was not significant (Figure 3.1.5). In line with the significant enhancement of
GAG deposition in hypoxia, it would be expected that a correlation increase in
aggrecan protein would be observed. Other studies have demonstrated increases in
aggrecan gene and protein expression as a result of hypoxic differentiation in both
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human articular chondrocytes and MSCs (Duval et al., 2009, Robins et al., 2005, Khan
et al., 2010, Khan et al., 2007, Thoms et al., 2013). This limitation of this study may
have been as a result of the processing technique used for immunohistochemistry,
which may have cleaved or removed the antibody epitope of aggrecan during the
antigen retrieval process and thus the specific antibody used in these experiments
failed to provide robust aggrecan staining. Using antigen retrieval techniques, which
are less harsh, may maintain the specific aggrecan epitope or in addition alternative
antibodies could be employed to confirm the results obtained. Further experiments
employing more sensitive techniques such as QPCR may be required to confirm this
finding.
The hypertrophic differentiation of MSC-derived cartilage has been highlighted as a
prevailing concern in terms of clinical applications; the mineralisation of MSCderived cartilage that has been grafted / transplanted into a diseased or damaged joint
would be deleterious. Previous studies have demonstrated that the implantation of
MSC-derived cartilage pellets subcutaneously in SCID mice results in mineralisation
and vascular invasion (Pelttari et al., 2006). This effect can be alleviated by hypoxic
differentiation of the MSC-derived cartilage prior to implantation (Leijten et al.,
2014). This study demonstrates that the culture and subsequent differentiation of
MSCs under hypoxic conditions results in cartilage that has attenuated expression of
hypertrophy markers.
ALP is a key marker of hypertrophic chondrogenic and osteogenic differentiation. At
day 28 of MSC differentiation a significant reduction in ALP content in the CM was
observed under hypoxic conditions compared with normoxic conditions (Figure
3.2.1). This finding was also observed in ATDC5 cells differentiated under hypoxic
conditions (Figure 3.4.1). In ATDC5 cells ALP was detectable at 7, 14 and 21 days of
differentiation whereas in the MSC experiments ALP could only be detected at day 28
of differentiation. In ATDC5 cells the ALP content remained at basal levels for
ATDC5 cells differentiated in hypoxia at all time-points, in contrast ATDC5 cells
differentiated in normoxia showed increasing levels of ALP content as differentiation
progressed (Figure 3.4.1). It has been previously reported that MSC-derived cartilage
releases ALP into CM in a time dependent manner, with an increase in ALP
concentration as differentiation progresses under normoxic conditions (Fischer et al.,
2010).
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RUNX2 is a transcription factor implicated in hypertrophic chondrogenic and
osteogenic differentiation (Franceschi and Xiao, 2003, Mackie et al., 2008, Zheng et
al., 2003). Here it is observed that RUNX2 is reduced in response to hypoxic
differentiation in both MSCs at the protein level (Figure 3.2.2) and in ATDC5 cells at
the gene expression level (Figure 3.4.2A). In ATDC5 cells the expression of RUNX2
is only attenuated by hypoxia at day 21 of differentiation. The expression of RUNX2
also increases in both hypoxic and normoxic differentiated ATDC5 cells over the
course of differentiation relative to day 7. RUNX2 has been previously observed to
be reduced by hypoxia in osteoblasts (Park et al., 2002, Ontiveros et al., 2004) and
MSCs (Yang et al., 2011).
Collagen X is a well-established marker of the hypertrophic differentiation of
chondrocytes (Schmid and Linsenmayer, 1985, Schmid et al., 1990) and has been
described as a marker for new bone formation in articular cartilage (Shen, 2005). Here,
MSC-derived cartilage shows reduced positive staining for Collagen X protein
following immunohistochemistry at day 28 (Figure 3.2.3). The attenuation in Collagen
X by hypoxia was further confirmed by QPCR performed on day 21 ATDC5 cells
where Collagen X gene expression was significantly reduced in ADTC5 cells
differentiated in hypoxia when compared to normoxic controls (Figure 3.4.2B).
Previous studies have reported the reduction in Collagen X protein in C3HT10½ cells
cultured in hypoxic conditions (Hirao et al., 2006). The reduction in Collagen X
protein has also been reported in MSC-derived cartilage differentiated in hypoxia
(Sheehy et al., 2012). The culture of human articular chondrocytes in hypoxia resulted
in no change in Collagen X gene expression, however this may be due to the very low
expression of Collagen X in these cells (Pelosi et al., 2013). In MSC micromass pellets
the staining intensity of the pellets differentiated in hypoxia was reduced when
compared to the normoxic group, however positive staining was still observed in
hypoxia differentiated pellets. Methods which could further enhance the attenuation
of Collagen X expression in under hypoxic conditions may be beneficial.
In summary, this chapter demonstrates the beneficial effects of differentiating MSC
micromass pellets and ATDC5 cells at a physiologically relevant, hypoxic oxygen
tension (2% O₂). In the field of tissue engineering, one of the main goals is the creation
of de novo cartilage from MSCs, which is comparable to that of the native tissue, in
that it is enriched with GAG and Collagen II, while remaining free of hypertrophy
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markers such as Collagen X. This data indicates that differentiating MSCs under
hypoxic conditions may be an avenue that warrants further exploration in this regard.
Pharmacological compounds or genetic modification of MSCs that enhances hypoxia
signalling may be advantageous in further attenuating or repressing markers of
hypertrophic differentiation.
As detailed above several of the findings of this chapter have been previously
described in the literature be it in MSCs, ATDC5 cells, human articular chondrocytes
or osteoblasts. However, this study directly compares the responses of both MSCs and
ATDC5 cells to the same hypoxic stimulus, in this case 2% oxygen. Previous studies
have examined ATDC5 cells and MSCs separately at various oxygen tensions and
using various media formulations. This study demonstrates the similarities in the
attenuation of hypertrophic differentiation in both MSCs and ATDC5 cells at 2%
oxygen.

Having established in chapter 3 that physiological hypoxia can have beneficial
effects on the chondrogenic differentiation of both MSC-derived cartilage and
ATDC5 cells in terms of improving the deposition of GAG and Collagen II while
concurrently attenuating hypertrophic markers. Chapter 4 will now examine the roles
of three key regulatory proteins; PTHrP, Zfp521 and MEF2C. Chapter 4 will
examine how these proteins are regulated by hypoxia and examine their roles in the
attenuation of hypertrophy markers.
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Chapter 4: The Role of PTHrP, MEF2C and Zfp521
in hypertrophy attenuation
4.1 Elucidating the roles of PTHrP, MEF2C and Zfp521 in response to hypoxia
Having established the positive effects associated with the differentiation of both MSC
micromass pellets and ATDC5 cells under hypoxic conditions the next goal of this
study is to determine the mechanism of action by which hypoxia attenuates
hypertrophic differentiation. Several previous studies have shown the attenuation of
hypertrophic markers following exposure to hypoxia however, few of the studies have
postulated on a mechanism of action by which hypoxia attenuates hypertrophy (Hirao
et al., 2006, Sheehy et al., 2012, Guo et al., 2006).
PTHrP is a key regulator of hypertrophic differentiation both in the growth plate
chondrocytes during skeletal development (Vortkamp et al., 1996, Kronenberg, 2006,
Kronenberg et al., 1997, Lee et al., 1996, Lanske et al., 1996) and in differentiating
MSC-derived cartilage (Weiss et al., 2010, Fischer et al., 2010). PTHrP has been seen
to be upregulated in response to hypoxia and specifically HIF2α in several cancer cell
lines (Manisterski et al., 2010).
It was hypothesized that the hypoxic differentiation of MSC-derived cartilage may be
increasing the expression or secretion of PTHrP, which leads to the attenuation of
hypertrophic markers. PTHrP has been shown to delay chondrocyte hypertrophy by
both RUNX2 dependent and RUNX2 independent pathways (Guo et al., 2006) This
chapter’s initial experiments show that this hypothesis may be valid and that
physiological hypoxia increases PTHrP secretion into the CM of differentiating MSC
micromass pellets. Further experiments were then devised to explore the molecular
mechanisms at play downstream of PTHrP.
Zfp521 and MEF2C were selected for further analysis; these two key transcription
factors are known to be regulated by PTHrP, either directly or indirectly, in other cell
types (Correa et al., 2010, Arnold et al., 2007, Kozhemyakina et al., 2009). To
establish the roles of both transcription factors in our models it was necessary to
employ activators and inhibitors of the pathway to further elucidate the important roles
of these transcription factors in regulating hypertrophy during hypoxic differentiation.
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4.1.1 Hypoxia increases PTHrP secretion in MSC micromass pellets
To assess the role of physiological hypoxia in inducing the release of endogenous
PTHrP from MSC micromass pellets, a PTHrP immunoassay or ELISA was
performed to quantify the release of PTHrP into the conditioned media (CM). MSC
micromass pellet differentiation was initiated in either normoxic (19% O₂) or hypoxic
(2% O₂) conditions and the CM from the pellets was harvested at days 7, 14, 21 and
28 of differentiation. Aspirated CM was stored at -80°C prior to commencing the
assay.

Elevated levels of secreted PTHrP protein were observed in pellets

differentiated under hypoxic conditions particularly at day 14 and day 21 of
differentiation (Fig 4.1.1).
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Figure 4.1.1: Secretion of PTHrP into CM from MSC micromass pellets was quantified by ELISA
across a 28 day timecourse. PTHrP protein secretion was elevated in hypoxia at day 14 (p= 0.09) and
day 21 (p= 0.0399) of differentiation when compared to normoxic controls from the same time-point.
Results are presented as mean ± SEM of 6 MSC donors, each donor also had 3 biological replicates.
* = p ≤ 0.05 as determined by student t-tests.
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4.1.2 Hypoxia upregulates PTHrP gene expression in ATDC5 cells
Having established that hypoxia can enhance PTHrP protein release in MSC
micromass pellets, QPCR was performed on ATDC5 cells undergoing differentiation
to examine PTHrP gene expression changes as a result of hypoxia. ATDC5 cells were
differentiated in either hypoxia or normoxia for 21 days in total with cells being
harvested for RNA at days 7, 14 and 21. Assessment of PTHrP mRNA levels in
ATDC5 revealed a 2 and 2.5 fold increase in response to monolayer differentiation
under low oxygen conditions at days 7 and 21 of differentiation respectively.
Comparable levels of PTHrP mRNA were observed in both hypoxic and normoxic

Fold Change (relative to Day 7 19%)

groups at day 14 of differentiation (Fig 4.1.2).
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Figure 4.1.2: Differentiation of ATDC5 under hypoxic conditions resulted in an upregulation of PTHrP
mRNA at day 7 (p= 0.0107) and day 21 (p= 0.1756) of differentiation when compared to normoxic
controls. QPCR for PTHrP was then performed with the non-hypoxic responsive gene RPLP0 used as
a house-keeping control. Data is presented as fold change relative to day 7 normoxia values as mean ±
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SEM from 3 independent experiments with 3 biological replicates, * = p ≤ 0.05 as determined by student
t-tests.

In summary, Section 4.1 demonstrates that hypoxia increases PTHrP secretion in MSC
micromass pellets and PTHrP gene expression in ATDC5 cells when compared to
normoxic controls.
4.2 Hypoxia increases the expression of PTHR1 in MSC micromass pellets
After showing in Section 4.1 that hypoxia increased both the secretion of PTHrP from
MSC micromass pellets and PTHrP gene expression in ATDC5 cells I then sought to
examine if the PTHrP receptor, PTHR1 was also regulated by hypoxia.
The

presence

of

the

receptor

for

PTHrP,

PTHR1

was

evaluated

by

immunohistochemical analysis. In MSC micromass pellets, PTHR1 protein levels
were found to be increased by hypoxic differentiation when compared to normoxic
controls at day 28 of differentiation as indicated by the increase in brown stained
nuclei in the hypoxic group (Fig 4.2.1).
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Figure 4.2.1: Immunohistochemistry reveals an increase in PTHR1 protein deposition in MSC
micromass

pellets

differentiated

in

hypoxia

when

compared

to

normoxic

controls.

Immunohistochemistry performed on sections form day 28 pellets and micrographs images taken at
20X magnification. Scale bar = 100µm. n=3. (A). Quantification of DAB positive pixels per
immunohistochemical section was obtained using imageJ. Data is presented as mean number of DAB
positive pixels ± SEM, sections from 3 seprate human donors were used for the analysis. * = p ≤ 0.05
as determined by student t-tests. n=3 (B).

4.3.1 Hypoxia increases Zfp521 protein deposition in MSC micromass pellets
Sections 4.1 and 4.2 demonstrate that hypoxia increases both PTHrP at the gene and
protein level and that hypoxia also increases the expression of the receptor PTHR1. I
then wished to examine proteins of interest downstream of PTHR1. Activation of the
PTHrP receptor, PTHR1 results in a PKA mediated upregulation in Zfp521, which in
turn represses markers of hypertrophy (Correa et al., 2010). Immunohistochemistry
was performed to determine if differentiation of MSC micromass pellets in hypoxia
can augment Zfp521 protein levels. Zfp521 protein deposition was found to be
increased in day 28 pellets differentiated under hypoxic conditions as indicated by the
increase in brown stained nuclei in the hypoxic group when compared to normoxic
controls (Fig 4.3.1A). Upon quantification of the DAB positively stained pixels in
each individual image, a 168% increase in DAB positive pixels were observed in
pellets cultured under hypoxic conditions when compared to normoxic controls (Fig
4.3.1 B).
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Figure 4.3.1: Immunohistochemistry reveals an increase in Zfp521 protein deposition in MSC
micromass

pellets

differentiated

in

hypoxia

when

compared

to

normoxic

controls.

Immunohistochemistry performed on sections form day 28 pellets and micrographs images taken at
10X magnification. Scale bar = 200µm. n=3 (A). Quantification of DAB positive pixels per
immunohistochemical section was obtained using imageJ. Data is presented as mean number of DAB
positive pixels ± SEM, sections from 3 seprate human donors were used for the analysis, n=3. P=0.07
(B).

4.3.2 Hypoxia increases Zfp521 gene expression in ATDC5 cells
To examine if physiological hypoxia regulates Zfp521 gene expression in ATDC5
cells undergoing differentiation, QPCR was performed on ATDC5 that had been
differentiated for 21 days in either hypoxia or normoxia. Zfp521 expression increased
by 34% in ATDC5 cells differentiated in hypoxic conditions when compared to
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normoxic controls (p=0.08) (Fig 4.3.2).
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Figure 4.3.2: Zfp521 gene expression in ATDC5 cells was analysed at day 21 of differentiation by
QPCR. Hypoxia was found to upregulate Zfp521 gene expression by 34% when normalized to
normoxic controls, p= 0.08 as determined by a student’s t-test. Data is presented as fold change relative
to day 21 normoxia values as mean ± SEM from 4 independent experiments with 3 biological replicates
per independent experiment. The non-hypoxic responsive gene RPLP0 used as a house-keeping control.
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Figure 4.3.3: Differentiation of ATDC5 under hypoxic conditions resulted in a trend towards
upregulation of Zfp521 mRNA at day 7 (p= 0.3637) and day 21 (p=0.4483) of differentiation when
compared to normoxic controls. QPCR for Zfp521 was performed with the non-hypoxic responsive
gene RPLP0 used as a house-keeping control. Statistical analysis was performed by a one way ANOVA
with Tukey's Multiple Comparison Test. Data is presented as fold change relative to day 7 normoxia
values as mean ± SEM from 3 independent experiments with 3 biological replicates. n=3.
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In Section 4.3 I demonstrated that the transcription factor Zfp521 can be upregulated
by hypoxia at both the gene and protein level in both MSC micromass pellets and
ATDC5 cells respectively.

4.4.1 Hypoxia reduces MEF2C protein deposition in MSC micromass pellets
Having demonstrated hypoxia mediated increases in PTHrP, PTHR1 and Zfp521
expression in Sections 4.1 - 4.3, I next sought to examine the response of MEF2C to
hypoxia. The addition exogenous PTHrP has been shown to attenuate MEF2C
expression in a HDAC4 dependent manner (Kozhemyakina et al., 2009). To examine
if

physiological

hypoxia

can

regulate

MEF2C

protein

deposition,

immunohistochemistry was performed for MEF2C on day 28 MSC micromass pellets.
A decrease in MEF2C protein deposition was observed in MSC micromass pellets that
were differentiated under hypoxic conditions when compared to normoxic controls as
indicated by the decrease in brown stained nuclei in the hypoxic group (Fig 4.4.1).
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Figure 4.4.1: Immunohistochemistry reveals an decrease in MEF2C protein deposition in MSC
micromass

pellets

differentiated

in

hypoxia

when

compared

to

normoxic

controls.

Immunohistochemistry performed on sections form day 28 pellets and micrographs images taken at
20X magnification. Scale bar = 100µm. Arrows indicate areas of intense MEF2c positive staining. n=3,
each row represents a different human donor (A). Quantification of DAB positive pixels per
immunohistochemical section was obtained using imageJ. Data is presented as mean number of DAB
positive pixels ± SEM, sections from 3 seprate human donors were used for the analysis. * = p ≤ 0.05
as determined by student t-tests n=3.

4.4.2 Hypoxia reduces MEF2C gene and protein expression in ATDC5 cells
Having established that MEF2C protein deposition in MSC micromass pellets could
be reduced by hypoxia, QPCR and western blots were performed on ATDC5 cells that
had been differentiated in hypoxia or normoxia for 21 days. Hypoxia was found to
significantly attenuate MEF2C gene expression when normalized to normoxic
controls from the same time point (Fig 4.4.2A). To further confirm the suppressive
effect of hypoxia on MEF2C expression, a western blot on protein harvested from day
21 ATDC5 cells was performed, indicating a reduction of MEF2C at the protein level
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when compared to normoxia (Fig 4.4.2B). This was subsequently quantified using
densitometry (Fig 4.4.2C).
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Figure 4.4.2: MEF2C gene expression in ATDC5 cells was analysed at day 21 of differentiation by
QPCR. Hypoxia was found to significantly reduce MEF2C gene expression when normalized to
normoxic controls (p= ≤0.001) as determined by a student’s t-test. Data is presented as fold change
relative to day 21 normoxia values as mean ± SEM from 3 independent experiments. The non-hypoxic
responsive gene RPLP0 used as a house-keeping control (A). MEF2C protein (Molecular weight
55KDa) was reduced by hypoxia at day 21 of differentiation in ATDC5 cells as visualised by western
blot. Note non-specific band at 40KDa. β-Actin was used as a control to ensure equal loading of protein.
(B). Scanning densitometry of MEF2C western blots revealed a ~40% reduction (p= 0.08) in MEF2C
protein levels in hypoxic conditions at day 21 of ATDC5 differentiation as determined by a student’s ttest. Data is presented as a reduction in the mean band intensity relative to day 21 normoxia as mean ±
SEM from 3 independent experiments. n=3 (C).

4.5 Hypoxia and exogenous PTHrP (1-34) combine to maintain GAG deposition
and attenuate markers of hypertrophy in MSC micromass pellets
Having established that physiologocal hypoxia induces PTHrP secretion in MSC
micromass pellets I then elected to examine the effect of administration of exogenious
recombinant PTHrP (1-34) peptide to MSC micromass pellets undergoing
differentiation. MSC micromass pellet differentiation was initiated in either normoxic
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(19% O₂) or hypoxic (2% O₂) conditions with PTHrP (1-34) peptide added to CCM in
a dose range from 100ng/ml to 10pg/ml, the peptide was administered from day 14
through until day 28.
Analysis of CM from day 28 MSC micromass pellets for ALP content revealed a dose
dependent reduction in ALP content correlating with an increase in PTHrP (1-34)
peptide concentration in both hypoxia and normoxia. It is of note that the
concentrations of PTHrP (1-34) peptide required to induce a significant
downregulation in ALP content in normoxia were the concentrations most detrimental
to GAG synthesis. An additive effect was observed when hypoxia and administration
of PTHrP (1-34) were combined. Low doses (100 pg/ml) of PTHrP (1-34) were able
to reduce ALP content to basal levels under hypoxic conditions (Fig 4.5.1).
Upon quantifying GAG by DMMB analysis, I observed a dose depended reduction in
GAG as the concentration of PTHrP (1-34) peptide increased under normoxic
conditions. MSC pellets cultured under hypoxic conditions show no significant
reduction in GAG synthesis as a result of PTHrP addition (Fig 4.5.2). No significant
change in DNA content was observed as a result of PTHrP (1-34) peptide treatment,
and as such neither hypoxia nor PTHrP peptide addition affected proliferation (Fig
4.5.3).
Following Safranin-o histological staining for sulphated GAG, a large reduction in
GAG positive staining in MSC pellets differentiated in normoxia treated with PTHrP
peptide was observed when compared to the corresponding sections from hypoxia
differentiated pellets. This histological data correlates with the decrease in GAG
quantified by DMMB assay (Fig 4.5.2).
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Figure 4.5.1: PTHrP (1-34) peptide was added three times per week to the differentiation media of MSC
micromass pellets from day 14 to day 28 of differentiation. ALP content was dose dependently reduced
by addition of PTHrP peptide in MSC micromass pellets differentiated in normoxia with 10ng/ml and
100ng/ml significantly reducing ALP content. In hypoxia ALP content was significantly reduced when
compared to normoxia controls at all concentrations with concentrations of 100pg/ml and above of
PTHrP peptide having a significant reduction when compared to non-treated hypoxic controls. Results
are presented as mean ± SEM of a minimum of 3 MSC donors per condition with 3 biological replicates
per donor. * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001 as demonstrated by a one way ANOVA, KruskalWallis test as the data was not normally distributed. n=3.
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Figure 4.5.2: Under normoxic conditions the addition of PTHrP peptide had a dose dependent
detrimental effect on GAG deposition as demonstrated by DMMB assay (A) and Safranin O / Fast
Green staining (B). Increasing concentrations of PTHrP peptide had no negative effect on GAG
deposition in MSC micromass pellets differentiated in hypoxia. Results are presented as mean ± SEM
of 3 MSC donors per condition with 3 biological replicates per donor. * = p ≤ 0.05, ** = p ≤ 0.01 as
demonstrated by a one way ANOVA with Tukey's Multiple Comparison Test. n=3.
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Figure 4.5.3: The addition of PTHrP (1-34) peptide or hypoxic differentiation had no significant effect
on DNA content following analysis by pico green assay (A).The addition of PTHrP (1-34) had no effect
on the GAG:DNA ratio (B). Results are presented as mean ± SEM of 3 MSC donors per condition with
3 biological replicates per donor, * = p ≤ 0.05 demonstrated by a one way ANOVA with Tukey's
Multiple Comparison Test. n=3.
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In summary, Section 4.5 demonstrates the synergistic effect that is observed when
hypoxic differentiation and exogenous PTHrP (1-34) are used in combination. The
synergistic effect results in the deposition of high amounts of GAG in MSC-derived
cartilage while significantly reducing ALP.

4.6 Hypoxia and exogenous PTHrP (1-34) combine to maintain GAG deposition
and attenuate markers of hypertrophy in ATDC5 cells
Having established the beneficial effects of combining exogenous PTHrP in hypoxia
in MSC-derived cartilage in Section 4.5, I then wanted to establish if this effect could
also be observed in ATDC5 cells undergoing differentiation.
To assess the effects of PTHrP (1-34) peptide addition on ATDC5 cells, PTHrP (134) peptide was added to ATDC5 differentiation media in a dose range from 10nM to
1μM, the peptide was administered from day 7 through until day 21. Under normoxic
conditions 1μM of PTHrP (1-34) had a detrimental effect on GAG as indicated by
reduced Alcian Blue staining, this effect was not observed under hypoxic conditions
(Fig 4.6.1).
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Figure 4.6.1: Alcian Blue staining for GAG demonstrates an increase in GAG production as a result of
hypoxia at day 21 of differentiation. Addition of 1μM PTHrP (1-34) peptide results in an inhibition of
GAG deposition in normoxia. Micrographs taken at 4X magnification. Scale bar = 100µm. n=3.

PTHrP (1-34) peptide addition reduced ALP content at all concentrations under
normoxic conditions. An additive effect was observed whereby PTHrP (1-34) peptide
addition further reduced ALP under hypoxic conditions when compared to vehicle
controls (Fig 4.6.2).
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Figure 4.6.2: All concentrations of PTHrP (1-34) peptide significantly reduced ALP content when
compared to their respective controls. An additive effect was observed whereby hypoxic differentiation
and PTHrP (1-34) peptide combine to reduce ALP content to a greater extent that hypoxia alone. Results
are presented as mean ± SEM of 3 independent experiments, with 3 biological replicates per
independent experiment. ** = p ≤ 0.01, *** = p ≤ 0.001 as demonstrated by a one way ANOVA with
Tukey's Multiple Comparison Test. n=3.

4.7 Addition of PTHrP (7-34) increases ALP content in ATDC5 cells
differentiated in hypoxic conditions
Sections 4.5 and 4.6 detail the effect of the active form of PTHrP, PTHrP (1-34) on
MSC micromass pellets and ATDC5 cells undergoing differentition. To further assess
the effects of PTHrP on differentition I next employed the use of the antagonistic form
of PTHrP, PTHrP (7-34).
To assess if the beneficial effect of hypoxia attenuating ALP content is mediated by
endogenous PTHrP release, the PTHrP antagonistic or blocking peptide PTHrP (7-34)
106

Chapter 4
was adminstered to ATDC5 undergoing differentiation in either normoxic (19% O₂)
or hypoxic (2% O₂) conditions. 100 nM PTHrP (7-34) was added from day 12, at the
beginning of the transition of the ATDC5 cells towards hypertrophy until day 14. At
day 14, CM was harvested and a pNPP assay was perfromed to quantify ALP content.
The administration of PTHrP (7-34) had no effect in normoxic conditions. In hypoxia
conditions the administration of PTHrP (7-34) resulted in a trend towards an increase
in ALP content indicating that blocking the action of endogenous PTHrP with an
antagonistic peptide could deminish the ability of hypoxia to attenuate ALP content
(Fig 4.7.1).
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Figure 4.7.1: PTHrP (7-34) peptide was added to ATDC5 differentiation media at a final concentration
of 100nM, the peptide was administered once on day 12 and CM was subsequently harvested for
analysis 48 hours later. A trend in ALP increase was observed, p=0.06 as determined by a student’s ttest. Results are presented as mean ± SEM of 3 independent experiments with 3 biological replicates.
n=3.
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4.8 Hypoxia and PTHrP (1-34) addition alters Zfp521 protein levels in ATDC5
To examine the effect of hypoxia and PTHrP (1-34) administration on ATDC5 cells
western blots were performed on protein lysates from ATDC5 cells that had been
differentiated in hypoxia or normoxia for 21 days. 100nM PTHrP (1-34) peptide was
added to ATDC5 differentiation media, the peptide was administered from day 7
through until day 21. Under hypoxic conditions and without PTHrP (1-34) treatment
an increase in Zfp521 protein levels were observed when compared to normoxic
controls. Under hypoxic conditions the administration of 100nM PTHrP (1-34)
resulted in no effect on Zfp521 protein. Under normoxic conditions the administration
of PTHrP (1-34) increased Zfp521 protein. These results indicate a trend towards a
hypoxia mediated increase Zfp521 protein levels in ATDC5 cells. (Fig 4.8). Further
studies which examine Zfp521 protein levels across various time-points during
differnetition are require to confirm this finding.
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Figure 4.8: Zfp521 protein levels can be altered by hypoxia and PTHrP (1-34) treatment. Western blots
were performed on lysates from ATDC5 cells at day 21 of differentiation. β-Actin was used as a control
to ensure equal loading of protein. Image representitive of 3 independent experiments (A). Scanning
densitometry of Zfp521 western blots revealed a ~25% increase (p= 0.17) in Zfp521 protein levels in
hypoxic conditions at day 21 of ATDC5 differentiation. Data is presented as an increase in the mean
band intensity relative to day 21 normoxia as mean ± SEM from 3 independent experiments. n=3 (B).

4.9 Discussion
Previous studies have been unsuccessful in establishing a definitive mechanism of
action, by which hypoxia attenuates hypertrophic differentiation in chondrocytes or
MSCs. As mentioned previously, PTHrP is a key regulator or hypertrophic
differentiation in the developing growth plate and during MSC chondrogenesis. The
use of recombinant PTHrP peptide has also been used in some studies to delay or
inhibit hypertrophy in both in vitro and in vivo settings (Weiss et al., 2010, Kudo et
al., 2011). Here it is demonstrated that physiological hypoxia can result in an increase
of PTHrP both in MSC-derived cartilage at the protein level (Figure 4.1.1) and in
ATDC5 cells at the gene expression level (Figure 4.1.2). Prior to this study PTHrP had
been shown to be upregulated by hypoxia in several cancer cell lines (Manisterski et
al., 2010) and in human articular chondrocytes (Pelosi et al., 2013).
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In MSC micromass pellets PTHrP secretion into the CM peaks at day 14 of
differentiation before dropping to basal levels by day 28. In MSC chondrogenic
differentiation the onset of hypertrophic differentiation is usually observed around day
12 – 14 of differentiation. It may be postulated that this high level of PTHrP in pellets
differentiated in hypoxia at the day 14 timepoint is responsible for delaying or
inhibiting the onset of hypertrophic differentiation. As the PTHrP secretion drops to
basal levels at day 28 in the hypoxia group, methods that maintain PTHrP secretion at
elevated levels may be beneficial and further enhance the attenuation of hypertrophy
(Figure 4.1.1). Previous studies have also shown that the secretion of PTHrP by MSCs
in chondrogenic pellet culture is attenuated by day 28 of differentiation (Fischer et al.,
2010). The hypoxic regulation of PTHrP was further confirmed by the increase of
PTHrP gene expression in ATDC5 cells during hypoxic differentiation. In contrast to
the MSC micromass pellet data, the expression of PTHrP was found to be highest at
days 7 and 21 of differentiation (Figure 4.1.2). In both the MSC micromass pellets and
ATDC5 cells, differentiation under normoxic conditions failed to induce any increase
in PTHrP beyond the basal level either at protein or gene level respectively. PTHrP
gene expression has been demonstrated to be upregulated in response to hypoxia in
cultured human articular chondrocytes (Pelosi et al., 2013)
PTHR1 is a G-protein coupled receptor for PTHrP. Having established that PTHrP is
regulated by hypoxia, immunohistochemistry was then performed to examine the
presence of the receptor in MSC micromass pellets and to determine if the expression
of the receptor is regulated by hypoxia. Immunohistochemistry of MSC micromass
pellets at day 28 revealed an increase in PTHR1 protein deposition in pellets
differentiated in hypoxia when compared to normoxia controls (Figure 4.2.1). To the
best of the author’s knowledge, the hypoxic regulation of PTHR1 has not been
previously reported in the literature. The increase in PTHR1 may enhance PTHrP
signalling in hypoxic conditions.
Zfp521 is a transcription factor that is a key effector of PTHrP signalling in prehypertrophic chondrocytes (Correa et al., 2010). Previous studies have indicated that
the expression of Zfp521 can be modulated by PTHrP signalling (Correa et al., 2010)
and that an increase in Zfp521is responsible for the repression of RUNX2 signalling
and subsequent attenuation in markers of hypertrophy that are downstream of RUNX2
(Hesse et al., 2010b, Wu et al., 2009). Here it is observed that at day 28 of
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differentiation in MSC micromass pellets the protein deposition of Zfp521 is increased
in response to hypoxia when compared to normoxic controls (Figure 4.3.1). In ATDC5
cells at day 21 of differentiation it was found that Zfp521 gene expression is
upregulated by ~34% when compared to normoxic controls (Figure 4.3.2). The
upregulation of Zfp521 by hypoxia in ATDC5 cells was also observed by western blot
(Figure 4.8), however upon quantification of mean band intensity across 3 experiments
this effect was not significant. Further studies examining ATDC5 differentition across
a range of time-points are required to further confim this finding. It has been observed
that hypoxic culture of human articular chondrocytes for 48 hours results in the
upregulation of Zfp521 gene expression (Pelosi et al., 2013). This study demonstrates
that hypoxia increases and maintains this increased expression of Zfp521 in both
MSC-derived cartilage and ATDC5 cells for up to 28 or 21 days respectively.
PTHrP has previously been shown to attenuate MEF2C in a HDAC4 dependent
manner (Kozhemyakina et al., 2009). To examine the effect of hypoxia on MEF2C
expression in MSC-derived cartilage, immunohistochemistry was performed on day
28 micromass pellets. Immunohistochemistry revealed a reduction in MEF2C protein
deposition in pellets differentiated under hypoxic conditions (Figure 4.4.1). The
regulation of MEF2C by hypoxia was further confirmed by examining MEF2C gene
expression and protein in ATDC5 cells differentiated for 21 days. Significant
reductions in MEF2C protein and gene expression were observed in ATDC5 cells
differentiated under hypoxic conditions (Figure 4.4.2). To the best of the author’s
knowledge, the hypoxic regulation of MEF2C has not been previously reported in the
literature. As MEF2C expression is directly controlled by HDAC4, pharmacological
compounds that could increase the dephosphorylation of HDAC4 and therefore permit
HDAC4 to translocate to the nucleus may be beneficial in modulating hypertrophic
differentiation.
Addition of PTHrP (1-34) peptide to MSC derived cartilage has been previously
observed to have a beneficial effect in reducing markers of hypertrophy in vitro,
however PTHrP also reduced Collagen II expression (Weiss et al., 2010, Kim et al.,
2008). In this study it was observed that addition of exogenous PTHrP (1-34) peptide
can have a negative effect on GAG synthesis, with a dose depended reduction in GAG
synthesis in MSC-derived cartilage differentiated under normoxic conditions (Figure
4.5.1). PTHrP (1-34) peptide treatment had no significant effect on DNA content; this
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indicated that PTHrP (1-34) peptide administration has no effect on cell proliferation
(Figure 4.5.2). To induce a significant reduction in alkaline phosphatase activity in
hypoxia, 100-fold less PTHrP (1-34) peptide was required than what was necessary to
induce the same effect in normoxia (Figure 4.5.3). It is postulated that there may be
two reasons for this beneficial effect; first, it was observed that hypoxia induced
increased expression of the PTHrP receptor, PTHR1 – this may increase the cellular
response to low doses of PTHrP. Secondly, it has been shown that hypoxia increases
PTHrP secretion in MSC pellets, thus we expect the increase in endogenous PTHrP to
supplement the exogenous PTHrP (1-34) peptide. Methods that can mimic
physiological hypoxic conditions in vivo in combination with PTHrP peptide treatment
may enhance or improve the effectiveness of PTHrP treatment in cartilage repair
settings.
The PTHrP (1-34) addition experiments were also performed in ATDC5 cells. Similar
results were obtained whereby high doses of PTHrP (1-34) peptide reduced GAG
deposition under normoxic conditions (Figure 4.6.1). In contrast to the MSC
micromass pellet experiments, the addition of all tested concentrations of PTHrP (134) significantly reduced ALP in ATDC5 cells at day 21 (Figure 4.6.2). The
combination of hypoxic differentiation and PTHrP (1-34) administration resulted in
an additive effect in terms of ALP content reduction (Figure 4.6.2). The addition of
PTHrP (1-34) peptide under normoxic conditions resulted in an increase in Zfp521
protein in ATDC5 cells at day 21 (Figure 4.8). This data correlates with previous
studies that demonstrate the increase in Zfp521 as a result of PTHrP treatment (Correa
et al., 2010). Administration of PTHrP (1-34) peptide was found to reduce PTHR1
protein levels in ATDC5 under normoxic conditions. This effect may be as a result of
a feed-back loop, which regulates PTHrP signalling as the concentration of PTHrP
increases, however further experiments would be required to confirm this assumption.
It is notable that while the combination of hypoxia and PTHrP (1-34) reduces PTHR1
protein when compared to hypoxia alone, the reduction of PTHR1 in response to
PTHrP (1-34) is significantly less than that observed under normoxic conditions
(Figure 4.8). This finding again indicates the important role hypoxia plays in
regulating PTHrP signalling.
To assess if the hypoxia mediated reduction in ALP content in differentiated ATDC5
cells is mediated through the PTHR1 receptor, experiments were devised to block
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PTHR1. PTHR1 activation was blocked using the antagonistic isoform of PTHrP,
PTHrP (7-34). Administration of PTHrP (7-34) resulted in a trend towards a reversal
of the attenuation of ALP content under hypoxic conditions, although this result was
not statistically significant. As the ALP content of the ATDC5 cells treated with
PTHrP (7-34) under hypoxic conditions did not reach the equivalent concentration in
normoxic conditions, PTHrP (7-34) treatment was not fully effective in blocking the
effects of hypoxia (Figure 4.7). Further dosing strategies may be required to fully
block the effects of hypoxia in ATDC5 cells. However, this assay demonstrates that
the hypoxia mediated attenuation in ALP content is at least partially mediated through
PTHR1.
One of the main limitations of the studies contained within this chapter is the reliance
of ALP as the sole marker of hypertrophic differentiation. While ALP is a key marker
of hypertrophic differentiation and its measurement provides an accurate and robust
measure of hypertrophic differentiation further analysis of other key markers of
hypertrophy, such as Collagen X are required in order to add further strength to the
findings herein.
Collectively, the results obtained in this chapter demonstrate the important roles of the
3 keys proteins that regulate the response of chondrocytes to low oxygen tension
namely PTHrP, Zfp521 and MEF2C. The pathway described here plays a pivotal role
in the cellular response to hypoxia in chondrocytes and further exploration of the
pathway may yield a better understanding of the mechanism of action beyond what
has been described. The novel findings of this pathway could be used to discover
possible drug targets to specifically activate or inhibit the pathway resulting in
attenuation or perhaps enhancement of hypertrophic differentiation of chondrocytes
as required for orthopaedic applications.
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Chapter 5: Pharmacological activation / inhibition of
PTHrP-Zfp521-MEF2C pathway
So far this study has demonstrated the beneficial effects of differentiating MSC
micromass pellets and ATDC5 cells under hypoxic conditions. Furthermore the study
revealed that hypoxia increases the deposition of GAG and Collagen II in the ECM
while concurrently attenuating markers of hypertrophic differentiation such as ALP,
RUNX2 and Collagen X. Chapter 4 of this study then established that the attenuation
of hypertrophy was controlled by the actions of 3 key proteins namely, PTHrP, Zfp521
and MEF2C, all of which were regulated by hypoxia.
In tissue engineering, the majority of studies that are focused on using MSC therapy
to treat cartilage defects rely on transplanting undifferentiated MSCs into the cartilage
defect either alone or in combination with a scaffold or hydrogel as detailed in Table
1.1.6.2 of the introduction. Previous studies have shown that the majority of newly
formed tissue will consist of fibrocartilage (Shigeyuki et al., 2004, Wakitani et al.,
2002, Yamasaki et al., 2014). However, a more recent study has been able to generate
“hyaline-like” cartilage following intra articular injection of MSCs into a cartilage
defect (Jo et al., 2014). A prevailing concern for such treatments is that the newly
formed cartilage will undergo hypertrophy in vivo and possibly form bone that would
be deleterious in a clinical setting. MSC-derived cartilage pellets that have been
subcutaneously transplanted into SCID mice have been shown to undergo
hypertrophic differentiation, become vascularised and form bone (Pelttari et al., 2006,
Weiss et al., 2010). Similar studies have now shown that differentiating MSC-derived
cartilage under hypoxic conditions prior to implantation protects the MSC-derived
cartilage from hypertrophic differentiation (Leijten et al., 2014). Therefore, it is
postulated that methods that can mimic physiological hypoxia in vivo may be
beneficial to protect against hypertrophic differentiation and also to enhance GAG and
Collagen II synthesis of the transplanted MSCs.
In order to take what has been learned from this body of work thus far towards clinical
applications, it is necessary to develop a treatment regime that can maintain or enhance
the effects of physiological hypoxia in the potentially physiological normoxic in vivo
environment. This chapter identifies 2 compounds of interest, FG-4592 and
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desferoxamine and examines their ability to attenuate hypertrophy and enhance
chondrogenic differentiation.
In addition to using pharmacological compounds to mimic hypoxia, this chapter also
explores the mechanism by which PKA and PP2A regulate the PTHrP – Zfp521 –
MEF2C pathway. This is achieved by using specific activators and inhibitors of PKA
and PP2A and observing their effects on differentiation and ALP content in ATDC5
cells undergoing differentiation.
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5.1 FG-4592 improves GAG while reducing hypertrophy markers in MSC
micromass pellets

FG-4592 is small molecule, hypoxia mimetic pharmacological agent that is currently
undergoing phase-III clinical trials to treat anaemia associated with chronic kidney
disease (Clinicaltrials.gov ID #NCT01887600). FG-4592 is also known as Roxadustat
and is being developed in a partnership comprising of the pharmaceutical companies
FibroGen and AstraZeneca. FG-4592 exerts its effects by inhibiting the PHD enzymes
that degrade HIF, leading to HIF stabilisation and activation of hypoxic responsive
genes. FG-4592 alleviates chronic anaemia by increasing erythropoiesis and thus
maintains sufficient levels of haemoglobin in the blood. As far as the author is aware
this is the first study to examine the repositioning of FG-4592 for use in a cartilage or
orthopaedic setting.
To examine the ability of FG-4592 to induce a hypoxic like phenotype in a
physiological normoxic environment; FG-4592 was added to MSC pellets undergoing
differentiation every two days from day 1 of differentiation until the endpoint at day
28. 10μM FG-4592 treatment resulted in increased GAG deposition in pellets cultured
under normoxic conditions when compared to vehicle controls as quantified by
DMMB analysis (Fig. 5.5.1). This improvement in GAG deposition can also be
observed by safranin-o histological staining (Fig. 5.1.2). In normoxic conditions 10μM
FG-4592 increased the DNA content of treated pellets however this effect was not
statistically significant (Fig 5.5.1).
Following treatment with FG-4592 a dose dependent decrease in ALP content was
observed under normoxic conditions. An additive effect in ALP content reduction was
observed when FG-4592 treatment was combined with hypoxic differentiation of
MSC micromass pellets (Fig 5.1.3).
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Figure 5.1.1: Under normoxic conditions administration of 10μM FG-4592 significantly improved
GAG synthesis at day 28 of differentiation (p ≤ 0.05). Administration of 50μM FG-4592 had no
significant effect on GAG synthesis in either hypoxic or normoxic conditions (A). No significant effect
on DNA content was observed as a result of FG-4592 treatment or hypoxia (B). No significant alteration
in the GAG:DNA ratio was observed in all conditions (C). DMSO was used as a vehicle control. Results
are presented as mean ± SEM of 3 MSC donors with 3 biological replicates per donor. * = p ≤ 0.05,
*** = p ≤ 0.001 as demonstrated by a one way ANOVA with Tukey's Multiple Comparison Test.
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Figure 5.1.2: Safranin-O histological staining demonstrates an increase in positive GAG in MSC
micromass pellets treated with 10μM FG-4592 in normoxia at day 28 of differentiation. Positive GAG
staining in pellets treated with 50μM FG-4592 demonstrates that high doses of FG-4592 do not have a
detrimental impact on GAG deposition. DMSO was used as a vehicle control. Images are representative
of 3 MSC donors. Scale bar = 200µm.
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Figure 5.1.3: Administration of 50μM FG-4592 significantly reduces ALP content under normoxic
conditions at day 28 of differentiation in MSC micromass pellets (p= <0.001). Under hypoxic
conditions administration of FG-4592 resulted in an additive effect with both 10μM (p= <0.001) and
50μM (p= <0.001) further reducing ALP content when compared to hypoxic vehicle controls. DMSO
was used as a vehicle control. Results are presented as mean ± SEM of 3 MSC donors with 3 biological
replicates per donor. ** = p ≤ 0.01, *** = p ≤ 0.001 as demonstrated by a one way ANOVA with
Tukey's Multiple Comparison Test.

In summary, Section 5.1 describes the effects observed following the administration
of 10µM and 50µM FG-4592 during MSC micromass pellet differentiation. The
administration of 10µM FG-4592 significantly improved GAG deposition under
normoxic conditions however 50µM FG-4592 was required to induce a significant
reduction in ALP content under normoxic conditions.
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5.2 FG-4592 has no significant effect of GAG deposition yet reduces
hypertrophy markers in ATDC5 cells
To assess the effects of FG-4592 administration on ATDC5 cells, FG-4592 was added
from day 1 of differentiation until the end-point at day 21 in cells differentiated in both
hypoxia and normoxia. FG-4592 was added to the differentiation media of ATDC5
cells with the media being replenished every 2 days. DMSO was used as a vehicle
control where applicable.
The addition of 10μM FG-4592 under normoxic conditions was found to slightly
increase the presence of alcian blue positive, GAG nodules in ATDC5 cells (Fig 5.2.1).
However, this effect was unable to be further quantified. Assays that can
colormetrically quantify the bound alcian blue staining could be employed to quantify
this obtained results and ascertain if FG-4592 has a beneficial effect on GAG
deposition in ATDC5 cells.
The CM from ATDC5 cells treated with FG-4592 was subsequently analysed for ALP
content at day 21 of differentiation. In normoxia, 10μM FG-4592 had no significant
effect on ALP content, however increasing the concentration of FG-4592 to 50μM
significantly reduced ALP content to levels comparable with hypoxia alone.

122

Chapter 5
Normoxia

Figure 5.2.1: Alcian Blue staining of day 21 ATDC5 cells differentiated in normoxia. Images are
representative of 3 independent experiments. Images are representative of 3 independent experiments.
Scale bar = 200µm.
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Figure 5.2.2: ALP content was analysed at day 21 of ATDC5 differentiation following FG-4592
administration. Under normoxic conditions addition of 50μM FG-4592 significantly attenuated ALP
content when compared to normoxia vehicle controls (p= <0.001). 10μM FG-4592 had no significant
effect on ALP content. DMSO was used as a vehicle control. Results are presented as mean ± SEM of
3 independent experiments with 3 biological replicates per experiment. *** = p ≤ 0.001 as demonstrated
by a one way ANOVA with Tukey's Multiple Comparison Test.

The results obtained in Section 5.2 correlate with the results obtained in Section 5.1 in
that under normoxic conditions 50µM FG-4592 is required to significantly attenuate
ALP content under normoxic conditions.
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5.3 FG-4592 treatment augments ATDC5 gene expression
To assess the effects of FG-4592 administration on gene expression in ATDC5 cells,
FG-4592 was added from day 1 of differentiation until the end-point at day 21 in cells
differentiated in both hypoxia and normoxia. FG-4592 was added to the differentiation
media of ATDC5 cells with the media being replenished every 2 days. DMSO was
used as a vehicle control where applicable.
RNA was isolated from day 21 ATDC5 cells, cDNA was synthesised and
subsequently QPCR for genes of interest was performed. RPLP0 was used as a housekeeping control as RPLP0 expression does not change in response to physiological
hypoxia or FG-4592 treatment.
PTHrP gene expression was found to be significantly upregulated by physiological
hypoxia when compared to normoxic controls however, administration of 50μM FG4592 significantly reduced PTHrP expression. 10μM FG-4592 had no effect on PTHrP
gene expression (Fig 5.3.1).
Upon analysis of MEF2C gene expression it was found that 50μM FG-4592
significantly reduced MEF2C expression with 10μM FG-4592 having no effect on
MEF2C gene expression (Fig 5.3.2).
Analysis of Zfp521 gene expression showed no significant effect on Zfp521 gene
expression either as a result of physiological hypoxia or administration of FG-4592
(Fig 5.3.3).
Analysis of Col10a1 gene expression revealed that FG-4592 reduced Col10a1
expression at both the high and low doses of FG-4592. 10μM FG-4592 reduced
Col10a1 expression by ~50% when compared to vehicle controls and 50μM FG-4592
reduced Col10a1 by ~85%. The addition of the high dose of FG-4592 also
significantly reduced Col10a1 when compared to both normoxic vehicle and hypoxia
vehicle controls (Fig 5.3.4).
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Figure 5.3.1: QPCR was performed to analyse gene expression following FG-4592 administration.
10μM FG-4592 had no effect on PTHrP gene expression at 21 days. 50μM FG-4592 had a detrimental
effect on PTHrP gene expression when compared to normoxic vehicle controls. Data is presented as
fold change relative to day 21 normoxia vehicle as mean ± SEM from 3 independent experiments with
3 biological replicates per experiment. ** = p ≤ 0.01 as demonstrated by a one way ANOVA with
Tukey's Multiple Comparison Test.
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Figure 5.3.2: QPCR was performed to analyse gene expression following FG-4592 administration.
10μM FG-4592 had no effect on MEF2C gene expression at 21 days. 50μM FG-4592 significantly
reduced MEF2C gene expression when compared to normoxic vehicle controls (p= ≤0.01). Data is
presented as fold change relative to day 21 normoxia vehicle as mean ± SEM from 3 independent
experiments with 3 biological replicates per experiment. ** = p ≤ 0.01, *** = p ≤ 0.001 as demonstrated
by a one way ANOVA with Tukey's Multiple Comparison Test.
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Figure 5.3.3: QPCR was performed to analyse gene expression following FG-4592 administration. No
significant effect on Zfp521 gene expression was observed either as a result of hypoxic differentiation
or FG-4592 treatment. Data is presented as fold change relative to day 21 normoxia vehicle as mean ±
SEM from 3 independent experiments with 3 biological replicates per experiment.
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Figure 5.3.4: QPCR was performed to analyse gene expression following FG-4592 administration.
Col10a1 gene expression was found to be reduced by physiological hypoxia (p=<0.01), 10μM FG-4592
(p= <0.05) and 50μM FG-4592 (p= <0.001) when compared to normoxic vehicle controls. The
reduction in Col10a1 gene expression following administration of 50μM FG-4592 was significantly
greater than the reduction observed following hypoxic differentiation (p=<0.01). Data is presented as
fold change relative to day 21 normoxia vehicle as mean ± SEM from 3 independent experiments with
3 biological replicates per experiment. * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001 as demonstrated by
a one way ANOVA with Tukey's Multiple Comparison Test.

Section 5.3 details the gene expression changes observed in ATDC5 cells following
FG-4592 administration. Under normoxic conditions 50µM FG-4592 significantly
reduced PTHrP, MEF2C and Col10a1 gene expression when compared to normoxic
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vehicle controls. In contrast 10µM FG-4592 only significantly reduced the expression
of Col10a1when compared to normoxic vehicle controls.
5.4 Desferoxamine (DFX) treatment fails to improve GAG or attenuate
hypertrophy in MSC micromass pellets
In addition to FG-4592, desferoxamine (DFX) was also examined to ascertain if it
could be used to induce similar effects as FG-4592. Desferoxamine is used clinically
as an iron chelating agent for the treatment of hemochromatosis and acute iron
poisoning. Due to the ability of desferoxamine to remove iron from the body a side
effect of this treatment is an increase in HIF. The PHD enzymes that are responsible
for targeting HIF for degradation in normoxic conditions require iron as well as
oxygen as co-factors to function. If oxygen and/or iron are not available the PHDs
cannot target HIF for degradation. Hypoxic genes are then activated and as such agents
that remove iron from the body can act as hypoxia mimetic drugs (Bianchi et al., 1999,
Jaakkola et al., 2001, Wang and Semenza, 1993).
To examine the ability of DFX to induce a hypoxic like phenotype in a physiological
normoxic environment; DFX was added to the CCM of MSC pellets undergoing
differentiation every two days from day 1 of differentiation until the endpoint at day
28.
After 28 days of differentiation assays were performed to measure GAG, DNA and
ALP content. Safranin-o histological staining was also performed to visualise GAG
deposition. Treatment of MSC micromass pellets with both 1μM DFX and 10μM DFX
had no significant effect on any of the selected experimental parameters analysed (Fig
5.4.1). A trend towards a decrease in ALP content was observed as the concentration
of DFX increased however this effect was not statistically significant. In subsequent
experiments it was found that concentrations greater than 10μM DFX induced a toxic
effect and as such were discontinued (Fig 5.4.2B).
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Figure 5.4.1: Under normoxic conditions administration of 1μM and 10 μM DFX had no effect on GAG
synthesis at day 28 of differentiation. (A). No significant effect on DNA content was observed as a
result of DFX treatment (B). No significant alteration in the GAG:DNA ratio was observed as a result
of DFX treatment (C). Results are presented as mean ± SEM of 3 MSC donors with 3 biological
replicates per donor.
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Figure 5.4.2: Under normoxic conditions administration of 1μM and 10 μM DFX had no effect on GAG
synthesis as visualised by safranin-o / fast-green histological staining at day 28 of differentiation.
Images representative of 3 MSC donors (A). No significant effect on ALP content was observed as a
result of DFX treatment. Results are presented as mean ± SEM of 3 MSC donors with 3 biological
replicates per donor (B).

132

Chapter 5
The use of DFX to enhance chondrogenesis or attenuate hypertrophy was unsuccessful
as detailed in Section 5.4. DFX was found to have a narrow effective dose range and
thus unsuitable for further examination in this case.
5.5 Desferoxamine (DFX) treatment fails to improve GAG but reduces ALP
content in ATDC5 cells
To examine the ability of DFX to induce a hypoxic like phenotype in a physiological
normoxic environment DFX was added to the differentiation media of ATDC5 cells
undergoing differentiation every two days from day 1 of differentiation until the
endpoint at day 21. Concentrations of DFX greater than 1μM were found to have a
toxic effect on ATDC5 cells and as a result these experiments were discontinued.
Alcian Blue staining revealed no increase in positive staining as a result of DFX
treatment (Fig 5.5.1). Upon performing a pNPP assay to quantify ALP in the CM of
ATDC5 cells at day 21, it was found that treatment with 1μM of DFX resulted in a
slight but significant reduction in ALP content (Fig 5.5.2).

Normoxia

19% O₂ -DFX

19% O₂ +1μM DFX

Figure 5.5.1: Alcian Blue staining of day 21 ATDC5 cells differentiated in normoxia. 1μM DFX had
no significant impact on positive GAG staining. Images are representative of 3 independent
experiments. Micrographs taken at 4X magnification. Scale bar = 500µm.
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Figure 5.5.2: ALP content was analysed at day 21 of ATDC5 differentiation following DFX
administration. Under normoxic conditions addition of 1μM DFX significantly attenuated ALP content
when compared to normoxia controls (p= <0.01). Results are presented as mean ± SEM of 3
independent experiments with 3 biological replicates per experiment. ** = p ≤ 0.01 as determined by
students t-test.

As was the case in Section 5.4, here in Section 5.5 DFX treatment was found to be
ineffective at enhancing GAG deposition in ATDC5 cells under normoxic conditions.
While a significant reduction in ALP was observed following DFX treatment the
quantity of ALP reduction remained low and thus further exploration using this
compound was not warranted.
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5.6 Activation of PKA is sufficient to reduce alkaline phosphatase content in
ATDC5 cells
Studies have previously demonstrated that stimulation of PTHR1 results in the
downstream activation of PKA mediated pathways (Li et al., 2004, Correa et al.,
2010). In order to demonstrate that markers of hypertrophy could be attenuated by
direct stimulation of PKA in our system, 10μM of forskolin, a potent activator of cyclic
adenosine monophosphate (cAMP), which in turn stimulates PKA, was added to
ATDC5 media from day 7 to day 14. Forskolin was added to the differentiation media
of ATDC5 cells with the media being replenished every 2 days. DMSO was used as a
vehicle control where applicable. The addition of forskolin reduced the ALP content
in the CM of ATDC5 cells differentiated under normoxic conditions to levels
comparable to hypoxia alone (Fig 5.6.2). The combination of forskolin and hypoxia
showed a synergistic, additive effect, with a significant reduction in ALP content when
compared to hypoxia alone. Forskolin had no detrimental effect on cartilage matrix
synthesis as observed by Alcian Blue staining (Fig 5.6.1). This demonstrates that
activation of PKA can induce a reduction in ALP to comparable levels as seen in
hypoxic conditions.
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Figure 5.6.1: Alcian Blue staining for GAG demonstrates an increase in GAG production as a result of
hypoxia at day 14 of differentiation. Addition of 1μM forskolin results in no detrimental impact on
GAG deposition in ATDC5 cells. Micrographs taken at 4X magnification. Images representative of 3
independent experiments. Scale bar = 200µm.
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Figure 5.6.2: The PKA activator forskolin was added to differentiating ATDC5 from day 7 until the
endpoint of day 14, stimulation of PKA by forskolin significantly reduced ALP concentration in
normoxia when compared to vehicle controls (p= <0.001), an additive effect was also observed when
hypoxia was combined with forskolin treatment (p= <0.05). DMSO was used as a vehicle control.
Results are presented as mean ± SEM of 3 independent experiments with 3 biological replicates per
experiment. * = p ≤ 0.05, *** = p ≤ 0.001 as demonstrated by a one way ANOVA with Tukey's Multiple
Comparison Test.

In summary, Section 5.6 demonstrates that activation of PKA using forskolin can
reduce ALP under normoxic conditions. Under hypoxic conditions the combination of
forskolin and hypoxia results in an additive effect.
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5.7 PP2A is required for the attenuation of alkaline phosphatase content in
physiological hypoxic conditions
Stimulation of PKA either by physiological hypoxia or pharmacologically, results in
PP2A upregulation and therefore histone deacetylase 4 (HDAC4) dephosphorylation
and subsequent entry to the nucleus inhibiting MEF2C and RUNX2 activity. As a
result, hypertrophy markers such as Collagen X are attenuated (Kozhemyakina et al.,
2009, Correa et al., 2010). To examine the effect of hypoxia on the PTHrP – Zfp521
– MEF2C pathway; PP2A was inhibited using the potent and selective PP2A inhibitor,
cantharidin (Li et al., 2010). Following addition of cantharidin to differentiating
ATDC5 from day 1 of differentiation until day 14, a significant increase in ALP
content was observed in ATDC5 cells differentiated in hypoxia when compared to
vehicle controls (Fig 5.7.2). There was no significant effect on ALP content observed
in normoxia. The addition of cantharidin did not impact Alcian Blue staining (Fig
5.7.1). This demonstrates that PP2A is necessary for the attenuation of hypertrophy
markers under physiological hypoxic conditions.

Vehicle

+1nM Cantharidin
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Figure 5.7.1: Alcian Blue staining for GAG demonstrates that addition of 1nM cantharidin results in no
detrimental impact on GAG deposition in ATDC5 cells at day 14 of differentiation. Micrographs taken
at 4X magnification. Images representative of 3 independent experiments. Scale bar = 500µm
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Figure 5.7.2: The PP2A inhibitor cantharidin was administered from day 1 until the endpoint of day 14
to differentiating ATDC5, administration of cantharidin was shown to increase ALP content in hypoxia
when compared to vehicle controls (p ≤ 0.01). Cantharidin had no effect on cells differentiated under
normoxic conditions. DMSO was used as a vehicle control. Results are presented as mean ± SEM of 3
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independent experiments with 3 biological replicates per experiment. **= p ≤ 0.01, *** = p ≤ 0.001 as
demonstrated by a one way ANOVA with Tukey's Multiple Comparison Test.

5.8 Discussion
As previously discussed, the majority of MSC treatments for cartilage defects involve
an inter-articular injection of MSCs directly into the joint space. The de novo cartilage
that is generated generally consists of fibrocartilage (Shigeyuki et al., 2004, Wakitani
et al., 2002, Yamasaki et al., 2014). While these treatments improve patient outcome
in terms of reducing pain and increasing joint movement, the repair of the defect is
sub-optimal. Hypertrophy of this newly regenerated cartilage remains a prevailing
concern due to the proclivity of MSC-derived cartilage to undergo hypertrophy in vivo
(Pelttari et al., 2006, Weiss et al., 2010).
A recent study has now demonstrated that differentiating MSC-derived cartilage under
hypoxic conditions prior to subcutaneous transplant protects the newly derived
cartilage against vascularisation and subsequent mineralisation (Leijten et al., 2014).
Pharmacological compounds that could be administered to patients post MSC
treatment may be a possible treatment option to both enhance the chondrogenic
potential of the transplanted MSCs while alleviating concerns of hypertrophic
differentiation. The goal of such a treatment regime would be to induce transplanted
MSCs to become GAG enriched while simultaneously attenuating any hypertrophy.
FG-4592 is a small molecule drug that acts as a hypoxia mimetic compound. As far as
the author is aware this study represents the first time FG-4592 has been used in a
tissue engineering or regenerative medicine capacity. In normoxic conditions the
administration of 10μM FG-4592 induced a significant increase in GAG deposition as
measured by DMMB assay; 50μm FG-4592 had no effect on GAG deposition in
normoxia (Figure 5.1.1). This finding was confirmed by safranin-o staining (Figure
5.1.2). Under normoxic conditions a trend showing an increase DNA content was
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observed following 10μm FG-4592 treatment (Fig. 5.1.1). This increase in DNA
content may be as a result of increased cell survival or increase proliferation. Further
studies employing Bromodeoxyuridine (BrdU) to examine cell proliferation or dUTP
nick end labelling (TUNEL) staining could be used to determine if this DNA increase
is as a result of proliferation or enhanced survival. 10μm FG-4592 treatment under
normoxic conditions increased both GAG and DNA levels however, when this
increase in DNA content was accounted for by examining the GAG:DNA ratio (Fig
5.1.1 C) a 50% increase in the GAG:DNA ratio was observed between vehicle control
and 10μm FG-4592 treatment

Other hypoxia mimetic or PHD inhibiting drugs such as Dimethyloxaloylglycine
(DMOG) have been tested in cartilage settings previously. Administration of DMOG
to human articular chondrocytes resulted in the upregulation of HIF1α, HIF2α and
SOX9 but also resulted in an inhibition of the cartilage matrix genes Col2a1, Col9a1
and Col11a2 (Thoms and Murphy, 2010, Murphy et al., 2009). This inhibition of
collagen synthesis was due to DMOG inhibiting the collagen prolyl 4-hydroxylases,
which are critical for post-translational processing of collagen (Myllyharju, 2003).

FG-4592 administration reduced ALP content in MSC-derived cartilage in a dose
dependent manner with 50μm FG-4592 reducing ALP content to levels observed in
hypoxic cultures (Figure 5.1.3). These results indicate that FG-4592 administration at
the 10μM dose range enhances GAG synthesis but 50μM is required for full
attenuation of ALP content. A dose escalation study whereby 10μM FG-4592 is
administered for the first 14 days of differentiation to aid GAG synthesis followed by
a dose increase to 50μM FG-4592 for the last 14 days to attenuate hypertrophy may
be optimal, further experiments are required to confirm this hypothesis.

FG-4592 was then tested in ATDC5 cells at the same dose range that was used in the
MSC micromass pellets. FG-4592 treatment resulted no significant increase in GAG
deposition at either doses as observable by alcian clue staining (Figure 5.2.1). The
50μM dose of FG-4592 was successful in attenuating ALP content in normoxia,
reducing ALP content to levels observed in hypoxic differentiated ATDC5 cells
(Figure 5.2.2).
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The gene expression of ATDC5 cells treated with FG-4592 was then analysed at day
21 of differentiation. 50μM FG-4592 treated cells displayed a significant reduction in
PTHrP gene expression at day 21 (Figure 5.3.1). This was an unexpected result of FG4592 administration as PTHrP expression would have been expected to increase with
the administration of a hypoxia mimetic compound. The high dose of FG-4592 may
inhibit hypertrophy to such an extent that further expression and subsequent PTHrP
signalling to reduce hypertrophy is no longer required. To confirm this hypothesized
feed-back loop further experiments are required.
MEF2C expression was then analysed and 50μM FG-4592 was found to significantly
reduce MEF2C expression whereas 10μM FG-4592 had no significant effect (Figure
5.3.2). The reduction in MEF2C expression by the administration of 50μM FG-4592
while significant was not sufficient to reduce MEF2C expression to levels observed in
hypoxia.
Zfp521 expression remained unchanged by either administration of 10μM or 50μM
FG-4592 (Figure 5.3.3). An increase in Zfp521 expression was expected following
FG-4592 administration and perhaps further analysis at earlier time points may
demonstrate this effect. FG-4592 clinical trial data states that the FG-4592 mediates a
rapid onset increase in erythropoietin (EPO) in treated patients. EPO returns to basal
levels 24 hours after administration, indicating FG-4592 has a half-life of less than 24
hours (Besarab et al., 2010). Unfortunately the exact half-life of FG-4592 is not
currently in the public domain as far as the author is aware. This short half-life may
be a reason why the expression of Zfp521 remained unchanged by FG-4592 treatment
when analysed. It may be a case that Zfp521 is quickly upregulated by FG-4592 but
expression returns to basal levels once FG-4592 is no longer active. Time course
experiments where ATDC5 cells are spiked with FG-4592 could be used to address
this question. In addition live cell confocal imaging of cells treated with FG-4592
could be performed to monitor the expression of Zfp521 in real-time.

Collagen X is one of the primary markers of hypertrophic differentiation in cartilage
(Schmid et al., 1990). This data demonstrates that administration of both the tested
doses of FG-4592 significantly attenuated Collagen X gene expression in ATDC5
cells. Both 10μM and 50μM FG-4592 doses reduced expression of Collagen X to
levels greater than hypoxic differentiation (Figure 5.3.4). Interestingly, the 10μM dose
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of FG-4592 significantly reduced Collagen X expression; this dose had no significant
effect on the expression of PTHrP, Zfp521 or MEF2C. As was implied above,
experiments that analyse gene expression at earlier timepoints following FG-4592
administration may show that 10μM FG-4592 is activating the pathway but only for a
short duration after administration of the drug.

The iron chelating agent desferoxamine (DFX) also acts as a hypoxia mimetic
compound and this drug was also tested in differentiating MSC micromass pellets and
ATDC5 cells. The effects of DFX were found to be limited in both MSCs and ATDC5
cells. In MSC micromass pellets treated with DFX no significant effects on GAG,
DNA content or the GAG:DNA ratio were observed (Figure 5.4.1). The lack of
improvement in GAG synthesis was further confirmed by Safranin-o histological
staining of the pellets (Figure 5.4.2A). A trend towards a decrease in ALP content was
observed as the concentration of DFX increased however this effect was not
statistically significant (Figure 5.4.2B). Further experiments were set-up to examine
if greater concentrations of DFX could further reduce ALP, however concentrations
greater than 10μM DFX induced a toxic effect and were discontinued. DFX was also
tested in ATDC5 cells however in this case only the 1μM dose could be tested as
higher doses were found to be detrimental to cell viability. No effect was observed on
GAG synthesis as demonstrated by Alcian Blue staining (Figure 5.6.1). While 1μM
DFX significantly reduced ALP content, the effect on the overall ALP concentration
was very slight (Figure 5.6.2). Administration of DFX in an animal model of bone
fracture has demonstrated that DFX treatment improved cartilage callus formation in
vivo (Shen et al., 2009). In vitro studies have demonstrated the ability of DFX to
upregulate cartilage matrix genes such as aggrecan and Collagen II but no overall
improvement in chondrogenic potential was observed (Seo et al., 2011). DFX
treatment has been shown to reduce RUNX2 expression in MSCs undergoing
osteogenic differentiation; however concentrations of 30μM and 100μM were required
to induce this effect, concentrations which were found to be toxic in our experimental
systems (Yang et al., 2011). In conclusion, the administration of DFX in order to
attenuate hypertrophy or increase GAG may not be a viable option that warrants
further exploration.
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To determine if hypertrophy attenuation could be modulated by the direct stimulation
of PKA or inhibition of PP2A, 2 pharmacological compounds were selected to act as
specific activators or inhibitors of the pathway. To activate PKA, forskolin was used
to stimulate cAMP, which in turn activates PKA. To inhibit PP2A and demonstrate
that hypoxic attenuation of ALP is PP2A mediated, cantharidin was used. Addition of
forskolin to ADTC5 cells undergoing differentiation had no effect on GAG synthesis
as indicated by Alcian Blue staining (Figure 5.6.1). Addition of 10μM forskolin
significantly reduced ALP content in both hypoxic and normoxic conditions when
compared to respective vehicle controls (Figure 5.6.2). This data indicates that
stimulation of PKA can attenuate ALP content in ATDC5 cells. Direct stimulation of
PKA has been shown to attenuate hypertrophy markers in chondrocytes via a
downregulation of MEF2C (Kozhemyakina et al., 2009). In ATDC5 cells addition of
forskolin induces and increase in Zfp521 expression while reducing RUNX2 (Correa
et al., 2010).
To assess if PP2A is required for hypoxia regulated attenuation of ALP content, the
specific PP2A inhibitor cantharidin was administered to differentiating ATDC5 cells.
The addition of cantharidin had no effect on GAG synthesis in ATDC5 cells (Figure
5.7.1). Under normoxic conditions cantharidin had no effect on ALP content, while
under hypoxic conditions the addition of cantharidin resulted in an increase in ALP
when compared to vehicle controls (Figure 5.7.2). This data demonstrates that
inhibition of PP2A can mediate the hypoxic attenuation of ALP and indicates that
PP2A is necessary for hypoxic attenuation of hypertrophy in ATDC5 cells.
Collectively, the data discussed in this chapter conclusively demonstrates that the
PTHrP – Zfp521 – MEF2C pathway can be modulated and exploited by the use of
pharmacological compounds. As mentioned previously the generation of MSCderived cartilage with an enriched ECM combined with attenuated hypertrophy is
highly desirable for use in cartilage repair applications. FG-4592 is a very promising
compound to achieve such a goal. FG-4592 successfully increases GAG under
normoxic conditions while attenuating key markers of hypertrophy such as ALP and
Collagen X. Supplementary optimisation of the compound by way of further time and
dose dependent studies may further enhance the beneficial effects observed in this
study. This chapter also confirms the roles of both PKA and PP2A as key regulatory
proteins in the PTHrP – Zfp521 – MEF2C pathway, to further elucidate the important
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roles these proteins play in the regulation of the pathway specific knockdowns by
small interfering RNA (siRNA) or small hairpin RNA (shRNA) may be necessary.
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Chapter 6: Genetic activation of HIF1α / HIF2α
activates PTHrP – Zfp521 – MEF2C pathway
6.1 Genetic activation of HIF1α / HIF2α
In order to further elucidate the molecular mechanisms behind the hypoxic attenuation
of hypertrophy it was necessary to examine the effects of direct overexpression of both
HIF1α and HIF2α. The overexpression of HIF1α and HIF2α separately in ATDC5
cells will allow the determination of whether attenuation if hypertrophy is driven by
HIF1α alone, HIF2α alone or both HIFs in combination. The cellular response to low
oxygen tension or hypoxia is controlled by the oxygen sensing PHD enzymes that
regulate HIF stabilisation (Kaelin Jr and Ratcliffe, 2008, Schofield and Ratcliffe,
2004). HIF1α primarily mediates a fast, acute response to hypoxia whereas HIF2α is
responsible for mediating the response to long-term or chronic hypoxic conditioning
(Holmquist-Mengelbier et al., 2006). In human cancer cells lines it has been shown
that the induction of PTHrP is mediated by the expression of HIF2α (Manisterski et
al., 2010). Recent reports have also indicated that hypoxia signalling in chondrocytes
and the associated upregulation of SOX9 and cartilage matrix genes is primarily
mediated through HIF2α (Thoms and Murphy, 2010, Thoms et al., 2013). In human
articular chondrocytes, PTHrP is upregulated in a HIF1α and HIF2α dependent
manner (Pelosi et al., 2013). Having established that the PTHrP – Zfp521 – MEF2C
pathway could be activated by both physiological hypoxia and by pharmacological
compounds methods it was necessary to determine if the pathway could be activated
by directly overexpressing both HIF1α or HIF2α in ATDC5 cells. Using an
overexpression system allows it to be determined whether HIF1a or HIF2a is
responsible for the attenuation of hypertrophy.
HIF1α and HIF2α were separately overexpressed in ATDC5 using pcDNA3 triple
mutant plasmids. These plasmids encode an oxygen-regulation insensitive normoxiastable and active, full-length murine HIF1α or HIF2α.
Once overexpression of both HIFs was confirmed the gene expression profile of the
ATDC5 cells was examined to determine the effects of the HIF overexpression on the
PTHrP – Zfp521 – MEF2C pathway.
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6.2 Overexpression of HIF1α and HIF2α in ATDC5 is maintained for 48 hours
and 7 days post transfection
Having established that physiological hypoxia can attenuate markers of hypertrophy,
it was then necessary to genetically overexpress both HIF1α and HIF2α using a
transient overexpression system in order to determine which HIF was driving
hypertrophy attenuation in ATDC5 cells.
Transient transfection of ATDC5 using pcDNA3 HIF triple mutant plasmids yielded
a ~8000 fold induction in HIF1α and a ~3200 fold induction in HIF2α mRNA under
normoxic conditions 48 hours post transfection. Increased expression of both HIF1α
and HIF2α mRNA were maintained 7 days post transfection with a ~240 fold increase
in HIF1α expression and a ~7000 fold increase in HIF2α expression when compared
to controls at the relevant time points.

A

B

Figure 6.2.1: HIF1α and HIF2α were separately overexpressed in ATDC5 using pcDNA3 plasmids for
HIF1α and HIF2α. HIF overexpression was confirmed by QPCR analysis of HIF1α and HIF2α mRNA
levels 48 hours and 7 days post transfection (A & B). RPLP0 was used as a house-keeping control as
RPLP0 expression does not significantly change in response to physiological hypoxia or HIF
overexpression. Data is presented as fold change relative to non-transduced ATDC5 cells in normoxia
at the relevant time point as mean ± SEM from 3 independent experiments.
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In summary, Section 6.2 describes the successful overexpression of both HIF1α and
HIF2α under both hypoxic and normoxic conditions in ATDC5 cells. Q-PCR was used
to confirm and quantify the overexpression of both HIFs and it was confirmed that the
overexpression could be maintained for 7 days.

6.3 Overexpression of HIF1α and HIF2α in ATDC5 activates the PTHrP –
Zfp521 – MEF2C pathway
Having established that HIF1α and HIF2α overexpression in ATDC5 cells could be
maintained for at least 7 days (Fig 6.2.1), QPCR was performed on ATDC5 cells
overexpressing both HIFs while undergoing differentiation. Under normoxic oxygen
conditions, 48 hours post transfection it was found that PTHrP gene expression was
increased in response to HIF overexpression (Fig 6.3.1). Overexpression of HIF1α
significantly increased PTHrP gene expression in normoxic conditions when
compared to empty vector controls. The overexpression of HIF2α also increased
PTHrP gene expression although this effect was not statistically significant.
7 days post HIF overexpression; PTHrP mRNA levels were significantly increased in
response to physiological hypoxia. Under normoxic oxygen conditions the
overexpression of both HIF1α and HIF2α resulted in a significant increase in PTHrP
gene expression when compared to normoxic empty vector controls (Fog 6.3.2). CM
from these experiments was harvested and an ELISA was performed to quantify the
release of PTHrP secreted protein from the ATDC5 cells (Fig 6.3.3). This ELISA
demonstrated that physiological hypoxia and the overexpression of both HIF1α and
HIF2α displayed a trend towards an increase in PTHrP protein however none of the
analysed groups reached statistical significance due to high variability between
experiments.
Zfp521 gene expression was analysed 48 hours (Fig 6.3.4) and 7 days (Fig 6.3.5) post
transfection. At the 48 hour time point, no change in Zfp521 expression was observed
following hypoxic differentiation or HIF2α overexpression. Overexpressing HIF1α
resulted in significant downregulation in Zfp521; this result was unexpected
particularly due to the increase in PTHrP expression observed at the same time point.
7 days post transfection, Zfp521 expression was found to be increased in response to
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all 3 stimuli; physiological hypoxia and the overexpression of both HIF1α and HIF2α.
High levels of variability were observed when quantifying Zfp521 expression at day
7 and subsequently none of the stimuli induced statistically significant increases in
Zfp521 despite greater than 1 fold mean increases in gene expression.
At 7 days post transfection, MEF2C was found to be significantly down regulated in
response to physiological hypoxia and the overexpression both HIF1α and HIF2α
under normoxic oxygen conditions when compared to empty vector controls (Fig
6.3.6).
RUNX2 expression was found to be significantly attenuated by the overexpression of
HIF1α at 48 hours post transfection but unchanged by any other stimulus (Fig. 6.3.7).
7 days post transfection a trend towards RUNX2 attenuation was observed by both
HIF1α and HIF2α overexpression (Fig 6.3.8).
Collagen X gene expression was also analysed at 48 hours and 7 days post transfection
however at both time points the expression of Collagen X was too low to be quantified.
Analysis at later time points may provide quantifiable data.
To quantify the release of ALP into the CM from ATDC5 cells, a pNPP assay was
performed on the CM from ATDC5 cells transfected 21 days previously. This assay
revealed a significant reduction in ALP content in the CM from ATDC5s transfected
with HIF2α. No change in ALP content was observed from ATDC5s overexpressing
HIF1α (Fig 6.3.9).
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Figure 6.3.1: Overexpression of HIF1α and HIF2α in ATDC5 was associated with an upregulation of
PTHrP mRNA. 48 hours post treatment, PTHrP mRNA levels were significantly elevated in ATDC5
overexpressing HIF1α (p ≤0.05), HIF2α overexpression also increased PTHrP transcript levels but this
effect was not significant (p= 0.0617) when compared to normoxic empty vector controls. Data is
presented as fold change relative to 48 hour normoxia pcDNA3 empty vector control values as mean ±
SEM from 3 independent experiments with 3 biological replicates per experiment. * = p ≤ 0.05 as
demonstrated by a one way ANOVA with Tukey's Multiple Comparison Test.
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Figure 6.3.2: 7 days post HIF overexpression, PTHrP mRNA levels were significantly increased in
response to physiological hypoxia (p ≤ 0.01), HIF1α overexpression in normoxia (p ≤ 0.05) and HIF2α
overexpression in normoxia (p ≤ 0.01) when compared to normoxic empty vector controls. Data is
presented as fold change relative to day 7 normoxia pcDNA3 empty vector control values as mean ±
SEM from 3 independent experiments with 3 biological replicates per experiment. * = p ≤ 0.05, ** =
p ≤ 0.01 as demonstrated by a one way ANOVA with Tukey's Multiple Comparison Test.
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Figure 6.3.3: 7 days post HIF overexpression an ELISA was performed to quantify PTHrP secreted
protein levels in the CM of ATDC5 cells undergoing differentiation. Elevated levels of PTHrP protein
were observed in the CM of ATDC5 cells differentiated in hypoxic conditions and ATDC5s that were
overexpressing HIF1α and HIF2α. Data is presented as mean ± SEM from 3 independent experiments
with 3 biological replicates per experiment.
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Figure 6.3.4: 48 hours post HIF overexpression, Zfp521 mRNA levels were not affected by
physiological hypoxia or the overexpression of HIF2α. Overexpressing HIF1α significantly reduced
Zfp521 expression when compared to normoxic empty vector controls (p ≤ 0.01). Data is presented as
fold change relative to 48 hour normoxia pcDNA3 empty vector control values as mean ± SEM from 3
independent experiments with 3 biological replicates per experiment. ** = p ≤ 0.01 as demonstrated
by a one way ANOVA with Tukey's Multiple Comparison Test.
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Figure 6.3.5: 7 days post HIF overexpression, Zfp521 mRNA levels were increased in response to
physiological hypoxia, HIF1α overexpression in normoxia and HIF2α overexpression in normoxia
however due to the high variability in Zfp521 expression between experiments the observed effect was
not significant. Data is presented as fold change relative to day 7 normoxia pcDNA3 empty vector
control values as mean ± SEM from 4 independent experiments with 3 biological replicates per
experiment. No significant differences were observed between groups following a one way ANOVA
with Tukey's Multiple Comparison Test.
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Figure 6.3.6: 7 days post HIF overexpression, MEF2C mRNA levels were reduced in response to
physiological hypoxia (p ≤ 0.01), HIF1α overexpression in normoxia (p ≤ 0.05) and HIF2α
overexpression in normoxia (p ≤ 0.01). Data is presented as fold change relative to day 7 normoxia
pcDNA3 empty vector control values as mean ± SEM from 3 independent experiments with 3 biological
replicates per experiment. * = p ≤ 0.05, ** = p ≤ 0.01 as demonstrated by a one way ANOVA with
Tukey's Multiple Comparison Test
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Figure 6.3.7: 48 hours post HIF overexpression, RUNX2 mRNA levels were not affected by
physiological hypoxia or the overexpression of HIF2α. Overexpressing HIF1α significantly reduced
RUNX2 expression when compared to normoxic empty vector controls (p ≤ 0.01). Data is presented as
fold change relative to 48 hour normoxia pcDNA3 empty vector control values as mean ± SEM from 3
independent experiments with 3 biological replicates per experiment. ** = p ≤ 0.01 as demonstrated
by a one way ANOVA with Tukey's Multiple Comparison Test
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Figure 6.3.8: 7 days post HIF overexpression, RUNX2 mRNA levels were not affected significantly by
physiological hypoxia. The overexpression of HIF1α and HIF2α reduced RUNX2 expression by ~25%
however this effect was not significant. Data is presented as fold change relative to day 7 normoxia
pcDNA3 empty vector control values as mean ± SEM from 3 independent experiments with 3 biological
replicates per experiment.
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Figure 6.3.9: 21 days post HIF overexpression, CM from ATDC5 cells differentiated under normoxic
conditions was analysed for ALP content. The overexpression of HIF1α had no effect on ALP content
when compared to empty vector controls. The overexpression of HIF2α significantly attenuated ALP
release into the CM in comparison to empty vector controls (p ≤ 0.001). Data is presented as mean ±
SEM from 3 independent experiments with 3 biological replicates per experiment. *** = p ≤ 0.001 as
demonstrated by a one way ANOVA with Tukey's Multiple Comparison Test.
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6.4 Discussion
This chapter describes activation of the PTHrP – Zfp521 – MEF2C pathway in
normoxic conditions by the transient overexpression of both HIF1α and HIF2α in
ATDC5 cells. Initial experiments were performed to confirm the overexpression of
both HIF1α and HIF2α at 48 hours and 7 days post transfection. Both HIF1α and
HIF2α were successfully overexpressed to sufficient levels and overexpression was
maintained for 7 days (Figure 6.2.1). Having confirmed the overexpression of both
HIF1α and HIF2α, PTHrP gene expression and protein secretion was then quantified.
At 48 hours post transfection, the overexpression of HIF1α and HIF2α successfully
increased PTHrP gene expression in normoxic conditions (Figure 6.3.1). At this time
point, physiological hypoxic differentiation had not resulted in an increase in PTHrP
gene expression. 7 days post transfection, the overexpression of both HIF1α and
HIF2α resulted in significant upregulation in PTHrP expression under normoxic
conditions. No statistically significant differences in PTHrP gene expression were
observed between the ATDC5 cells overexpressing HIF1α and HIF2α differentiated
in normoxia and the empty vector control cells differentiated in hypoxia (Figure 6.3.1).
An ELISA was performed on the CM from ATDC5 cells 7 days post transfection, this
experiment demonstrated that PTHrP secretion in ATDC5 cells could be increased as
a result of physiological hypoxia as well as the overexpression of both HIF1α and
HIF2α under normoxic conditions. Although statistical significance was not obtained
between the analysed groups due to high variability between experiments, a trend
towards increase in PTHrP was evident in all groups when compared to the normoxic
empty vector control group (Figure 6.3.2).
This indicates that PTHrP expression can be induced by both HIF1α and HIF2α and
this overexpression increased the expression of PTHrP at both the gene and protein
level. The data generated by the ELISA did not demonstrate significant differences
versus the control group due to high donor-to-donor variably, this issue may be
overcome by future experiments which look at a larger pool of donors (Fig. 6.3.3).
This data contradicts a previous study that stated that PTHrP is solely stimulated by
HIF2α and not HIF1α, however that study was performed in cancer cell lines
(Manisterski et al., 2010). In human articular chondrocytes, the knock-down of HIF1α
and HIF2α by siRNA demonstrated that the hypoxia induced upregulation of PTHrP
160

Chapter 6
is mediated in a HIF1α and HIF2α dependent manner, this study indicates that both
HIF1α and HIF2α are required for the observed increase in PTHrP expression under
hypoxic conditions (Pelosi et al., 2013).
Zfp521 expression was then analysed 48 hours and 7 days post induction of HIF
overexpression. 48 hours post transfection no significant changes in Zfp521
expression were observed as a result of physiological hypoxia or HIF2α
overexpression; however the overexpression of HIF1α induced a significant
downregulation in Zfp521 expression (Figure 6.3.4). This result was unexpected as
the overexpression of HIF1α was observed to induce a ~4 fold upregulation in PTHrP
expression at the same time point. Only low basal levels of Zfp521 have been observed
at the early stages of ATDC5 differentiation and the expression of Zfp521 increases
over time (Correa et al., 2010), as such, results from 48 hours may not be the ideal
time point to gauge a true reflection of changes in Zfp521 gene expression as a result
of HIF overexpression. 7 days post transfection, physiological hypoxia was found to
induce a significant upregulation in Zfp521 expression. In normoxic conditions the
overexpression of both HIF1α and HIF2α resulted in upregulation in Zfp521
expression but not to the levels observed in the hypoxia group (Figure 6.3.5).
MEF2C expression was found to be significantly reduced in all conditions tested when
compared to the empty vector normoxic group. The overexpression of HIF1α and
HIF2α under normoxic conditions confirms that MEF2C is regulated by both HIF1α
and HIF2α (Figure 6.3.6).
RUNX2 gene expression was then analysed 48 hours and 7 days post transfection. At
48 hours only the overexpression of HIF1α was found to significantly downregulate
RUNX2 expression with HIF2α and physiological hypoxia having no effect (Figure
6.3.7). At 7 days post transfection, a trend towards a reduction in RUNX2 was
observed following the overexpression of both HIF1α and HIF2α in normoxic
conditions although this effect was not statistically significant (Figure 6.3.8). As with
Zfp521 expression, the basal levels of RUNX2 would be expected to be relatively low
at these time points, the expression of RUNX2 would typically start to increase from
day 7 of differentiation and expression would peak between days 12-15 as the ATDC5
enter hypertrophic differentiation (Enomoto et al., 2000).
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Collagen X gene expression was also examined at the day 7 timepoint, however the
basal gene expression level of Collagen X was too low to be quantified by QPCR at
this timepoint. Collagen X gene expression has been observed to be detectable from
day 9 of differentiation onwards in ATDC5 cells (Enomoto et al., 2000, Wang et al.,
2004).
21 days post transfection, CM from the HIF overexpressing ATDC5 cells was used to
measure ALP content. Under normoxic conditions it was observed that the
overexpression of HIF2α significantly reduced ALP content when compared to
pcDNA3 empty vector controls (Figure 6.3.9). This data indicates that the
overexpression of HIF2α can successfully reduce ALP content under normoxic
conditions for up to 21 days.
The data contained in this chapter further demonstrates that the PTHrP-Zfp521MEF2C pathway can be modulated by both the overexpression of HIF1α and HIF2α
under normoxic conditions and by physiological hypoxia. The study acts as a proof of
concept that genetic modulation of cells can induce the PTHrP - Zfp521 – MEF2C
pathway and lead to a reduction of some hypertrophy markers namely ALP and
RUNX2 in ATDC5 cells. The main limitation of this study is due to the short duration
of the overexpression experiments; longer duration experiments would allow for
analysis of further markers of hypertrophy e.g. Collagen X to be analysed at a more
relevant time-point (eg. after 14 days). Longer duration experiments could allow for
more conclusive evidence in regards to hypertrophy marker attenuation by HIF
overexpression to be obtained. In this regard viral overexpression of the HIFs would
be required in order to maintain prolonged overexpression in the ATDC5 cells.
The overexpression of HIF1α and HIF2α in MSCs for use in cartilage repair
applications in the clinic would more than likely be met with apprehension by
regulatory bodies due to the fact that both HIF (Maxwell et al., 2001) and PTHrP
(Powell et al., 1991, Grill et al., 1991) have strong associations with various cancers.
The overexpression of Zfp521 or knockdown of MEF2C in MSCs prior to
transplantation into a cartilage defect may alleviate such concerns and could be used
for the generation of de novo cartilage that has an attenuated hypertrophy phenotype.
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7.1 General Discussion
“If we consult the standard chirurgical writers from Hippocrates down to the present
age, we shall find, that an ulcerated cartilage is universally allowed to be a very
troublesome disease; that it admits of a cure with more difficulty than carious bone;
and that, when destroyed, it is not recovered” (Hunter, 1742).
The above statement by the Scottish anatomist William Hunter in 1742 has remained
a central dogma for the subsequent 250 years, with the repair of cartilage defects
remaining one of the significant unmet medical needs of the 21st century.
Current treatments for cartilage repair rely on micro-fracture (MF), autologous
chondrocyte implantation (ACI) and characterised chondrocyte implementation
(CCI). These procedures have demonstrated some clinical efficacy in reducing pain
and increased patient joint movement, however, the ultimate goal of these treatments
is generation of de novo cartilage with similar physiological properties to that of the
native cartilage. In this regard the treatments are sub-optimal and do not compare well
to the physiological and biomechanical properties of the native articular cartilage
(Pelttari et al., 2008, Rodríguez-Merchán, 2012, Knutsen et al., 2004).
The use of MSCs for cartilage repair has been touted for several years due to the ability
of MSCs to readily differentiate along the chondrocyte lineage. While the clinical trials
using MSCs for cartilage repair have resulted in improvements in patient outcome, as
with the procedures mentioned above the newly created tissue generally consists of
fibrocartilage (Shigeyuki et al., 2004, Wakitani et al., 2002, Yamasaki et al., 2014).
More recent studies have shown improvements in the quality of the generated cartilage
as a result of MSC transplantation (Jo et al., 2014), however the quality of repaired or
regenerated cartilage remains a concern.
As discussed in Section 1.2.1, one of the main prevailing concerns for such MSC
transplantation procedures is the proclivity of MSC-derived cartilage to ossify or
undergo hypertrophy in vivo (Pelttari et al., 2006, Weiss et al., 2010). Such ossification
or hypertrophy would be deleterious in a clinical setting
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Collectively, this body of work begins to address these concerns by demonstrating the
beneficial effects that physiological hypoxia has on differentiating MSC-derived
cartilage, in that GAG deposition and Collagen II improves and hypertrophy decreases
or is attenuated as demonstrated in Sections 3.1 and 3.2. The data contained in this
thesis confirms that low oxygen tension or hypoxia results in the creation of MSCderived cartilage that has an enriched ECM, since it has abundant GAG and Collagen
II in the matrix. MSC-derived cartilage that has a highly enriched ECM will permit
the transplanted cartilage to have similar biochemical and biophysical properties to
that of the native cartilage. As articular cartilage absorbs vast amounts of force from
physical activity, newly generated cartilage that has similar physical properties to that
of native cartilage is of vital importance.
This work demonstrates that hypoxia can successfully attenuate 3 key markers of
hypertrophy; Collagen X, ALP and the transcription factor RUNX2 as seen in Section
3.2. By reducing the expression of these 3 key markers it is postulated that MSCderived cartilage will remain resistant to vascularisation, calcification and ossification,
all of which would be detrimental to the effectiveness of a MSC-derived cartilage graft
in vivo.
Having established a mechanism of action behind hypoxic regulation of hypertrophy
in our in vitro systems, the next goal of this project was to develop a culture regime to
mimic physiological hypoxia in a normoxic environment so that such a regime might
be translated towards pre-clinical experiments in animal models.
The use of the hypoxia mimetic compound FG-4592 has provided evidence that PHD
inhibiting compounds can be used successfully to both improve chondrogenesis while
inhibiting markers of hypertrophic differentiation of MSC-derived cartilage. This data
suggests that administrating FG-4592 to animal models in receipt of a MSC cartilage
graft may improve the outcome of the graft. Further studies need to be conducted to
examine the effectiveness of FG-4592 at selected doses and time points during
differentiation. The capability of FG-4592 to successfully enhance chondrogenic
differentiation in vivo has also yet to be determined. An example of a pre-clinical
experiment to test FG-4592 in vivo would be to create a cartilage defect in the knee of
a rabbit or induce OA using collagenase to mimic the aetiology of OA. Once the defect
has been induced or the OA symptoms have progressed sufficiently, MSCs would be
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administered intra-articularly into the defect / injury site. The animal would then
receive daily doses of FG-4592 for 28 days to allow FG-4592 to improve de novo
cartilage formation while attenuating any hypertrophic differentiation.
PTHrP is a key regulator of skeletal development and specifically the maturation of
chondrocytes in the developing growth plate (Kronenberg, 2006, Lee et al., 1996).
Due to the ability of PTHrP to regulate chondrocyte hypertrophy during development,
recombinant PTHrP peptide has been touted as a possible course of treatment to
attenuate hypertrophy in MSC-derived cartilage in vitro (Weiss et al., 2010, Fischer et
al., 2010) and to induce repair in animal models of OA (Kudo et al., 2011, Bellido et
al., 2011). However, this study demonstrates that under normoxic conditions the
addition of recombinant PTHrP peptide (1-34) has a dose dependent, detrimental
impact on GAG synthesis. Similar results were obtained in an earlier study from Weiss
et al. that has shown a reduction in Collagen II following PTHrP administration (Weiss
et al., 2010). This study shows that this detrimental effect on GAG deposition can be
overcome by differentiation under hypoxia conditions, and that PTHrP (1-34) and
hypoxia work synergistically to improve GAG deposition while attenuating markers
of hypertrophy.
It may be postulated that this beneficial effect is enabled through the increase of the
presence of the PTHrP receptor, PTHR1 under hypoxic conditions. A combination
regime of PTHrP (1-34) peptide and FG-4592 may be an ideal therapeutic option under
normoxic conditions, as it could be predicted that FG-4592 would increase PTHR1
expression under normoxic conditions. Such a combination treatment could
potentially have the beneficial effects of both agents reducing hypertrophy with FG4592 also enhancing chondrogenic differentiation and upregulating the expression of
PTHR1. Further studies are required to ascertain if FG-4592 and PTHrP (1-34) can
work in synergy.
This study also successfully demonstrates that the PTHrP – Zfp521 – MEF2C pathway
can be activated by the overexpression of both HIF1α and HIF2α. This proof of
concept study indicates that genetic manipulation of ATDC5 cells can result in
hypertrophy attenuation as that this effect is governed by the expression of both HIF1α
and HIF2α. As previously mentioned, the overexpression of HIF1α and HIF2α may
not be a viable therapeutic option due to the fact that HIF mutations have strong
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correlations with cancer (Maxwell et al., 2001, Quintero et al., 2004, Semenza, 2010)
and any use in clinical applications may be met with apprehension from regulatory
bodies. To avoid such issues it may be beneficial to directly target the key transcription
factors described in this study; Zfp521 by lentiviral or adenoviral overexpression and
MEF2C by viral mediated shRNA knock-down. The direct activation of Zfp521 or
repression of MEF2C may further enhance hypertrophy attenuation to a greater extent
than was observed following differentiation under hypoxic conditions.
Overall this study shows 3 key factors regulating hypertrophy attenuation in MSCs:
PTHrP, Zfp521 and MEF2C. The data presented herein shows strong correlations
between PTHrP, MEF2C and hypoxia, whereas the expression and regulation of
Zfp521 seems to be more variable under hypoxic conditions. The expression levels of
Zfp521 were increased by hypoxic differentiation (Section 4.3) and HIF
overexpression (Fig 6.3.5) when compared to normoxic controls; however the high
variability between independent experiments indicates that the expression of Zfp521
may by cyclical in nature. Previous studies examining Zfp521 expression in ATDC5
cells have shown that generally Zfp521 expression is low between days 1-14 of
differentiation, expression peaks between days 14-24 before dropping off between
days 28-38. Variation in Zfp521 expression was also observed between these timepoints (Correa et al., 2010).
In contrast to this, MEF2C was strongly down-regulated at both the gene and protein
level in all experiments under hypoxic conditions and following HIF overexpression
when compared to relevant controls. Due to the consistency observed in MEF2C
expression, it may be recommended that future work examining this mechanism of
action focus on the repression of MEF2C rather than up-regulation of Zfp521.
In conclusion, this data demonstrates a mechanism of action by which hypertrophic
differentiation is attenuated by physiological hypoxia in MSC-derived cartilage and
ATDC5 cells. This data indicates that the PTHrP – Zfp521 - MEF2C pathway can be
activated by the overexpression of both HIF1α and HIF2α under normoxic conditions.
Further exploration of the PTHrP – Zfp521 - MEF2C pathway may lead to the
discovery of further proteins responsible for hypertrophy attenuation, which could in
turn act as specific drug targets in the future. The small molecule hypoxia mimetic
drug FG-4592 can be used to improve chondrogenesis and attenuate markers of
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hypertrophy in MSC-derived cartilage and ATDC5 cells. Collectively, the results
herein demonstrate the important role hypoxic signalling plays in chondrogenesis and
hypertrophy attenuation. Further work to test the roles of the PTHrP – Zfp521 MEF2C pathway and the ability of PTHrP (1-34) and FG-4592 to activate the pathway
in in vivo models of cartilage injury and OA are required.
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7.2 Future work
Further work is required to fully conclude that the PTHrP – Zfp521 - MEF2C pathway
is activated by both HIF1α and HIF2α in MSCs, as was shown in the experiments
performed using ATDC5 cells. During the project, several unsuccessful attempts were
made to develop assays to confirm the hypothesis. Initially, attempts were made to
transduce MSCs using retroviral techniques using plasmids encoding for normoxic
stable and active variants of HIF1α and HIF2α. Unfortunately, while HIF1α and
HIF2α overexpression was observed by QPCR, this overexpression could not be
maintained and the protocol resulted in a detrimental impact on MSC proliferation;
this resulted in insufficient numbers of transfected MSCs that could be obtained to
initiate MSC micromass chondrogenic differentiation. Attempts were also made to
knock-down the expression of HIF1α and HIF2α using a lentiviral shRNA system in
MSCs. Sufficient knock-down of both HIF1α and HIF2α was observed in the MSCs
as determined by PCR. However, due to a combination of technical difficulties beyond
the author’s control, and issues regarding cell viability, the experiments could not
proceed as planned. Further work is required to ascertain the exact role of both HIF1α
and HIF2α in the PTHrP – Zfp521 - MEF2C pathway in MSC-derived cartilage.
Successful overexpression of HIF1α and HIF2α acts as proof of concept that the
genetic modulation and subsequent activation of the PTHrP-Zfp521-MEF2C pathway
can attenuate markers of hypertrophy in ATDC5 cells. Subsequent studies that directly
overexpress PTHR1 and Zfp521 using lentiviral techniques may be a possible avenue
for exploration. The generation of MSCs overexpressing PTHR1 and Zfp521 and
subsequent transplantation of these cells could generate cartilage that is resistant to
hypertrophic differentiation in vivo. In a similar approach, the knockdown of MEF2C
using a lentivirus to transduce the MSCs with a shRNA targeting MEF2C may be
beneficial in clinical applications.
Having established that PTHR1 is regulated by physiological hypoxia, future
experiments examining the regulation of PTHR1 by the hypoxia mimetic drug FG4592 are required. It is hypothesized that administration of FG-4592 will lead to the
up-regulation of PTHR1. Should PTHR1 be found to be upregulated, the next
experiments would then test FG-4592 in co-administration with PTHrP (1-34) peptide
under normoxic conditions. It is hypothesized that this regime would up-regulate
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PTHR1 and this would, in turn, enable or enhance PTHrP signalling through PTHR1,
with an end result of increased GAG deposition with attenuated hypertrophy of MSCderived cartilage.
Recent studies have indicated that large, stratified and mechanically functional
cartilage can be generated in vitro using condensed MSC micromass pellets
(Bhumiratana et al., 2014). Hypertrophy of such in vitro constructed cartilage would
be envisaged following transplantation of the cartilage graft. Studies that combined
the generation of large cartilage grafts ex-vivo with the administration of FG-4592,
PTHrP (1-34) peptide, or a combination of both treatments, may be beneficial in
attenuating possible hypertrophic differentiation of the cartilage graft following
transplantation.
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