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“Change is only possible through movement.”

Aldous Huxley, The Art of Seeing (1982)



Summary

Mechanical stimulation has been implicated as an important regulator for the development of
the skeleton. Decreased in utero foetal movement results in skeletal abnormalities including
joint fusions and thin hypo-mineralised bones. Animal models that develop in the absence of
mechanical stimulation show abnormal initiation and/or progression of ossification in long
bones, loss of definition of tissue territories in the joint region and altered rudiment
morphology (Kahn et al., 2009; Nowlan et al., 2010a; Roddy et al., 2011b). The skeletal
system is a complex structure, and while we know much about the molecular mechanisms that
guide the differentiation of progenitor cells into its individual elements; we know very little of
the molecular mechanisms that sense and respond to mechanical stimulation to co-ordinate its
correct development. The objective of this thesis was to uncover the molecular mechanisms

underlying the response of developing skeletal cells to mechanical stimulation.

Using a mouse model (Splotch-delayed) that has altered mechanical stimulation due to the
absence of limb musculature; the phenotypic abnormalities were confirmed and the
hypothesis that mechanical stimulation of the embryonic skeletal system impacts expression
levels of genes implicated in developmentally important signalling pathways, was tested. A
comparative transcriptome profiling approach was utilised. Differentially expressed genes
were analysed based on gene ontology annotations and were shown to be involved in
development and differentiation, cytoskeletal architecture and cell signalling. Analysis of cell
signalling pathways that were altered revealed that the Wnt signalling pathway was the most
strongly disturbed. Differentially expressed Wnt signalling components were identified to
show spatially restricted patterns in both the developing joint and in the ossification site,
corresponding to the sites of the two most affected phenotypic disturbances in the muscle-less
mutant. This led to the examination of the effect of altering Wnt signalling as a key point of
integration for mechanical cues. Ex ovo electroporation targeting the developing limb allowed
for the modulation of Wnt signalling, to assess whether manipulation of the pathway
phenocopies what is seen following the removal of mechanical stimulation. Altering Wnt
signalling was shown to have profound effects on chondrogenesis, however further
refinement is required to target specific regions of the developing skeleton, to assess the

localised response.

In parallel with the in vivo studies, chondrogenic differentiation was analysed in culture,
examining the influence of mechanical stimulation in the form of applied dynamic hydrostatic
pressure. Comparisons of adult stem cells and embryonic cell cultures exposed to hydrostatic
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pressure revealed that the application of mechanical stimulation showed similar responses in
gene expression that are indicative of maintenance of a stable cartilage phenotype in both cell
types, similar to that displayed in joint articular cartilage, preventing maturation and
hypertrophy. This revealed that embryonic and adult cell types respond in a similar manner to
mechanical stimulation, at least in this respect, and thus the information gained from the

developing embryo can be applied to adult derived cells used for regenerative therapies.

This thesis demonstrates that embryonic movement generated by muscle contractions
regulates the expression of key developmental regulatory genes and that such genes are
involved in the transduction of biophysical stimuli to elicit a response in cellular
differentiation in the embryonic skeleton. In particular it highlights the Wnt signalling
pathway as a potential point of integration of mechanical and molecular signalling and the
cytoskeletal components as mediators of the response. A better understand of the molecular
mechanisms that link mechanical stimuli to transcriptional control guiding cell differentiation
will lead to new ideas about how to effectively prime stem cells for tissue engineering and
regenerative therapies. This work sheds light on the molecular mechanisms that interpret
mechanical stimulation during skeletal development and provides a valuable resource for

further investigation of the mechanistic basis of mechanoregulation of skeletal development.
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Chapter 1

1.  Introduction

1.1 The Skeleton: Its Role and Importance

The skeletal system is composed of two facets, the axial and appendicular skeletons, both of
which are an assembly of a rigid framework of bones, cartilage, ligaments and other
connective tissue elements. The rigid framework is a collection of more than 200 bones in the
human that interact with muscles, tendons and ligaments as part of the musculoskeletal
system (Lefebvre and Bhattaram, 2010) to achieve functional success. The complex shape,
size and pattern of each skeletal element work together to provide its functional output,
including postural support, movement, protection of vital organs, the site of haematopoiesis
and the storage site of minerals. The success of the skeleton is ultimately a product of its
mechanical properties, how stiff it is, how resilient to fatigue, and how effectively it
withstands the extremes of physical activity. The formation and growth of skeletal cells and
tissues during embryonic development produces the elements that are required for skeletal
success during postnatal life. To help understand the basis of degenerative diseases that affect
the normal functional success of the skeletal system, such as osteoporosis and osteoarthritis,
we need not only to uncover the mechanisms of bone and cartilage homeostasis, but also the
molecules and cues that drive skeletal formation in the embryo. A deeper understanding of

these developmental processes is required to harness the potential of stem cells, in order to



guide them along specific differentiation pathways to regenerate cartilage and bone. This
work aimed to provide a greater understanding of the molecular mechanisms involved in
coordinating correct skeletal development through the interaction of biophysical stimuli
generated by embryo movement and molecular signaling pathways and processes. This
knowledge can be used to guide future research addressing the clinical challenges of
maintaining healthy skeletal tissue through life and improving regenerative capacities for

diseased or damaged skeletal elements such as osteoarthritis and osteoporosis.

1.2 Skeletogenesis

Skeletogenesis is the process of skeleton formation in the embryo. It is the process by which
both the axial and appendicular skeletal elements form and grow, initially arising from the
mesoderm germ layer during embryonic development. The elements of the skeleton develop
through a controlled stepwise progression of diverse cellular processes, including migration,
adhesion, proliferation, differentiation and growth (Hall and Miyake, 2000). The specific
skeletal elements of the long bones in the limb, and articular cartilage that resides in synovial
joints will be the focus of this thesis. There are functional distinctions that define these two
elements, for example long bones are solid mineralised structures for protection and support,
while articular cartilage is smooth to facilitate articulation and the transmission of load within
joints. These structures thus have morphological distinctions which begin during their
formation in early development. I will describe how each of these elements develops
morphologically and then review how molecular regulation controls their distinct

development.

The first step in skeletogenesis is the generation of progenitor cells that display the ability to
condense and, under control of certain transcription factors and signalling molecules, have the
ability to give rise to mature cell type’s specific to the elements of the skeletal system. The

skeletal system consists of multiple mature cell types, including chondrocytes in cartilage and



osteoblasts, osteocytes and osteoclasts in bone (Lefebvre and Bhattaram, 2010). The
pioneering work of A.J Friedenstein through his observation that bone marrow in postnatal
life is a reservoir of stem cells for mesenchymal tissues which have the multi-potential to
differentiate into osteoblasts, chondrocytes, adipocytes and haematpoetic supporting stroma
(Friedenstein et al., 1987; Friedenstein et al., 1974; Friedenstein et al., 1966), indicates that
both chondrocytes and osteocytes generated postnatally arise from an osteochondro
progenitor cell. This has been further supported in more recent work identifying such
multilineage progenitors as Mesenchymal Stem Cells (MSCs) (Johnstone et al., 1998;
Pittenger et al., 1999). Both chondrogenic and osteogenic differentiation from adult stem cells
and during skeletogenesis in the embryo have been extensively studied and it is important to
understand the similarities and differences involved. The factors responsible for the
differentiation to either fate, particularly during development, will be described below in the
molecular regulation of chondrogenesis and osteogenesis, but to begin I will describe the
morphological changes that osteochondro progenitor cells go through to become mature bone,

and mature chondrocytes in articular cartilage within the developing limb.

1.2.1 Morphological development of the Limb

The cells destined to become the vertebrate limb originate early in organogenesis from a
combination of the lateral plate and somitic mesoderm. Limb buds first arise as a result of
differential proliferation of the body wall at appropriate levels along the anterior posterior
(AP) axis of the embryo trunk (Searls and Janners, 1971), this occurs at approximately
Hamburger and Hamilton (HH) stage 16 (50-55hrs) for the wing and HH17 (52-64hrs) for the
leg of the chick (Hamburger and Hamilton, 1951), Theiler stage (TS) 15 (Embryonic day (E)
9.5) for the forelimb and TS16 (E10) for the hindlimb in the mouse (Theiler. K, 1972), and
Carneige stage (CS) 13 (30-33 days post-fertilisation) for the human arm and CS14 (33 days

post-fertilisation) for the leg (O'Rahilly et al., 1981). At early stages of development it



consists of undifferentiated mesenchymal cells derived from proliferation of the lateral plate
mesoderm and migration from adjacent somites, and is covered at the distal tip by a layer of
ectoderm called the apical ectodermal ridge (AER) (Figure 1.1). The mesenchyme then
condenses at the core of the limb bud in a y-shaped pattern, and cellular differentiation occurs
in a proximo-distal sequence, such that the humerus differentiates first, followed by the radius

and ulna and finally the digits (Hindchliffe J.R., 1980) (Figure 1.1).

AER

E9.5 E10 E10.5 E12.5 E14.5

Figure 1.1 Schematic of limb bud initiation and patterning in the mouse forelimb across
developmental time. Limb bud initiation at E9.5. Proximodistal (PD) elongation and presence
of the AER at the distal tip at E10; the condensation of mesenchyme and configuration into a
y-shape pattern at E10.5; differentiation to cartilage from E11.5 and the progressive
differentiation of distal elements that appear at E12.5 and E14.5. Ossification begins at the
mid-point of the humerus and scapula at TS23, E14.5 AER; Apical Ectodermal Ridge, s;
scapula, h; humerus, u; ulna, r; radius, c; carpal, d; digits. (adapted from description in Shum
et al., 2003) .

1.2.1.1 Development of Bone

Bone is formed through two mechanisms: intramembranous and endochondral ossification.
Intramembranous ossification is a process in which mesenchymal cells form condensations
and develop directly into osteoblasts (bone-forming cells); they do not go through a cartilage
phase but go directly to osteogenic differentiation. This process is central to the formation of

the flat bones of the skull and face (reviewed in Provot and Schipani, 2005).

Endrochondral ossification differs from intramembranous ossification as it involves the
formation of cartilage (chondrocytes) that acts as a template for later replacement by bone

(formed by osteoblasts), thus termed transient cartilage. Endochondral ossification is



responsible for the formation of long bones and is illustrated in Figure 1.2 (reviewed in
Kronenberg, 2003; Provot and Schipani, 2005). Chondrogenesis is the process by which
chondrocytes form as a result of mesenchymal cell condensation followed by
chondroprogenitor cell differentiation. Differentiation is first indicated by expression of Sox9
expression in mesenchymal condensations of the mouse limb from embryonic day 10.5
(E10.5) (Figure 1.2A); Sox9 encodes a transcription factor that regulates chondrogenesis, it is
switched on prior to the onset of cartilage formation reflected by Alcian blue staining (Wright
et al., 1995; Zhao et al., 1997). The initial Sox9 positive, continuous mesenchymal structure is
then segmented into individual skeletal elements separated by the sites of future joints as joint
specification occurs, as is illustrated in Figure 1.1. Chondrocytes are characterised by the
production of specific extracellular matrix (ECM) proteins such as type 2 collagen (Col2al)
and aggrecan (Acan). Chondrocytes proliferate in one direction and form orderly parallel
columns which accumulate a cartilage matrix (Kronenberg, 2003). Ossification initiates at the
mid-diaphysis of each rudiment when the chondrocytes progress or mature to a state of
hypertrophy (Figure 1.2C), noted by the enlargement of the cells and secretion of collagen
type ten (Coll0al) in the ECM (Castagnola et al., 1986). The formation of the growth plate, is
defined by distinct layers of chondrocytes that are all at different stages of maturation,
including the resting zone, a proliferating zone, a pre-hypertrophic zone and a hypertrophic
zone (Figure 1.2) (reviewed in Lefebvre and Bhattaram, 2010). The columnar layers of the
growth plate form though the proliferation of chondrocytes, until they change shape into pre-
hypertrophic chondrocytes, and then enlarge to form hypertrophic chondrocytes. The shape
change from round to that of the pre-hypertrophic chondrocytes is typically to flat and is
organised into distinct columns (Li and Dudley, 2009). This sequence of events begins in the
mid-diaphysis of the rudiment and progresses proximally and distally with growth plates
persisting at both epiphyses to allow continued elongation and growth of the bone (also called

secondary ossification sites).
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Figure 1.2 Schematic of Endochondral Ossification and the zones in the growth plate.
Mesenchymal cells condense in the centre of the limb bud at E10.5 (A). Cells within
condensations proliferate to become proliferating chondrocytes (pc) surrounded by a
perichondrium (p) (E12.5/ TS20-21) (B). Differentiation of pre-hypertrophic (pre-hc) and
hypertrophic chondrocytes (hc) occurs at the mid-diaphysis (E13.5/ TS21-22) (C); followed
by proximo-distal separation and development of the primary ossification centre,
vascularisation (v) and osteoblast (ob) invasion begins at E14.5/ TS23 (D). Expansion of the
marrow cavity occurs at E16.5/ TS24-25 and osteocytes (oc) have invaded to form trabecular
bone (E). (adapted from description Kronenberg, 2003).

Concurrently with the differentiation of chondrocytes in the skeletal rudiment, the cells that
surround the chondrocytes become perichondrial cells, which typically have two broad
functions, firstly to signal to and from the underlying chondrocytes and secondly they provide
cells that themselves become osteoblasts. Hypertrophic chondrocytes direct the mineralisation
of their surrounding matrix and signal to the adjacent perichondral cells to become
osteoblasts, which begins at TS23, approximately E14.5 in the mouse (Figure 1.2D). The
hypertrophic cells then undergo apoptosis, however the matrix scaffold that is left behind
allows the osteoblasts to invade the cartilage mould and subsequent vascular invasion (Gerber
and Ferrara, 2000) occurs to allow osteocytes to be laid down and form trabecular bone

(Figure 1.2E) (reviewed in Kronenberg, 2003; Provot and Schipani, 2005).



1.2.1.2 Development of Articular Cartilage

Mature synovial joints that allow articulation between the skeletal elements are made up of
multiple cell types, including articular chondrocytes, synovial fibroblasts, tenocytes and fat
pad cells. These mature tissues are derived from the same mesenchymal cells that condense to
form a template that prefigures bone (Koyama et al., 2008). The cells that will form the joint
become distinct during early chondrogenesis; they become flatter, display an increased cell
density and become non-chondrogenic (Holder, 1977), forming a distinct joint site termed the
interzone. The expression of interzone specific molecules, collagen type 1 (Collal),
Hyaluronan (HA) and the signalling molecule Growth differentiation factor-5 (Gdf3) are
increased and the overall secretion of ECM molecules, such as Collagen type 2 (Col2al) is
reduced in these territories (Francis-West et al., 1999; Holder, 1977). The importance of the
interzone region for joint development was demonstrated when it was micro-surgically
removed in the developing chick prospective elbow joint, which resulted in no joint formation
at later stages (Holder, 1977). However a recent revisitation of this classic experiment showed
that a joint will regenerate if the gap is not closed and suggest that cells peripheral to the
interzone contribute to the joint at later stages (Ozpolat et al., 2012). As previously mentioned
interzone cells express Gdf5 (Storm and Kingsley, 1996), and lineage tracing studies that
marked Gdf5 expressing cells revealed that they give rise to multiple cell types over
developmental time, including articular cartilage, the synovial lining and intra-joint ligaments
(Koyama et al., 2008). Mutations in Gdf5 show defects in digit, wrist and ankle joints in mice
and humans (Storm et al., 1994; Thomas et al., 1997). The first phase of joint development
involves cell specification from mesenchymal condensations and appearance of the interzone
as described (Figure 1.3B). Differentiation then occurs subdividing the interzone into three
layers of cells that are histologically and molecularly distinct; the chondrogenous layers (cl)
contouring the ends of the rudiments and the intervening intermediate layer (il) where

cavitation will later take place (Figure 1.3C) (Ito and Kida, 2000).
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Figure 1.3 The process of joint development. The first indication of the future joint is the
appearance of the cell-dense interzone (B) from the mesenchymal progenitor pool (A), the
cells of the interzone differentiate and organise to form three layers of cells, bounded by a

capsule (C) and ultimately the joint undergoes cavitation, as constituent tissues mature (D). cl;
chondrogenous layer, il; intermediate layer.

The second phase in joint development following cell specification and differentiation is
cavitation (Figure 1.3D) where the mid-line of the interzone transitions from an area of high
cell density to an area consisting of a liquid-filled synovial cell space (reviewed in Pacifici et
al., 2005). While cavitation of the elbow joint begins at TS24, the mature joint structure
emerges during late embryogenesis, with a synovial cavity that is fluid and lubricant-filled for
the unhindered movement of synovial joints. The exact mechanisms that lead to cavitation are
not yet known but it is clear that normal joint formation is dependent on sufficient embryo
movement. Pharmacologically and micro-surgically induced paralysis, and more recent
immobilisation studies has been shown to induce abnormal joint formation (Mikic et al.,
2000; Nowlan et al., 2010a; Nowlan et al., 2010b; Osborne et al., 2002). It has been suggested
that cavitation occurs as a result of an increase in cell death at the central line of the interzone,
however Ito and Kida (2000) found that different joints showed different levels of apoptosis,
leading the authors to conclude that cell death does not have a major role in cavitation (Ito and
Kida, 2000). An alternative suggestion is that cavitation occurs due to the local accumulation

of the non-sulphated glycosaminoglycan hyaluronan (HA) and its interaction with the surface



receptor Cd44, involving cell repulsion contributing to the loss of tissue integrity in the
intermediate layer of the interzone, leading to the physical separation of the opposing joint
sides and formation of the fluid filled cavity (Chow et al., 1998; Dowthwaite et al., 1998).
How the joint acquires its shape is another important aspect to the correct functional output of
the joint. Morphogenesis is specific for each anatomical location within the joint and is the
least well understood aspect of joint formation. Our research group has shown that
morphogenesis occurs early, prior to cavitation in the chick knee joint (Roddy et al., 2009)
and biophysical stimuli from muscle contractions are required for correct knee joint shape

morphogenesis during development (Roddy et al., 2011b).

Articular cartilage is the tissue that lines the ends of bones within synovial joints and allows
for low friction movement. As articular cartilage is aneural and avascular it has a limited
capacity to repair, and from a clinical perspective suffers from trauma and disease, such as
osteoarthritis and inflammatory rheumatoid arthritis. Osteoarthritis (OA) is a debilitating
degenerative joint disease that is characteristed by the degradation of articular cartilage, thus
resulting in disruptions of the balanced equilibrium of the ECM that enables joints to resist
compression and provide tensile strength (reviewed in Buckwalter and Martin, 2006). The
molecular mechanisms underlying this cartilage degeneration is poorly understood;
understanding more about how the joint develops and the molecular mechanisms involved
during its development could potentially be useful to harness information for regenerative

therapies.

1.3 Molecular Regulation of Skeletal Development

While all somatic cells in an individual begin with the same genetic information, molecular
and biophysical cues that act on them determine their correct fate within the multi-cellular
developing organism. During embryonic development multiple molecular regulatory

signalling pathways act to coordinate the correct proliferation and differentiation of tissues.



The morphologies of transient cartilage and articular cartilage are distinct, as described aboze,
yet the regulatory pathways that act on the progenitor cells to produce these tissues are
contributed to by many of the same molecules, working differently in different cellular
contexts and/or facilitating cross regulation between the emerging tissues. The signalling
pathways include Transforming growth factor-Beta (TGF-B) super-family pathways, tie
Indian Hedgehog (HH) pathway, Wnt signalling, Fibroblast growth factor (FGF) signallirg,
Notch and retinoid signalling (reviewed in Kronenberg, 2003; Provot and Schipani, 2005). It
is the integration of signals from these different pathways that is of central importance for the
tight regulation of the growth and proliferation of these territories during skeleal
development. I will describe each pathway independently with a focus on how it regulates
both ossification and interzone specification for joint development. However, it is the
integration of signals from these pathways that regulates the correct proliferation and

differentiation of the cell types for the distinct morphological territories.

Specification of the chondrogenic lineage is driven by the Sox (Sex-determining region)-box
family of transcription factors (Lefebvre and Smits, 2005), specifically the chondrogenic trio
Sox5, Sox6 and Sox9. During embryogenesis Sox9 is expressed in all cartilage primordia along
with expression in the nervous system and urogenital system. Later in development all three
of these Sox family members are expressed in proliferating chondrocytes, the best
characterised being Sox9, which is responsible for maintaining proliferation (Akiyama et al.,
2002), and directly turning on the expression of the gene Col2al (Bell et al., 1997) resulting
in the production of an ECM containing the proteoglycan aggrecan, a marker of chondrocyte
differentiation (Han and Lefebvre, 2008). Sox9 has a predominant role in the definition of
mouse cartilage as absence of Sox9 leads to defective cartilage formation and premature
skeletal mineralisation (Bi et al., 1999; Bi et al., 2001). Human mutations in SOX9 result in

campomelic dysplasia (CD), a rare, lethal, hereditary congenital osteochondral dysplasia
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characterised by abnormal bowing and angulations of the lower limbs, with lethality occurring
due to pulmonary hypoplasia, distinct from the skeletal abnormalities (Barros et al., 2011;
Wagner et al., 1994). Sox9 is thus an important marker during in vivo chondrogenesis to
indicate that mesenchymal progenitor cells have initiated differentiation to create the transient

cartilage template for bone development.

1.3.1 Transforming growth factor-Beta (TGF-f) signalling

Bone morphogenetic proteins (BMPs) are secreted signalling molecules that belong to the
transforming growth factor beta (TGFP) superfamily, implicated in limb growth and
patterning and the establishment of the limb axis. At later stages of limb development,
expression of multiple Bmp ligands has been reported in the developing forelimb, in the
columnar proliferating chondrocytes (Bmp?7), in the hypertrophic chondrocytes (Bmp2, Bmp4,
Bmp6) and in the perichondrium/periosteum (Bmp3) (Minina et al., 2002; Minina et al., 2005;
Minina et al., 2001). Investigation of the roles of individual Bmp ligands has been performed
using multiple mutant models and observations of skeletal defects (Bandyopadhyay et al.,
2006; Cao and Chen, 2005). Treatment with Bmp2 in a mouse limb explant model resulted in
an expansion of the pre-hypertrophic and hypertrophic domains, indicating that BMP2
promotes the expansion of all differentiation zones in skeletal elements (Minina et al., 2001).
Subsequent over-expression of the BMP antagonist noggin, resulted in the inhibition of limb
growth in culture, that was shown to be rescued by Bmp2 co-culture treatment (Minina et al.,
2001). Over-expression of Bmp2 and Bmp4 through retroviral treatment in the chick limb
resulted in similar increases in the size and shape of the long bones, however the ordered
arrangement of chondrocyte layers were disrupted and a delay in terminal differentiation
shown (Duprez et al., 1996). Noggin knockouts display enlarged cartilage primordia and
extended regions of ossification in the anterior-posterior axis in limb elements (Brunet et al.,

1998) and noggin over-expression results in decreased trabecular bone with impaired
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osteoblast function (Devlin et al., 2003; Wu et al., 2003). The roles that BMPs play in the
regulation of proliferation and hypertrophy has been suggested to be as a result of the

modulation of the Thh/PthrP signalling feedback loop, discussed below (Minina et al., 2001).

The noggin knockout mutant shows that BMP signalling requires precise control from this
pathway antagonist since the phenotype is similar to what is observed in the over-expression
of Bmp2 and Bmp4 in the chick limb with respect to the effect on the joints, demonstrating
joint fusion and an absence of Gdf-5 expression in the prospective joints (Brunet et al., 1998).
Gdf5 is a divergent member of the Bmp family and as previously mentioned is specifically
expressed in presumptive joint sites; it is a valuable marker of forming joints. It is implicated
in joint specification through its disruption causing brachypodism in mice (Storm et al., 1994)
and chondrodysplasias in humans (Thomas et al., 1996). But it is not only needed for correct
joint development; loss-of-function mutations of Gdf3 present shortening of the long bones of
the limb and changes in the pattern of joint and bone formation in the digits, wrists and ankles
(Storm et al., 1994; Storm and Kingsley, 1996; Storm and Kingsley, 1999). Transgenic mice
expressing Gdf5 under the control of the collagen type-2 enhancer (so expressed in all
chondrocytes) show an increase in cartilage growth and fusion or absence of joints (Tsumaki
et al., 2002). As previously mentioned, cell lineage marking of interzone cells in the mouse
(Gdf5 positive cells) shows that they will give rise to all joint tissues including the articular
cartilage and synovium with very little contribution to underlying epiphyseal bone (Koyama

et al., 2008).

TGFp signalling through the TGFp receptor-2 (7gffr2) was also shown to be critical for
interzone formation. TgfPr2 conditional knockouts showed lack of interphalangeal joint
formation, failure of interzone formation and the down-regulation of Noggin, GdfS and
Wnt9a, all joint markers, indicating that the TGF receptor is necessary to regulate these

molecules (Spagnoli et al., 2007). The removal of TGF signalling through the type 2 receptor
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results in the ablation of interzone specification but also an increase in proliferative and pre-
hypertrophic chondrocytes and a decrease in hypertrophic chondrocytes as demonstrated by
the ECM molecule Collagen ten (Spagnoli et al., 2007). These data demonstrate that
regulation of the correct pattern of TGFf signaling is critical for the correct differentiation of

the territories involved in both bone and joint specification and development.

1.3.2 Indian Hedgehog (Ihh) Signalling loop

Another important signalling pathway that is central in the transition from cartilage to bone is
hedgehog signalling. Indian hedgehog signalling is known to promote endrochondral bone
growth through both positive regulation of chondrocyte proliferation and osteoblast
differentiation (Karp et al., 2000; Long et al., 2004). The Indian hedgehog (/hh) gene is
expressed in the pre-hypertrophic and hypertrophic chondrocytes (Vortkamp et al., 1996) and
the /hh null knockout exhibits reduced chondrocyte proliferation, delayed differentiation and
disorganised chondrocyte maturation and a complete absence of mature osteoblasts (St-
Jacques et al., 1999). Ectopic expression of Ihh in developing chick long bones was shown to
induce up-regulation of PthrP (Parathyroid hormone related protein) expression in the
articular perichondrium, that led to delayed differentiation of the chondrocytes, and delayed
abnormal ossification (Vortkamp et al., 1996). PthrP is expressesed in the peri-articular or
resting zone, and it encourages chondrocyte proliferation and its expression is necessary for
maintenance of a sufficiently large pool of resting chondrocytes. Knockouts of PthrP show
significantly shorter limbs, as the orderly transition from proliferative to hypertrophic
chondrocytes is altered (Amizuka et al., 1994). This is an example of a negative feedback
loop in which the production of Ihh by the pre-hypertrophic chondrocytes induces PthrP
expression, thereby preventing additional chondrocytes from undergoing differentiation

(Vortkamp et al., 1996).
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Mutations in the human gene corroborate the importance of the correct balance of Ihh signal
in controlling the balance between proliferation and hypertrophy; missense IHH mutations
cause brachydactyly type-Al, characterised by shortening or absence of the middle phalanges
(Gao et al., 2001), while duplication of the IHH locus presents extensive polysyndactyly of

the hands and feet (Yuksel-Apak et al., 2012).

Components of the hedgehog signalling pathway have also been implicated in regulation of
joint formation. Two transcriptional effectors of the hedgehog signalling pathway G/i2 and
Gli3 (Gli family zinc finger 2, 3) have both been shown to be expressed in the developing
joint (Niedermaier et al., 2005). As Gli3 is a transcriptional repressor acting in the absence of
an Ihh signal, double knockouts of Ihh and Gli3 showed a restoration of the skeletal
abnormalities that were shown in the Thh KO mutants alone, specifically the chondrocyte
organisation and maturation within the growth plate and the rescue of joint fusions seen in the
Ihh KO mutant (Hilton et al., 2005). These data indicate for a second time that regulation of
cartilage development and interzone formation is not mutually exclusive, and it is the correct
balance of signals in the correct cells that control the correct development of these tissues

within the skeletal system.

1.3.3 Wnt Signalling

Wnt signalling is an evolutionary conserved pathway that has a range of functions during
embryonic development including controlling cell fate determination, cell migration, cell
polarity and the patterning of individual structures. In classical or canonical wnt signalling,
Wnt signals via stabilisation and nuclear localisation of B-catenin to activate the transcription
of Wnt target genes, as shown in Figure 1.4. Wnt ligands bind to transmembrane receptors of
the Frizzled (Fzd) family of proteins, which can function with the LRP (lipoprotein receptor-
related protein) co-receptors. The binding of wnts to a receptor activates the dishevelled (Dvl)

protein and this inhibits the activity of the glycogen synthase kinase 3 (GSK3) enzyme. In the
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absence of a Wnt signal, this enzyme phosphorylates and degrades [-catenin. Following the
inactivation of GSK3, B-catenin accumulates in the cytoplasm and is translocated to the
nucleus, where in conjunction with a family of T cell-specific factor/lymphoid enhancer
binding factor (Tcf/Lefl) transcription factors, activates the transcription of target genes

(reviewed in van Amerongen and Nusse, 2009).
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Figure 1.4 Diagram of the canonical Wnt signalling pathway. The wnt signal is transduced
through the frizzled receptor (Fzd) and Lrp co-receptor via dishevelled (Dvl) to inhibit the
GSK3/Axin complex, which binds and phosphorylates B-catenin in the absence of signal,
targeting it for destruction. Signalling leads to inactivation of the destruction complex,
allowing translocation of B-catenin to the nucleus. In the nucleus, -catenin binds to Tcf/Lef
transcription factors which in turn bind to the enhancers of and activate or repress target
genes. P-catenin provides the transactivation domain while Tcf/Lef provides the DNA binding
domain of a functional transactivation complex. Extracellular control is via antagonists Sfrps
and Dkks among others. Other membrane and extracellular proteins have been implicated as
agonists of the pathway including Rspos (Figure 4.4).

Like BMP signalling, the wnt signalling pathway can be controlled via extracellular
antagonists, these include secreted frizzled related proteins (Sfrps) and dickkopfs (Dkks).
They antagonise wnt function by binding to the wnt molecule or receptor and preventing
receptor activation (Figure 1.4, pink boxes).

Wnt can also signal via pathways independent of B-catenin, and this is termed non-canonical

wnt signalling. Non-canonical wnt signalling can be further sub-divided into the planar cell
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polarity and the Wnt/Calcium pathways. The non-canonical pathways use different
intracellular machinary to the classic canonical pathway. Most non-canonical Wnt signalling
has been shown to be imporatant for polarised cell movements and planar polarity of

epithelial cells.

1.3.3.1 Wnt signalling regulation of mesenchymal condensation and chondrogenesis

Comprehensive expression analysis of Wnt signalling components in the developing limb
over time show multiple ligands and antagonists to be present in a variety of territories,
including the AER, the limb mesenchyme, proliferating chondrocytes, hypertrophic
chondrocytes, the joint zone and the epithelium (Summerhurst et al., 2008; Witte et al., 2009).
During early stages of chondrogenesis when mesenchymal condensation is occurring
expression of multiple components of the wnt signalling pathway have been reported in the
developing limb. Expression of ligands and receptors have been reported in the mesenchyme
surrounding the developing cartilage condensation, these include Wnt5a, Wnt5h (Kawakami
et al., 1999), Wntl1 (Christiansen et al., 1995; Tanda et al., 1995) and Wnr9a ((Hartmann and
Tabin, 2000; Hartmann and Tabin, 2001). Four of the 5 Sfrp genes are also expressed in the
developing limb, in different territories (unpublished data from our lab). In particular Sfrp3
was detected first in the ventral region of the developing chick limb bud, and then in the
mesenchymal condensations, with restricted expression in the perichondrial tissues of the
cartilage template (Wada et al., 1999). Expression of an antagonist in the condensations
suggests that negative regulation of wnt activity allows the first steps of chondrogenesis to
occur. This is supported by experimental evidence where chondrogensis is inhibited following
the ectopic over expression of wnt ligands, Wntl, Wnt7a, Wnt5a and Wntl4 (Hartmann and
Tabin, 2001; Kawakami et al., 1999; Rudnicki and Brown, 1997). Wntl is not expressed in
the limb but is known to signal through the canonical pathway and was shown to be a potent

inhibitor of chondrogenesis experimentally in micromass cultures and ectopic expression in
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the chick limb, resulting in skeletal abnormalities; this was also seen with Whnt7a over-
expression (Rudnicki and Brown, 1997). Ectopic expression of Wnt5a in the chick limb
showed alterations in the length of the radius and ulna (Kawakami et al., 1999). Differences
were seen with the ectopic expression of the ligand Wntl4 (Wnt9a) in the chick limb, as
alterations were shown in the skeletal pattern, not just abnormalities in individual skeletal
elements, the authors stated that pre-chondrogenic condensations had formed but there were
no further signs of chondrogenic differentiation (Hartmann and Tabin, 2001). The presence of
the wnt antagonist in the mesenchymal condensations and the wnt ligand over-expression
studies that show a negative effect on chondrogenesis thus suggest that canonical Wnt
signalling is low during early chondrogenesis. Wnt-f-catenin signalling in mesenchymal
progenitor cells was later shown to play an essential role in determining chondrogenic or
osteogenic commitment, with inactivation of B-catenin resulting in ectopic formation of
chondrocytes at the expense of osteoblast differentiation, and high level of canonical wnt
signalling inhibiting chondrocyte differentiation only allowing osteoblasts to form by

intramembraneous ossification (Day et al., 2005).

1.3.3.2 Wnt signalling regulation of Hypertrophy

As chondrocytes proceed through differentiation. the expression patterns of Wnt ligands,
receptors and antagonists change. Wnt signalling has been shown to regulate chondrocyte
hypertrophy (Akiyama et al., 2004; Day et al., 2005; Hartmann and Tabin, 2000; Yang et al.,
2003). Wnt5a and Wnt5b appear to regulate the rate of cell transition between proliferative
and hypertrophic chondrocyte differentiation (Yang et al., 2003), with Wnt5a being expressed
in the proliferating and pre-hypertrophic chondrocytes and promoting hypertrophy, and Wnt5b
expressed in the perichondrium and boundary between the pre-hypertrophic and hypertrophic
chondrocytes inhibiting hypertrophy (Church and Francis-West, 2002; Hartmann and Tabin,

2000; Yang et al., 2003). Expression of Wnt ligands in the perichondrium has been shown to
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work in conjunction with the PthrP-Ihh signalling loop as the perichondrium inhibits
chondrocyte differentiation through this loop. It was shown that wnt signalling regulates the
rate of chondrocyte hypertrophy by antagonising PthrP signalling, but only PthrP signalling
controls when chondrocytes exit the cell cycle to undergo hypertrophy (Guo et al., 2009).
Recent work on the Wntless (WIs) conditional mutant has been a useful tool to study bone
development (Maruyama et al., 2013; Zhong et al., 2012). Wntless or Gprl177 is a trafficking
protein that is essential for the secretion of both canonical and non-canonical Wnt proteins
(Banziger et al., 2006). Loss of wnt signalling through inactivation of Wls in chondrocytes
and the perichondrium (Co/2al positive cells) resulted in delayed chondrocyte differentiation,
disorganised chondrocyte arrangement and impaired endochondral bone formation (Lu et al.,
2013), supporting the idea of multiple Wnt functions during skeletogenesis. Loss of wnt
signalling in the Wls conditional mutant showed features that mimic the defects that were

seen in mice with inactivation of B-catenin (Day et al., 2005; Lu et al., 2013).

1.3.3.3 Wnt signalling regulation of Joint development

Wnt signalling is also associated with regulation within the developing joint. Expression of
both Wnt4 and Wnt9a (Wntl4 in the chick) have been associated with joint development.
During early joint development, both of these genes are expressed in the presumptive joint
regions (Hartmann and Tabin, 2000; Hartmann and Tabin, 2001; Kawakami et al., 1999;
Loganathan et al., 2005). Early reports proposed that Wnt14 (Wnt9a in the mouse) is involved
in the initial steps of joint formation, as ectopic over-expression of Wntl4 in pre-
chondrogenic regions resulted in these regions becoming morphologically and histologically
distinct and taking on histological and molecular properties typical of the early joint interzone
(Hartmann and Tabin, 2001). Expression of the ligand Wnt9a has been reported in the
perspective joints in the developing forelimb (Guo et al., 2004; Hartmann and Tabin, 2001),

however only a few synovial joints are abnormally affected in Wnt9a knockout mouse
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mutants (Spater et al., 2006), maybe due to the expression of other wnt genes Wnit4 and
Wntl6. Analysis of Wnt9a ":Wnt4~ double mutant mice also show multiple joint fusions,
although results of marker genes Col2al, and Gdf5 indicate that joints form, fusion occurs
secondarily due to the absence of Wnt9a and Wnt4, suggesting these genes are needed for
long-term joint integrity not induction (Spater et al., 2006). Ectopic expression of
constitutively active Wnt9a and B-catenin under the Col2al promoter was then examined in
mouse embryos. Endochondral ossification was significantly reduced in both transgenic mice,
but not intramembranous ossification. Joint fusions were reported in both transgenic mice, but
so were joint-specific markers in territories that were previously cartilage template, indicating
that ectopic expression of either Wnt9a or [-catenin resulted in ectopic joint formation in
‘non-joint’ regions (Guo et al., 2004). Guo and colleagues suggested from these sets of
experiments that Wnt4, Wnt9a and Wntl6 expression in the presumptive joint results in the
up-regulation of f-catenin protein levels and inhibition of Sox9, that leads to interzone
formation by reversing or inhibiting chondrocyte differentiation and inducing Gdf3 expression
(Guo et al., 2004). More recent studies agree that wnt signalling is needed for the long term
integrity of joints, as cellular organisation and cellular morphology was altered in limbs with

conditionally silenced B-cateinn under the Co/2al and Gdf5 promoters (Koyama et al., 2008).

In summary the Wnt signalling pathway has been shown to be involved in early and late
phases of skeletal development, for chondrogenesis, hypertrophy of the cartilage template and
joint specification and integrity. Low levels of wnt signalling are actively maintained early in
mesenchymal condensations to permit chondrogenesis, and then temporally controlled
expression of specific wnts in specific locations allows the correct hypertrophy of

chondrocytes prior to ossification and specification of joint cells.

19



1.3.4 Fibroblast growth factor (FGF) signaling

Fibroblast growth factor (Fgf) signalling has also been shown to play an important role in
regulating chondrocyte proliferation and differentiation. The Fgf pathway seems to be more
involved in chondrocyte maturation. As chondrocytes form they express different components
of the Fgf signalling pathway components, including signalling ligands and receptors. The
territories of the developing forelimb where expression has been reported include, the low
proliferating chondrocytes (resting zone) (Fgfrl, Fgfr2, Fgf8), the high proliferating columnar
chondrocytes (Fgfr3) the hypertrophic chondrocytes (Fgfrl), the perichondrium/ periosteum
(Fegfrl, Fgfr2, Fgf2, Fgf8, fgfl8) and the osteoblasts (Fgfr2) (Minina et al., 2005).
Characterisation of the Fgfl8 homozygote mutants revealed that this gene regulates cell
proliferation and differentiation positively for osteogenesis and negatively for chondrogenesis
(Ohbayashi et al., 2002), and it is suggested to act on the fibroblast growth factor receptor-3.
to decrease chondrocyte proliferation, and perhaps on Fgfrl to delay terminal differentiation
(reviewed in Provot and Schipani, 2005). Examination of Fgfr3-deficent mice show
expansion of proliferating and hypertrophic chondrocytes, resulting in progressive outgrowth
of the long bones (Deng et al., 1996). Exogenous application of FGF2 to mouse limb explants
caused a shortening of skeletal elements and reduced chondrocyte proliferation, but with
larger regions of expression of osteopontin (Spp/), a terminal differentiation marker present in
the collagenous matrix of mineralised tissues, indicating an acceleration in terminal
differentiation (Minina et al., 2002). Co-treatment of exogenous FGF2 and BMP2 on mouse
limb explants resulted in territories that were Ihh positive (pre-hypertrophic and hypertrophic
chondrocytes) that were larger than when the limbs were treated with either FGF2 or BMP2
alone, indicating that the signalling ligands were working in opposition to each other to
regulate endochondral ossification (Minina et al., 2002). Excessive FGF signaling has been
shown to cause decreased proliferation at the growth plate of the appendicular skeleton,

resulting in achondroplasia (reviewed in Baldridge et al., 2010). This complex regulation by
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two pathways indicates the tight regulatory mechanisms that are in place to co-ordinate the
correct differentiation of chondrocytes for bone formation. It is interesting to note that both

Fgf2 and Bmp2 are also expressed in the joint line (Roddy et al., 2011b).

1.3.5 Other signalling molecules involved in Joint Morphogenesis

Down regulation of expression of the master chondrogenic transcription factor Sox9 is
indicative of joint line specification but joint morphogenesis has been shown to rely on Sox5
and Sox6, as severe interzone, joint and growth plate defects are seen in double mutants (Sox5
“Sox6”" ) (Dy et al., 2010). The transcription factor Sox// has also been shown to be
expressed in the interzone, and it was shown to directly activate Gdf5 expression (Kan et al.,
2013). However ectopic expression of Sox// in non-joint regions, did not result in Gdf5
expression, indicating that Sox// expression alone is not enough to drive Gdf5 expression in
ectopic locations (Kan et al., 2013). Osr/ and Osr2 (odd-skipped related 1 and 2) are
examples of two other transcription factors that when absent result in joint fusion, their
expression has been shown to be required for the expression of signalling molecules critical
for joint formation, including Gdf3, Wnt4 and Wnt9b (Gao et al., 2011). More recent studies
have used laser-capture microdissection as a means of profiling the distinct layers in the
developing interzone in different joints, both identifying genes related to inflammation and
actin cytoskeletal organisation, which could provide more detail into the differentiation
mechanisms involved in joint differentiation prior to cavitation (Jenner et al., 2014;

Longobardi et al., 2012).

The intrinsic cyclic nature of gene expression, which in turn can promote or prevent signalling
cascade activation in a spatially and temporally controlled manner, determines the correct
development of all organ systems during embryonic development. More recently,
accumulating evidence on the impact of embryonic movement on skeletal development

(reviewed below) has led to the proposal that molecular cell signalling and gene expression
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mechanisms (intrinsic cues) are integrated with mechanical signals generated by movement
(extrinsic cues) in guiding certain events in skeletogenesis (reviewed in Roddy et al., 2011b;

Rolfe et al., 2013a).

1.3.6 Mechanosensory proteins: the potential link between mechanical stimulation and
molecular regulation

How cells perceive and relay dynamic mechanical signals to illicit an intracellular response
via alteration of cell signalling pathways still remains yet unclear. Cells that perceive
mechanical signals have thus been termed mechanosensors and are defined as any molecule,
protein complex or biological structure that has the ability to detect alterations in force.
Candidate mechanoreceptors include integrin complexes, ion channels and G-protein coupled

receptors.

Integrins are protein complexes that couple the cell to the external environment by spanning
the plasma membrane and forming attachments with the ECM. The binding of extracellular
ligands to integrins may initiate intracellular signalling events (reviewed in Docheva et al.,
2014). Integrin complexes have previously been identified to be potential mediators of
mechanotransduction. Articular chondrocytes have been shown to express both integrin ECM
receptors (Knudson et al., 1996; Woods et al., 1994). Under physical loading, integrins are
activated on the surface of chondrocytes and have been shown to enhance cell proliferation
(Chowdhury et al., 2004). Removal of loading in this system has resulted in the down-
regulation of cell-adhesion associated integrins and cadherins, supporting the suggestion that

they are involved in surface reception of mechanical stimuli.

1.4  Mechanical Influences on Developmental Processes
The pioneering work of Wilhelm His, Julius Wolft and Wilhelm Roux in the 18" and 19"

centuries demonstrated the importance of mechanical stimulation for functional adaptation of
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the structure and mass of bone at a tissue level (reviewed in Chen et al., 2009; Nowlan et al.,
2010b; Rubin et al., 2006). The ability of the skeleton to adapt to its loading environment is
reflected in an increase in thickness of cortices in the humeri of the dominant arm of elite
tennis players (Kontulainen et al., 2003). In contrast, a reduction in biophysical stimulation on
the skeletal system, as experienced in low-gravity environments for long durations (space-
flight), results in loss of bone mass (Carmeliet et al., 2001); this phenomenon is analogous to
the reduction in bone mass that is seen following paralysis or prolonged bed-rest, identified as
disuse osteoporosis (Takata and Yasui, 2001). The role of mechanical stimuli on bone
maintenance and adaptation was incorporated into Harold Frost’s Mechanostat theory in
which he proposed that local mechanical effects are integrated with molecular processes at a
cellular level (Frost, 1987; Frost, 2000). Mechanical forces have been shown to be important
in various aspects of skeletal health, including: fracture healing in which application of
compressive forces promoted bone formation (Claes et al., 2008) and bone remodeling

(Isaksson et al., 2007).

The mechanical regulation of tissue differentiation has more recently been studied in a variety
of developing tissues, and it has become apparent that molecular pathways are tightly
integrated with physical /mechanical signals to guide correct cellular differentiation. Elegant
work on mesenchymal condensations during tooth development have shown that classic
signaling from epithelium to mesenchyme leads to cell compression as a necessary step for
the modulation of gene expression and cell differentiation (Mammoto et al., 2011).
Mechanical cues have been shown to be involved in development of multiple organ systems,
including angiogenesis of vasculature (Mammoto et al., 2009), alveolar differentiation into
lung tissue (Gutierrez et al., 2003) and haematopoiesis (Adamo et al., 2009). Several recent
studies on Drosophila development have also shown the importance of mechanical

stimulation in cell polarisation, in particular impacting the Planar Cell Polarity (PCP)
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pathways (Aigouy et al., 2010; Olguin et al., 2011). In recent years there has been a dramatic
increase in interest in the interactions between mechanical forces and the differentiation of
cells by tissue engineers, who aim to recreate tissue for regenerative therapies (reviewed in
Johnstone et al., 2013; Kelly and Jacobs, 2010). Multiple approaches have been used to
investigate how mechanical forces that are applied to tissues or cells have an effect. These
include in vivo animal models that have an alteration in their mechanical environment thus
impacting developmental processes, and in vitro culture systems that apply distinct types of

mechanical stimulation on to progenitor cells in culture as to assess their affect.

1.5 The Mechanical influence on Skeletal Development

Although the effect of mechanical stimulation on the formation of the skeletal system in the
embryo has been less widely considered in the past (reviewed in Nowlan et al., 2007),
evidence has existed for some time that mechanical forces generated by embryonic muscle
contractions are required for normal skeletogenesis. The musculoskeletal system develops in
the limb in a co-ordinated fashion with the muscle forming from cells that migrate into the
limb bud adjacent to the condensing mesenchyme (Kardon, 1998). In situations where muscle
does not function correctly as seen in rare human in utero neuromuscular disorders, a range of
skeletal anomalies occur including permanent joint flexion (comptodactly), multiple joint
fusions (ankylosis), craniofacial abnormalities and pulmonary hypoplasia along with thin
hypomineralised bones (Rodriguez et al., 1988a; Rodriguez et al., 1988b). These anomalies
were caused by a reduction in foetal movement due to congenital muscular atrophy and other
myopathies and dystrophies and form part of a spectrum of defects referred to as Foetal
Akinesa Deformation Sequence (FADS) (Moessinger, 1983). It was said from these
observations that immobilisation in utero resulted in bone osteoporosis of the foetus due to

hypomineralisation (Rodriguez et al., 1988a; Rodriguez et al., 1988b).
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Evidence from animal models has been key to help our understanding of the importance of
movement as a regulatory tool in sculpting skeletal development. In animal models the
mechanical environment can be altered in a number of ways including in vivo immobilisation
of the musculature or the use of mutant mouse embryos in which the skeletal rudiments
develop with reduced, absent or non-contractile muscle (reviewed in Nowlan et al., 2010b;
Rolfe et al., 2013a). Both the chick and mouse are valuable vertebrate models used to
investigate the effect of mechanical stimulation on embryonic skeletal development, due to
their similarities with human musculoskeletal development. A schematic summary of

abnormalities described in the chick and the mouse is shown in Figure 1.5.

1.5.1 Analysis of In Ovo Immobilisation

An advantage of the chick embryonic model is that it can be physically manipulated in ways
that are impossible in the mammalian embryo (Nowlan et al., 2007). The chick shares many
features of embryonic development with mammals and has a huge advantage of development
external to the mother, in ovo (in the egg); which allows procedures and alterations to the
embryos and resulting effects to be examined (reviewed in Stern, 2005). During chick
development, innervations of chick myotomes occurs at approximately embryonic day 3
(King and Munger, 1990), and it has been reported that spontaneous limb movements occur
from E3.5 to hatching (Hamburger, 1963). During egg incubation variables such as incubation
temperature and humidity can have effects on the rate of development. When egg incubation
temperature was increased by one degree, from 37.5°C to 38.5°C during incubation days 4 to
7, an increase in embryonic movement as well as an increase in muscle mass and bone length
were reported, and it was suggested that the increase in muscle mass and resultant movement
from these muscles caused an increase in bone growth (Hammond et al., 2007). An interesting
observation in this study was that the increase in incubation temperature was only between

day 4 and day 7, yet the differences in bone growth were recorded at E12.5 onwards,
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indicating that the early period of incubation programmed the later bone development

(Hammond et al., 2007).

Immobilisation can be achieved in the developing chick embryo either surgically, by
extirpation of the spinal nerves, or by application of pharmaceutical agents which block
neuromuscular signals (for example Nowlan et al., 2008b; Osborne et al., 2002).
Immobilisation studies on the chick have shown that biophysical stimuli are required for
correct initiation of ossification (Nowlan et al., 2008b) and several aspects of joint formation
leading to joint fusions in extreme cases, but also loss of associated structures such as
articular surfaces, menisci and patella (Drachman, 1966; Murray and Drachman, 1969;

Osborne et al., 2002; Persson, 1983; Roddy et al., 2011b).

1.5.1.1 In ovo Immobilisation: Analysis of Ossification and skeletal rudiment length

Immobilisation of the embryonic chick has been used to study the effect of muscle
contractions on bone development. Multiple studies have reported defects in growth of
skeletal rudiments following immobilisation of the embryonic chick (Drachman, 1966; Hall
and Herring, 1990; Hosseini and Hogg, 1991a; Hosseini and Hogg, 1991b; Nowlan et al.,
2008a; Osborne et al., 2002). Hall and Herring in 1990 compared the effect of paralysis on
individual skeletal elements during development and showed that while there was variation
from site to site, the growth rates of the long bones (humerus, tibia, femur and ulna) were
decreased by over 50% (Hall and Herring, 1990). Hosseini and Hogg (1991a) also reported
reductions in the length and the size of the calcified diaphyses suggesting that a reduction in
cellular proliferation was the cause (Hosseini and Hogg, 1991a). Further histogenic analysis
of the immobilised tibia showed that there was a reduction in the spread of cartilage
resorption in the marrow cavity (Hosseini and Hogg, 1991b). A reduction in the width of
mineralised bone was shown in the tibiotarsus and the metatarsus following rigid paralysis,

with a concurrent reduction in tibiotarsal cartilage volume being identified and no reduction in
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mineralised bone (Osborne et al., 2002). Paralysis of zebrafish exhibited a reduction in the
size of all pharyngeal cartilage; establishing muscle loading in this model as a regulator of

chondrocyte intercalation (Shwartz et al., 2012).

Nowlan and colleagues showed a significant decrease in bone length in the tibiotarsus by
embryonic day 11 following immobilisation. Using finite element (FE) analysis to model the
effect of mechanical forces due to muscle contractions it was shown that as normal
development proceeds in the tibiotarsus of the chick the patterns of stress, strain, hydrostatic
pressure and fluid velocity stimuli change, with peak stimuli experienced by cells that
undergo hypertrophy and initiate ossification some hours later- i.e. the peak stimuli spread
from the mid-diaphysis, moving proximally and distally in advance of the wave of
ossification (Nowlan et al., 2008a). It was therefore hypothesised that the spatial and temporal
pattern of peak stimuli is required for the later initiation and progression of ossification. This
was tested by immobilisation, which would remove the spatial and temporal pattern of
stimuli, and was supported by the finding of reduced ossification as well as reduction in the
expression of the molecular markers type ten Collagen in the hypertrophic zone and the
perichondrium, and Indian Hedgehog in the pre-hypertrophic chondrocytes (Nowlan et al.,

2008b).

1.5.1.2 In ovo Immobilisation: Analysis of Joint development

In addition to the alterations in skeletal rudiments following immobilisation described above,
there is also a change to the cellular organisation and definition of tissue territories and
corresponding regulatory gene expression in the developing joint (Roddy et al., 2011b). Early
experimental manipulations of the chick embryo showed that joints are affected; as early as
1958 Lelkes grew mesenchymal condensations in in vitro explant cultures and showed that
application of movement induced the formation of well-formed articular surfaces and even

articular cavity formation, compared to unmoved control explants that showed cartilaginous
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fusion and irregular proliferation (Lelkes, 1958). Removal of all mechanical stimulation was
shown to result in the absence of nearly all of the articular cavities in the head and neck
(Murray and Drachman, 1969). Paralysis has been shown to result in the complete absence of
an articular cavity in the ankle joint, in parallel with the absence of the capsule, ligaments and
the meniscus (Persson, 1983). Several studies have reported that immobilisation causes a
failure of cavity formation (Murray and Drachman, 1969; Osborne et al., 2002; Ruano-Gil et
al., 1978), with the interzone becoming occupied with cartilaginous tissue and no cavity
forming. A reduction in cavity formation has also been reported in the developing knee joint
following immobilisation (Sawamura et al., 2006). More recently, examining morphological
changes in the knee joint using 3D imaging, and molecular changes through gene expression
analysis, Roddy et al (2011b) showed dramatic changes to the shape of the condyles on the
rudiment termini (Roddy et al., 2011b) (Figure 1.5¢). They again used FE modelling to
predict patterns of mechanical forces generated during avian embryo knee joint flexion—
extension contraction and showed specific dynamic patterns in the emerging tissues of the
joint. Modelling the state of rigid paralysis, predicted a change in biophysical stimuli, from
tension and compression to largely compression in immobilisation (Roddy et al., 2011b).
Increased levels of cell proliferation were reported in femoral condyles that had the highest
level of biophysical stimuli in control knee joints, indicating mechanical loading to have a
stimulatory effect on outgrowth of condyles (Roddy et al., 2011a). The expression of genes
encoding the signalling molecules Bmp2 and Fgf2 were lost following immobilisation of the
chick knee joint, as well as genes involved in hyaluronan synthesis (Has2) and reception
(Cd44) implicated in the cavitation process (Roddy et al., 2011b) (Figure 1.5b). Expression of
Pthlp was disrupted following immobilsation from the clear peri-articular region in normal
knee joints, to “fuzzy” expression across the interzone (Roddy et al., 2011b) (Figure 1.5b).
Identification of genes that are disregulated upon alteration of mechanical stimulation are thus

termed mechanosensitive genes and were revealed as potential key mediators of mechanical
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stimulation in joint development (Roddy et al., 2011b). Following these findings of the
alteration in tissue organisation observed in the knee joint region it was proposed that the
correct spatial patterning of tissue territories within the developing joint is dependent on the
appropriate dynamic mechanical environment (Roddy et al., 2011b). This is in contrast to
previous proposals that mechanical stimulation is only required for the relatively late event of
cavitation, without affecting joint specification or patterning (Lamb et al., 2003; Osborne et

al., 2002; Pitsillides and Ashhurst, 2008).

1.5.2 Analysis of the Role of Mechanical stimulation in Mammalian Mouse Models

Essential information about regulatory genes and the role of environmental stimuli for skeletal
development has emerged using the developing chick model; however for appropriate
comparison with human development the mammalian murine model has been utilised. Muscle
contractions begin relatively early in development, at approximately the same time as the
cartilage template is taking shape, after approximately E12.5 in the mouse (Suzue, 1996).
Genetic manipulation has produced mouse models that can be used to study the effect of
mechanical stimulation from movement on skeletal development; they include mice with
reduced (Myf3"“?" :MyoD™" (Rudnicki et al., 1993)) or immobile (Mdg™ (Pai, 1965), Dock1”
(our unpublished results)), or absent (Splotch (Franz et al., 1993; Tajbakhsh et al., 1997),
Splotch-delayed (Franz, 1993; Vogan et al., 1993), Myf5"““"aZ pr0D7" (Kablar et al., 2003;
Kassar-Duchossoy et al., 2004), Six/™":Six4"~ (Grifone et al., 2005)) skeletal muscle. These
mouse models that lack normal muscle contraction show similar skeletal phenotypes to those
observed in the chick immobilisation studies including; joint fusions and alterations in the

ossification pattern (Nowlan et al., 2010a).

1.5.2.1 Analysis of Ossification in Muscle-less mutants
Initial reports using the Myf5/MyoD double null mutants which develop no skeletal muscle

showed reductions in the length of the scapula, the tibia and the femur, and in the shape of the

29



femur at E18.5 (Rot-Nikcevic et al., 2006), and significant differences in the dimensions of
the diameter of the humerus, the humeral head and condyles, the total length of the ulna and
the deltoid tuberosity at E18 (Gomez et al., 2007). Using two gene mutation models that lack
limb muscle for different reasons, including Myf5/MyoD double null mutants and Splotch
(Pax3 mutation) mutants that lack migration of myogenic precursor cells into the limb,
Nowlan et al (2010a) showed altered ossification in the scapula, the humerus and the femur,
with a reduction in the extent of hypertrophy shown in the humerus in the primary ossification
center (Nowlan et al., 2010a) (Figure 1.5a). So although ossification proceeds, the altered
pattern of initiation and progression shows that this process is not normal. Sharir ef al (2011)
used microCT of late stage long bone from non-contractile muscle mutants
(Cacnas™®/Cacnas™®) to show that the normal pattern of mineral deposition specific to each
bone is lost in the absence of contractions, thus compromising the mechanical properties of
the bone (Sharir et al., 2011). This is associated with a difference in osteoblast distribution. So
muscle generated mechanical stimuli are required for normal initiation of ossification, for
normal local bone growth and bone strength. Analysis of expression patterns of candidate
mechanosensitive genes were compared in the humerus and femur across three time-points
TS23, TS24 and TS25, with more severe changes seen in the humerus than the femur
(Nowlan et al., 2012). A decrease in the expression pattern was seen for Col/( at each time-
point examined, with a suggested lagging behind of expression in mutants compared to stage-
matched controls (Nowlan et al., 2012). Examination of the /hh expression pattern across time
revealed that it was not just a delay as with collagen 10 expression, but a more complex
deregulation (Nowlan et al., 2012). As the humerus was reported to be more severely affected
than the femur, FE modelling of the control humerus and femur over three developmental
time-points TS22, TS23 and TS24 were performed in order to identify if one element received
a higher level of biophysical stimuli from muscle contraction that could account for the

differences seen in muscle-less mutants. Peak biophysical stimuli were shown to be in the
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region where bone forms, similar to what was seen in the chick tibiotarsus (Nowlan et al.,
2008a), suggesting that a pulse of biophysical stimuli contribute to the normal initiation of
osteogenesis (Nowlan et al., 2012). No differences were seen in the biophysical stimuli
patterns and extent in the humerus and femur, indicating that the loss of muscle contractions
alone could not explain the more severe effect seen in the humerus than the femur. The
application of displacement, that mimics passive movement of the embryonic limb, caused by
maternal or littermate movement, was applied to the FE model to test whether this could
account for the discrepancies seen between the humerus and femur. It showed that higher
biophysical stimuli were generated by passive displacement of the hindlimb compared to the
forelimb (Nowlan et al., 2012) suggesting that stimuli generated by passive movement of the

hindlimb might compensate for the loss of muscle contractions.

1.5.2.2 Analysis of Joint development in Muscle-less mutants

Joint development has also been shown to be affected in muscle-less mouse mutants (Kahn et
al., 2009; Nowlan et al., 2010a). Joint loss was shown in three muscle-less mutants with
effects seen in the elbow joint, the shoulder joint, partial loss in the carpal joints of the wrist
and an absent joint in the ankle and metacarpals (Kahn et al., 2009). To assess whether the
interzone cells were specified in the absence of limb musculature examination of the joint
specific marker GdfS was performed over developmental time, with expression present in
muscle-less elbow joints at E12.5 and E13.5 but an absence of expression by E14.5 in parallel
with an absence of joint cavitation, as shown by expression of cartilage markers in the joint
region (Kahn et al., 2009). To understand the potential mechanistic basis of the abnormalities
seen in the joints, they crossed mouse lines to generate muscle-less Spd embryos that also
carry a reporter construct indicating which cells are actively responding to a canonical Wnt
signal. They showed apparent reduced canonical Wnt activity in some joints in muscle-less

embryos. The study by Nowlan et al (2010a) identified that the shoulder and elbow joints in
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muscle-less mice showed a dramatic reduction in the shape definition of the rudiment
territories in conjunction with a complete loss of cellular organisation of the interzone
between the cartilage rudiments (Nowlan et al., 2010a). In addition, the conclusion that
reduced movement was responsible for the alterations was supported by examining an
intermediate phenotype (reduced muscle in Myf5"/MyoD” embryos). Similarly to the effect
on ossification, a difference was seen in impact on fore and hind limbs which could similarly
be explained by greater stimulation from passive movements experienced in the hindlimbs
(Nowlan et al., 2010a; Nowlan et al., 2012). So the spectrum of effects on skeletal
development through immobilisation of both chick and mouse embryos are similar
(summarised in Figure 1.5).

Since a range of mouse mutants where muscle is immobile, reduced or absent (as described
above) have similar skeletal phenotypes, alteration of the mechanical environment, rather than
other aspects of the physical absence of muscle, such as trophic support, could be concluded
(Kahn et al., 2009; Nowlan et al., 2010a; Sharir et al., 2011). It was suggested that as
intermediate skeletal effects were seen in ‘reduced muscle’ environment, there may be a
minimum threshold of mechanical forces that are required for normal skeletal development to
occur (Nowlan et al., 2010a). This is supported by the chick immobilisation studies where
reduced movement had similar effects, as previously reviewed (Section 1.5.1). From these

results it is clear that skeletogenesis is affected by reducing mechanical stimulation.

Similar findings in different animal models (chick, mouse, zebrafish), using either
immobilisation or absence/reduction of muscle, definitively separate paracrine and
mechanical influences. Integrating these findings allows us to draw general conclusions about
the specific aspects of skeletogenesis that require appropriate mechanical stimulation from
adjacent twitching muscles for normal progression, including joint formation, ossification and

rudiment shape (morphogenesis) (Rolfe et al., 2013a).
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Figure 1.5: Lack of mechanical stimulation from muscle contractions impacts several aspects
of skeletogenesis during embryonic development: the mouse forelimb and chick hindlimb are
used here to summarise the effects on () ossification, () joint formation and )
rudiment shape. The data shown in boxes a, b and ¢ serve as examples of the evidence of
impact on each process. (a) mid-diaphysis of the mouse humerus at TS23 (E14.5) in control
and Sp muscle-less, stage matched embryos, showing reduction in the hypertrophic zone by
safranin-o staining. (b) In the knee joint of immobilised chick embryos, lack of definition of
joint territories is shown by histology (note the absence of organised cell layers within the
presumptive joint) and gene expression patterns (as indicated) which normally define the
territories of the forming joint, the cartilaginous rudiment (Col2al), the peri-articular cartilage
of the rudiment (PthrP), the intermediate layer of the interzone (Bmp2). The schematic in box
b summaries effects of immobilisation on the knee joint, p; patella, pai; peri-articular, m;
meniscus, il; indermediate layer, cl; chondrogenous layer, JF: joint fusion. (¢) The effect on
rudiment morphogenesis is exemplified by the change in shape of the distal femur; the
diagram represents outlines of control (blue) and immobilised (red) sections, overlaid. Images
are adapted from (Rolfe et al., 2013a).

1.5.3 Response of Progenitor Cells in vitro to Mechanical Stimulation

A major challenge for the successful development of stem cell therapies for skeletal disorders
is defining the conditions required for priming stable differentiation of progenitor cells into
the appropriate tissues required for repair and regeneration. The differentiation of transient
cartilage that undergoes hypertrophy and is replaced by bone in the developing skeletal

rudiments is distinct from the differentiation of mature chondrocytes that are housed at the



rudiment termini to form permanent articular cartilage, as previously described. Each of these
distinct processes are highly regulated through the coupling of biochemical and
biomechanical factors that the cells experience in vivo. Bioengineering approaches use in vitro
culture systems that allow for the preliminary screening of cell specific responses prior to
scaling up for repair strategies, and there is current widespread interest in testing combined
biochemical and biomechanical factors for their influence on cartilage differentiation. It is
clear from preceding sections that chondrogenesis is a tightly regulated process that relies on
signalling cues and biophysical signals for correct cellular differentiation. In the embryonic
limb in vivo, the cells that form mesenchymal condensations are the progenitors of the entire
skeletal system. In culture, chondrocytes derived from cartilage tissue can provide a limited
source of progenitor cells for cartilage therapies. However the existence of multipotent stem
cells that can be induced to differentiate to cartilage hold great promise for more extensive

therapies.

Stem cells are defined as undifferentiated cells capable of self renewal that can differentiate
into more than one specialised cell type, but the cellular differentiation potential varies among
different stem cell populations. The differentiation potential of progenitor cells can be
described as either; (1) totipotent- capable of giving rise to all cell types of the embryo as well
as the embryonic component of the placenta; (2) pluripotent- can give rise to all cell types of
the embryo arising from the three germ layers, endoderm, mesoderm and ectoderm, (3)
multipotent- can give rise to multiple lineage-restricted, tissue specific cell types, for example
the mesengenic process giving rise to bone, cartilage, muscle, tendon, ligament, and other
connective tissues, and (4) unipotent cells- can only generate one cell type. Embryonic stem
cells are derived from the early embryo and are pluripotent whereas adult derived stem cells
such as Mesenchymal Stem Cells (MSCs) are generally multipotent. Due to the social, ethical

and legal constraints surrounding the use of embryonic stem cells, much work has been
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performed over the past 20 years on multipotent, adult derived stem cells. The discovery that
adult bone marrow (BM) derived stem cells demonstrate a multi-lineage capacity to
differentiate into multiple tissue types has promoted them as an attractive source to study
(Johnstone et al., 1998; Pittenger et al., 1999). More recent reports have provided further
insights into stem cell populations derived from a variety of adult tissues including
infrapatellar fat pad (Dragoo et al., 2003; Wickham et al., 2003), synovial membrane (De Bari
et al., 2001) and subcutaneous adipose tissue (Vidal et al., 2008). The more recent discovery
that adult derived cells can be altered by forced expression of pluripotency genes to resemble
embryonic stem cells (induced pluripotent stem (iPS) cells) will no doubt provide new
improved stem cell populations with greater proliferation and differentiation potential for
cartilage regeneration (Ko and Im, 2014; Ko et al., 2014; Okita and Yamanaka, 2010;

Takahashi and Yamanaka, 2006; Tsumaki et al., 2015).

Cumulative evidence shows that various mechanical stimuli influence the differentiation of
stem cells isolated from adult sources (reviewed in Kelly and Jacobs, 2010; Responte et al.,
2012). These studies demonstrate the importance of mechanical stimuli but have varied results
depending on the cell context. Tissue engineering strategies have incorporated bioreactors to
apply mechanical loading regimes to progenitor cells in vitro in order to maximise cell
proliferation and differentiation to guide specific tissue development. For example
compression can enhance chondrogenesis in BM derived MSCs but it depends on when the
load is applied and in what cellular environment (Angele et al., 2004; Mouw et al., 2007;
Thorpe et al., 2008). The cell source and heterogenitiy among MSC populations from

different sources may also contribute to variable responses (Phinney, 2012).

Despite variability in response, some generalities can be drawn from the work on biophysical
stimulation of stem cells to date. The computational model generated by Prendergast et al

(1997) proposed that a balance of fluid flow and shear strain determines the spatial and
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temporal pattern of MSC cell fate and this prediction has been corroborated by various
experimental results including work in bone chambers or 3D scaffolds (Khayyeri et al., 2009;
McMahon et al., 2008b). Hydrostatic Pressure (HP) has been largely associated with
chondrogenic differentiation whereas tensile strain and fluid induced shear stress are generally
shown to induce osteogenesis (Carter et al., 2004). Experimentally cyclic HP applied to MSCs
in defined medium was found to enhance chondrogenesis, increasing expression of
chondrogenic markers (Angele et al., 2003; Miyanishi et al., 2006b; Sakao et al., 2008;
Wagner et al., 2008). Several parameters, including magnitude, frequency, onset and duration
of HP stimuli are important in the response (Elder et al., 2005; Ikenoue et al., 2003; Miyanishi
et al., 2006a). Application of HP has recently been shown to increase the functional properties

of cartilageous tissues (Huang et al., 2010; Meyer et al., 2011; Steward et al., 2013).

Cyclic tensile strain is prominent in the superficial region of cartilage tissue and at the
cartilage-bone interface and is predicted (with octahedral shear stress) to stimulate maturation
and ossification (Carter and Wong, 2003) and is experimentally associated with enhanced
osteogenic differentiation of stem cells. Tensile strain applied in a two-dimensional culture
caused a switch in cell fate from adipogenic to osteogenic differentiation via up-regulation of
canonical Wnt responsive genes (Sen et al., 2008). Wnt signalling (through B-catenin) was
also implicated in the osteogenic differentiation of bone marrow derived cells embedded in
alginate-gels exposed to dynamic tension (Haudenschild et al., 2009). Similarly short-term
cyclic tensile strain reduced the rate of MSC proliferation and induced osteogenic
differentiation (Kearney et al., 2010). Conversely, it has also been shown that cyclic tensile
loading on BM MSCs promotes fibrocartilage-like differentiation (Connelly et al., 2010).
Fluid-induced shear stress has also been shown to promote osteogenic differentiation
(Arnsdorf et al., 2009a; Arnsdorf et al., 2009b; Sharp et al., 2009) through RhoA/ROCK2 and

enhanced tension in the actin cytoskeleton (Arnsdorf et al., 2009b). In a similar study
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oscillatory fluid-flow induced B-catenin nuclear translocation and up-regulation of Wnt
associated proteins, Wnt5a and Ror2, which are both involved in RhoA activation (Arnsdorf

et al., 2009a) and ultimately Runx2 expression (Arnsdorf et al., 2009b).

1.6 Identification of Mechanosensitive Genes during embryonic skeletal development
The molecular response following alterations in the mechanical environment have been
previously reported in various in vivo and in vitro studies in an attempt to understand in more
detail the means by which mechanical stimuli modulate the cellular response during
differentiation. Gene expression profiling has the potential to uncover hundreds of genes that
respond to mechanical stimuli simultaneously, termed mechanosensitive genes. A non-
exhaustive list of studies that have identified potential mechanosensitive genes using both in
vivo and in vitro experimental regimes following alterations in the mechanical environment is
presented in Table 1:1. Gene expression profiling to identify genome wide changes under
altered mechanical environments has been carried out using in vitro culture systems in
conjunction with microarray technology, including osteoblast cell-lines subjected to
weightlessness or microgravity conditions (Patel et al., 2007), chondrocyte-laden constructs
and murine cartilage explants to which dynamic compression was applied (Bougault et al.,

2012) and chondrocyte cell lines exposed to hydrostatic pressure (Sironen et al., 2002).

Previously mentioned studies that have altered the mechanical environment in vivo have
investigated candidate genes for altered expression, in order to assess the molecular response
to alterations in biophysical stimuli (Kavanagh et al., 2006; Nowlan et al., 2012; Nowlan et
al., 2008b; Roddy et al., 2011b). Application of various forms of mechanical stimulation
during in vitro culture regimes is a major goal of bioengineering techniques in order to create
tissue suitable for regeneration applications. Revealing molecular responses to mechanical

stimulation is useful to aid in our understanding of the molecular responses at a cellular level.
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Table 1:1: Identification of mechanosensitive genes using various in vivo and in vitro

experimental regimes.

Gene/Protein

showing altered Experimental approach Reference

expression

Collf, Fih3, Tk, Rumse2 In vivo, mu'sc'le-less murine models, humerus (Nowlan et al., 2012)
and elbow joint

325 candidate genes (FC | In vito; primary mouse chondrocytes subjected (Bougault et al.,

>1.4<, p<0.01)

to short-term dynamic compression

2012)

Cd44, Pthlp, Col2al,
Fgf2, Bmp2, Has?2

In ovo immobilisation of chick, knee joint

(Roddy et al., 2011b)

Gdf3, Noggin

In vivo, muscle-less murine models, elbow joint

(Kahn et al., 2009)

Runx1

In vitro: fluid shear stress on embryonic stem
cells promoting haemoatopoietic development

(Adamo et al., 2009)

Coll0, Ihh

In ovo immobilisation, chick tibiotarsus

(Nowlan et al.,
2008b)

106 candidate genes (FC

In vitro: 2T3 murine osteoblast precursor cells
subjected to rotating wall vessel to stimulate

(Patel et al., 2007)

>2<, p<0.05) . .

microgravity
Fgfr3, Fgfrl, Fgfrd, Four point bending to create fluid shear and -
Fgfl strain forces in an osteoblast cell line {lacksen sl8ls AlCo)
Itghpl, Cox2, Igfl, In vitro Steady fluid shear stimulation of C3H
Hyal?2 and B6 murine osteoblasts (e

Runx2, Opn, Coll0),
Col2

Ex vivo: Cyclic compression of whole rabbit
femoral condyle explant

(Sundaramurthy and
Mao, 2006)

Ergl, Fgf2, Cox2, cFos

In vitro: mechanical force induced changes in
gene expression in osteogenic cell line

(Hatton et al., 2003)

51 candidate genes (FC
>2< p<0.05)

In vitro: chondrocyte cell line under continuous
hydrostatic pressure

(Sironen et al., 2002)

Igfl1, TgfBl, Fgf2, IL6

In vitro mechanical cyclic tensile stretch on
human osteoblast-like cells

(Cillo et al., 2000)

Cd44, Has2

In vitro: application of mechanical strain to
chick fibrocartilage

(Dowthwaite et al.,
1999)

111b

In vitro: compression of micromass cultures

(Takahashi et al.,
1998)

Igf1, Tgfp, cfos, Opn,
Ocn, Alp

Ex vivo: Four point bending of rat tibia

(Raab-Cullen et al.,
1994)

Multiple developmentally important molecular signalling pathway component genes have
been identified to be altered in abnormal mechanical environments, for example components
in the Tgfp pathway have been shown to be altered, including Bmp2 expression in the
immobilised chick knee joint (Roddy et al., 2011b), Bmp4 was down-regulated following
exposure to microgravity (Patel et al., 2007) and Tgfp1 was increased following mechanical
stretch on an osteoblast cell line (Cillo et al., 2000). Components of the Wnt signalling
pathway were previously linked to mechanosensitivity including a down-regulation of Wnt9a

in the elbow joint in muscle-less mice (Kahn et al., 2009), a down-regulation of the antagonist
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Strp2 was identified in microgravity conditions (Patel et al., 2007), a down-regulation of the
receptor frizzled 10 (Fzd10) following compression of agarose-embedded chondrocytes
(Bougault et al., 2008) and an up-regulation of Wnt8b and a concurrent down-regulation of
the Fzd7 gene following dynamic tension of human BM MSCs (Haudenschild et al., 2009).
An alteration of components of the Fgf pathway have similarly been identified to be altered
following alteration of mechanical stimulation (shown Table 1:1), and that may be due to its

role in regulation of chondrocyte maturation that is altered as previously described in section

134,

1.7 Objectives of the Thesis

Despite strong evidence, laid out above, that mechanical cues impact skeletal development,
we have very little insight into the mechanisms that sense and integrate this information
during cell differentiation and patterning of tissues. This project used a combination of
embryonic animal models, transcriptome profiling, molecular analysis, gene function analysis
and differentiation of cells in culture to investigate how mechanical stimulation influences
key developmental regulatory genes that control cellular differentiation in the developing
skeletal system. Understanding the role of mechanical stimulation as a regulator of
cartilaginous and skeletal development is important not only because it aids our knowledge of
a complex developmental process and the fundamentals of cellular regulation but also because
of its implication for regenerative therapies. The ability to guide the process of cellular
differentiation through exogenous application of biochemical cues combined with mechanical
stimulation may aid the in vitro recreation of conditions that exist within a developing joint or
rudiment in order to promote progenitor cell differentiation towards a specific lineage, and to
produce a functional tissue phenotype. Before this knowledge can be applied to the generation
of tissues in vitro, a greater understanding of the complex signalling pathways and stimuli that

control normal growth and development are required.
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Central Hypothesis: That mechanical stimulation of progenitor cells in the embryonic
skeletal system influences tissue patterning and cell differentiation through altering the

activity of key developmental regulatory genes.

Central Objective: To uncover molecular mechanisms underlying the response of developing

skeletal cells to mechanical stimulation.

Aim 1: To carry out a genome wide analysis of gene expression differences in skeletal
rudiments (humeri) from muscle-less compared to control littermate mouse embryos, with a

view to identifying mechanosensitive genes during skeletal development.

Very little is known about how mechanical stimulation can influence gene expression.
Chapter 3 reports Microarray and RNA transcriptome sequencing analyses of Spd/Spd~
muscle-less humeri and associated joints. This chapter tests the hypothesis that mechanical
cues generated by muscle contractions exert influence on gene transcription directly and/or

indirectly, particularly through known signalling pathways.

Aim 2: To explore potential molecular mechanisms impacted by mechanical stimuli in the

developing limb skeleton.

Chapter 4 reports the characterisation of selected genes that are differentially expressed in
developing humeri of muscle-less compared to control embryos, examining in particular the
alterations to specific signalling pathway component genes and examining distinct effects on

different developmental processes; ossification and joint development.

Aim 3: To examine the effects of altering Wnt signalling on limb skeletal patterning as a

candidate integration point for mechanical cues.

Chapter 5 reports establishment of techniques to disturb Wnt signalling in embryos in vivo

using mis-expression of pathway activators and repressors. Building on the findings of
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Chapters 3 and 4 which implicated Wnt signalling as a key point of integration for mechanical
cues, the initial objective was to assess whether manipulation of the Wnt pathway

phenocopies what is seen following the removal of mechanical stimulation.

Aim 4: To examine the influence of mechanical stimulation (hydrostatic pressure) on

chondrogenesis in vitro from adult derived stem cells and embryonic skeletal precursor cells.

Chapter 6 reports that application of hydrostatic pressure on embryonic and adult derived
stem cells show similar responses in gene expression that are indicative of a maintenance of a
stable cartilage phenotype. This tests the hypothesis that the correct combination of
mechanical and biochemical signalling is required to direct appropriate differentiation and

maintenance of stable cartilage, preventing maturation and hypertrophy.
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Chapter 2

2. Methods

General methods used throughout the project are reported here. Additional methods specific
to the work presented in each subsequent chapter, as well as experimental design for chapter

specific experiments, are presented in the relevant chapter..

2.1 Embryo Collection

Male and female heterozygote C57BL/Pax3%*"

mice were purchased from the Jackson
Laboratory (Strain Name: C57BL/6J-Pax3*/J, Stock Number 000565) and were housed in
the Bioresources Unit TCD, were mated over-night and vaginal plugs were checked the
following morning. The morning of finding a vaginal plug, indicating mating had taken place,
was designated embryonic day (E) 0.5 (0.5 days post coitum (dpc)). Embryonic material was
collected from timed pregnancies of heterozygote dams on the afternoon of E14.5. The
pregnant females were humanely sacrificed by CO, intoxication and followed by cervical
dislocation and the maternal uteri containing the embryonic material were dissected and
placed in ice cold Phosphate buffered saline (PBS). Individual embryos were dissected from
each decidua using RNase-free equipment. Each individual embryo was accurately staged,
according to Theiler staging criteria (Theiler. K, 1972) and any visible phenotype was

recorded (spina bifida; exencephaly; thin, muscle-less limbs). Genomic DNA from each

embryo was obtained from the head tissue, using standard protocols (Sambrook & Russell 3
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Ed; detailed below) for genotyping. The body of the embryo was then either: (1) fixed in 4%
paraformaldehyde (PFA) in PBS overnight and dehydrated through a graded series of
methanol/ PBS plus 0.1%Triton (PBT) (25%, 50%., 75% methanol; 1x10min, 100% methanol;
2x10min) washes and stored individually at -20°C according to assigned embryo number; or
(2) the humeral rudiments were micro-dissected, pooled according to genotype and RNA
extracted; In total RNA was extracted from 18 ("), 44 (") and 38 Spd/Spd’~ humeri (sections

3.2.3).

2.2 Genotyping of Embryos

Embryonic head tissue was obtained from each individual embryo, digested overnight with
proteinase K (100pg/ml) in extraction buffer containing 100mM Tris pH7.5, ImM EDTA
(Ethylenediaminetetraacetic acid), 250mM NaCl (Sodium Chloride), 0.2% SDS (Sodium
dodecyl sulphate), at 37°C, extracted with equal volumes of phenol (Sigma-Aldrich, Ireland:
Cat no: P1037) and chloroform (Sigma-Aldrich, Ireland: Cat no: (C2432). DNA was
precipitated with ice-cold 70% ethanol (Sigma-Aldrich, Ireland: Cat no: E7023), the purified
pellet was washed with 70% ethanol and re-suspended in 10mM Tris-EDTA. For each
embryo the DNA was used as template in two specific polymerase chain reaction (PCR)
amplifications; one using wild-type Pax3 primers and the other using an upstream Pax3
primer specific for the Spd mutation (Table 2:1) (as previously designed by Keller-Peck and
Mullen, 1997) to detect the one base pair difference between mutant and wild-type alleles; all
primers used at 500uM. The amplification program consisted of an initial denaturation at
94°C for 4 minutes, then 30 cycles of: denaturation at 94°C for 30 seconds, annealing 63°C
for 30 seconds, and extension 74°C for 30 seconds. For the Spd genotyping the wild-type
(+/+) (130bp) and mutant (-/-)(150bp) amplicons were distinguished following separation by
electrophoresis on a 2.5% agarose-gel, compared to hyperladder "™ IV size standard (Bioline,

UK). In all cases the established genotype confirmed the observed phenotype for homozygous
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mutant Spd/Spd embryos. The total number of embryos obtained and their respective stage
and genotype can be seen in table 2.2. In accordance with Mendialian inheritance the

homozyogote mutant alleles displayed a 23.2% occurrence in the Splotch-delayed strain.

Table 2:1:Pax3 specific primers used to distinguish Splotch (Sp) and Splotch-delayed (Spd)
mutant and wild-type alleles.

' Splotch (Sp) Primer Sequence

| Forward Pax3 Primer 5'-CAGAGACAAATTGCTCAAGGACG-3'
Reverse Wild-type Pax3 Primer | 5'-GCGGCTGATAGAACTCACTG- 3'
Reverse Sp Mutant Primer 5-GCGGCTGATAGAACTCACAC-3'

Splotch-delayed (Spd)

Forward Wild-type Pax3 Primer | 5-AGGGCCGAGTCAACCAGCACG- 3’

Forward Spd Mutant Primer 5" AGTGTCCACCCCTCTTGGCCTCGGCCGAGTCAACCAGGTCC -3

Reverse Pax3 Primer 5’-CACGCGAAGCTGGCGAGAAATG-3

Table 2:2 Embryos from heterozygote Splotch (Pax3*") and Splotch-delayed (Pax3* iy
crosses. Genotypes and developmental stages recorded.

Developmental Stages

| TS20 [ TS21 [TS22 [ TS23 [ TS24 [TS25 [TS26 |TS27 | Total
Splotch: Sp Genotype
+/+ . 4 7 - - - : 11
+/- 3 15 53 K ; - g 71
ol 3 9 6 - - - . 18
Total |4 6 28 66 : = 5 s 104
Splotch-delayed: Spd Genotype
+/+ I 26 158 3 1 4 2 195
+/- = 46 339 14 1 3 3 406
2 1 14 152 14 2 183
Total |5 1 86 649 31 2 9 5 788

v Histological Analysis

Preparation of sections for histological analysis all followed the protocol below. The upper
body of the embryo that had been fixed in 4% PFA and stored at -20°C in 100% methanol
were rehydrated by a series of 10min washes of 75%, 50% and 25% methanol/PBT followed
by a 10min wash in PBS. The forelimbs were then dissected off the body cavity and were
dehydrated through serial washes of ethanol (EtOH): twice for 15mins in 50% EtOH, twice in
70% EtOH, first for 15mins and the second for 30mins, then 1hr in 90% EtOH and twice in

100% EtOH for 1lhr. De-calcification was performed on TS24 limbs in 10%
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Ethylenediaminetetraacetic acid (EDTA) over two nights prior to dehydration in EtOH. All
steps were performed at room temperature (RT). The limbs were then placed in Histoclear at
RT over night in glass jars. The limbs were then washed in 50% histoclear: 50% paraffin wax
for 1h at 60°C; followed by two 1hr washes in 100% paraffin wax at 60°C. The limbs were
then aligned to be sectioned longitudinally and embedded in 100% wax that was left to harden
over night on a cold plate. The hardened wax block was then serially sectioned using a
microtome (Leica RM2255) at a thickness of 5-10um. Consecutive serial sections of the
regions of interests were floated over ddH,O at 50°C in a pre-warmed water-bath (Leica
HI1210) and collected on a microscope slide and allowed to dry at RT prior to staining. De-
waxing and re-hydration of the slides was performed prior to staining with 3min washes in

Histoclear and serial washes in 100% EtOH, 90% EtOH and 70% EtOH.

2.3.1 Safranin-O staining

For the Safranin-O staining slides were incubated in 0.005% Haemotoxylin solution (Equal
Parts Haematoxylin: Ferric chloride solution; 1g Weight’s Iron Haematoxlin Solution in
100ml of 95%Ethanol; 4ml 29% Ferric chloride + 1ml HCL in 95ml ddH,0) (40sec) and then
washed with running tap water before being incubated with 0.001% Fast Green Solution
(5mins) (0.01 g of Fast green (FCF, C.I. 42053) in 1000ml of ddH20). The slides were then
quickly washed in 1% acetic acid (15secs) (Iml of glacial acetic acid in 99ml ddH,O) and
then counterstained with 0.1% Safranin-O Solution (0.lg Safranin-O (C.I. 50240) in 100ml of
ddH,0), the duration of counterstaining was dependent on the stage of the tissue (<TS23
Smins, 2TS24 2mins). The slides were then dehydrated in serial washes of EtOH for 2mins
each (70%, 90%, 100%) followed by a final wash in 100% histoclear (5mins) prior to being
mounted using DPX synthetic resin. The Safranin-O stains the hyalurnoic acid components
contained in cartilage and mucins orange, the hematoxylin stains the nuclei purple, fast green

stains mast cells green and the background cytoplasm of other celis grey green.
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24 Embedding and Sectioning of embryonic tissue for in situ hybridisation

Preparation of sections for in situ hybridisation staining followed the same initial re-hydration
and dissection protocols. The upper body of the embryo that had been fixed in 4% PFA and
stored at -20°C in 100% methanol were rehydrated by a series of 10min washes of 75%, 50%
and 25% methanol/PBT followed by a 10min wash in PBS. The forelimbs were then dissected
off the body cavity and embedded using different techniques, as described below for the two
sectioning techniques. The two techniques that were used were in order to prepare thick (60-
100pm using a Vibratome) and thin (10-30pum using a Cryostat) longitudinal sections for

mRNA transcript identification.

2.4.1 Vibratome sectioning

Following rehydration the right and left limbs were embedded in 4% Low Melting Point
(LMP) Agarose (Invitrogen, UK) in PBS. The limbs were orientated for longitudinal sections
throughout the rudiments. 60pm, 80pum and 100pm sections were cut in PBS with a vibrating
microtome (Leica™, VT1000S) and floating sections were collected in PBS in 12-well plates

and pre-hybridised for in situ hybridisation, described in section 2.5.2

2.4.2 Cryosectioning

Following rehydration the limbs were equilibrated in 30% Sucrose/ PBS overnight at 4°C and
flash frozen in a dry ice/ethanol bath and stored at -20°C immediately. Limbs were mounted
onto the chuck within the frozen chamber of the cryostat (Leica CM1860) using OCT (optical
cutting temperature compound), orientation of the limb on the mount was adjusted and 10-
30um sectioning was performed. Serial sections were mounted onto Superfrost plus slides

(VWR; Cat #631-0108) and stored at -20°C prior to pre-hybridisation.
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2.4.3 Paraffin sectioning

Following methanol rehydration the limbs were dehydrated though a graded series of
ascending concentrations of ethanol solutions comprising 50% twice for 15mins, 70% twice
for 30mins, 90% for lhr, 100% twice for lhr each. Ethanol dilutions were prepared using
absolute ethanol (100%) and ddH,O. Prior to the introduction of paraffin wax limbs were
placed in glass vials and washed in histoclear at RT overnight. A 50:50 histoclear: liquid
paraffin wax wash then performed at 60°C for 1hr, followed by two pure wax washes for 1hr
each at 60°C. Limbs were embedded longitudinally in pre-warmed plastic moulds and left to
harden on a cold plate prior to sectioning. Sectioning was performed using a standard rotary
microtome (Leica, RM2255). Sections of 5-10um were obtained on a slide series, with

consecutive sections stretched onto each slide using a pre-warmed 50°C waterbath (Leica

HI1210).

25 In Situ Hybridisation

2.5.1 Probe Preparation

An LM.A.G.E (Integrated Molecular Analysis of Genome and their Expression) consortium
(http://www.imageconsortium.org/) expressed sequence tag (EST) mouse cDNA clone bank
(IRAV) was used to generate the plasmid DNA of the genes of interest. To amplify and purify
the plasmids an inoculate of the EST bank E.coli bacterial clone was grown on Luria Bertoni
(LB) agar plates (1% Peptone, 0.5% Yeast Extract, 1% NaCl, 1.5% Bacto-Agar in ddH,0)
supplemented with 100pg/ml amplicillian (Sigma). Details of the ¢cDNA clones used to

generate RNA probes are summarised in Table 4:1.

Single colonies of each E.coli bacterial clone were expanded in LB broth cultures (100ml;
plus ampicillan 100pg/ml) and then plasmid DNA was extracted and purified using a
PureYield™ Plasmid Midiprep system (Promega) according to manufacturer’s protocol. Each

plasmid DNA was sequence verified (Source Biosciences) using vector primer sites flanking
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the insert. Sequences were analysed using tools provided by the National centre for
Biotechnology Information (http://www.ncbi.nlm.nih.gov) to ensure it represented a cDNA
clone of the correct gene and to identify the size and exact identity of the clone that was
present (detailed in Table 4:1). Plasmid DNA was linearised with appropriate restriction
enzymes to produce template DNA for in vitro transcription. Antisense and sense digoxigenin
(DIG)-labelled RNA probes were generated, according to vector and insert orientation, from
1png linearised plasmid DNA using T7, T3 and SP6 RNA polymerase binding sites in the
relevant plasmid vector (all reaction components from Roche) in a 20ul volume at 37°C for
3hrs. Other components included DigRNA labelling mix (Roche), RNase inhibitor (Roche),
10x Transcription Buffer (Roche) and 0.2M DTT (DL-Dithiothreitol). RNA production and
integrity was checked by running 1pul on a 1% agarose gel. If visible RNA production was
present (at equal or up to approximately 5 fold intensity compared to the DNA band) the
DNA template was degraded by incubation with 1ul of RNase free DNase (Roche) for 15mins
at 37°C. The in vitro transcribed RNA was purified on a G25 column (Amersham
Biosciences) as per manufacturer’s instructions, quantified by Qubit RNA assay kit
spectrophotometry, as per manufactures instructions and stored at -20°C in an equal volume
of hybridisation solution (2% blocking reagent (Boehringer), 50% deionised formamide, 5x
Saline-sodium citrate (SSC) (Sigma), 0.5% [(3-Cholamidopropyl-[(3-Cholamidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS), 50pg/ml Heparin, 100pg/ml yeast RNA,

0.1% Trition and SmM EDTA (ethylenediamine tetra-acetic acid)).

2.5.2 Fixation and pre-treatment of floating tissue sections

For testing probes and preliminary analysis of expression patterns within the developing
forelimb, vibratome sections of thickness 60-100um were prepared, as described above
(section 2.4.1). After two 10min washes in PBT the free floating sections were treated with

proteinase K (10ug/ml in Tris-HCL, SmM EDTA pH7.5) for 5 mins at RT. Sections were
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then washed twice in PBT (10mins) at 4°C and fixed in 4% PFA/0.2% Glutaraldehyde for
20mins at 4°C. Following fixation, 3 x Smin washes in PBT were performed at RT and a
further 30min wash in PBT at 55°C. The sections were then pre-hybridised at 55°C overnight
in hybridisation solution (section 2.5.1). Sections were then ready for hybridisation with

antisense or sense RNA probes or they were stored at -20°C for future hybridisation.

2.5.3 Fixation and pre-treatment of Frozen and Paraffin sections

Following selection of slides, paraffin was removed with histoclear and rehydrated through a
series of ETOH washes, opposite to those described in section 2.4.3; two 10min washes in
PBS was performed in a glass trough with slides facing back to back. Sections were then
treated with proteinase K (10pg/ml in Tris-HCL, SmM EDTA pH?7.5) on each slide for 5 mins
at RT. Sections were then washed twice in PBS (5mins) at 4°C and fixed in 4% PFA/0.2%
Glutaraldehyde for 20mins at 4°C. Following fixation, 2 x 5Smin washes in PBS were
performed at RT. An acetlyation step was then performed using triethanolamine (Sigma
Aldrich, Ireland. Cat no: 90279) (1:75) in DEPC ddH,0, pH8.0 and Acetic Anhydride (Sigma
Aldrich, Ireland. Cat no: 242845) (1:400) with constant stirring for 10mins at RT. The
sections were then washed twice in PBT (5mins) and allowed to air dry for ~15mins at RT.
The sections were then ready for hybridisation by overlaying the slides with 1pg/ml denatured
RNA probe in hybridisation solution. Incubation with probe was performed under coverslips
in a humid chamber containing tissues soaked in 5xSSC, so the sections did not dry out. The
slides were supported on struts. All further washing, hybridisation and antibody staining was

performed on the slide.

2.5.4 Hybridisation, washing and detection of probe on vibratome sections
Antisense and sense probes were denatured at 80°C for 3mins in hybridisation solution
(described in section 2.5.1), and sections were incubated at 55°C over 2-3 nights in

hybridisation solution containing either antisense or sense probe at minimum concentrations
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of 1pg/ml. After hybridisation the un-hybridised probe was removed and stored at -20°C for

reuse up to 3 times.

Post hybridisation washes were carried out at 65°C as follows, 1 x Smins in post-hybridisation
wash (PHW) solution (50% formamide, 5x SSC and 0.5% CHAPS), then three serial 30min
washes in decreasing concentrations of formamide, SSC and CHAPS and increasing
concentrations of Wash 1 (W1) solution containing (2x SSC and 0.1% CHAPS), (75%
PHW/25% W1, 50% PHW/50% W1, 25% PHW/75% W1). This was followed by two 30min
washes in W1 followed by two 30min washes in Wash 2 (W2) containing 0.2xSSC and 0.1%
CHAPS. Two ten min washes were then performed in TNT (100mM Tris-HCL pH7.5,
150mM NaCl, 0.1% Trition X-100) at RT. After washing, the sections were then blocked in
Maleic Acid buffer (100mM Maleic Acid, 150mM NaCl) containing 3% blocking powder
(Boehringer) for 3hrs at 4°C followed by incubation in fresh blocking buffer with 1/3000
dilution of anti-digoxigenin Fab fragments conjugated with alkaline phosphatase (AP)
(Roche) for 12hrs at 4°C with rocking. Post-antibody washes were then performed at RT in
TNT, 2x Smins washes followed by 3x lhr washes then a 16hr fresh TNT wash at 4°C.
Following this the sections were washed 3x 15mins in NMT (100ml Tris-HCL pH9.5, 50mM
MgCl,, 100mM NaCl) as this provides the optimal pH for staining. The chromogenic reaction
was carried out in half strength stain in NMT containing 1675ug/ml 4-nito blue tetrazolium
chloride (NBT; Roche) and 175ug/ml 5-bromo-4-chloro-3-indolyl-phosphate (BCIP; Roche).
Sections were developed in the dark at RT with rocking. Fresh staining solution was replaced
after 1 hour. The staining was monitored and once a strong signal had been produced (4-
24hrs) the reaction was stopped in PBS. The sections were then fixed in 4% PFA (1hr to
overnight) before mounting of the free-floating sections on slides with Aqua-polymount

(Polysciences, Inc) and coverslips.
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2.6 RNA Preparation for gene expression analysis

The humeri, including the associated joint regions, were finely, manually micro-dissected
from control and mutant (Pax3****"%) embryos at stage TS23. Pooling of rudiment tissue from
multiple embryos of the same genotype (n=2-4) was performed, totalling between 4-8 humeri
for extraction. Tissue was mechanically homogenised and total RNA extracted (SV Total
RNA Isolation System: Promega). RNA integrity was assessed on the 2100 Bioanalyser
(Agilent Technologies). RNA samples with RIN (RNA integrity number) values of 8.2-9.6

were used for Microarray and RNA-seq analysis.

2l Quantitative Gene Expression

Quantitative real-time reverse transcription-polymerase chain reaction (qQRT-PCR) was used
to determine the relative gene expression levels in control and mutant embryonic tissue and
also in cell preparations that were differentiated in vitro under different mechanical loading
regimes. All primers were designed using Primer Express Software”, version 3.0, under
default settings for TagMan" quantification and purchased through Sigma (Sigma-Aldrich,
Ireland), or purchased directly as pre-designed pre-validated TaqMan® gene expression
Assays from Applied Biosystems. Total RNA concentrations were determined using the
Quant-iT™ RNA assay and a Qubit® fluorometer (Invitrogen, UK) and/or NanoDrop® ND-
1000. To quantify mRNA expression a standardised quantity of total RNA was reverse
transcribed (generally 100ng) into cDNA using iScript™ c¢cDNA synthesis kit (BioRad, UK)
as per manufacturer’s instructions. Samples were assayed in triplicate in one run (40-
45cycles), which was composed of three stages, 95°C for 10 min, 95°C for 15secs for each
cycle (denaturation) and 60°C for Imin (annealing and extension). Real-time PCR was
performed using an ABI 7500 Sequence Detection system (Applied Biosystems). qRT-PCR
data was analysed using relative quantification and the C' method as described previously

(Livak and Schmittgen, 2001), with the Gapdh gene as the endogenous control. The level of
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gene expression was calculated by subtracting the averaged C' values (C' is the threshold
cycle) for Gapdh from those of the gene of interest. The relative expression was calculated as
the difference (AAC') between the C' of the test sample (mutant) and that of the control
sample. The relative expression of genes of interest were calculated and expressed as 2744
Relative quantification values are presented as fold changes plus/minus the standard error of

the mean relative to the control group, which was normalised to one

2.8 Microarray

Four independent pooled sets of samples were used for microarray (n=4 biological replicates)
analysis. All microarrays were processed at IMGM"™ Laboratories (Martinsried, Germany).
100ng of total RNA per sample was reverse transcribed into cDNA and then converted into
labelled cRNA by in vitro transcription incorporating cyanine-3-CTP (Low input quick-amp
labelling kit one-colour, Agilent Technologies). Genome wide expression profiling was
carried out using the Agilent Mouse GE v2 Microarrays (4x44K format) (G4846A., Agilent
Technologies) which contains 39.485 coding and non-coding sequences of the mouse genome
(outlined in Figure 3.1B). A one-colour based hybridisation protocol was performed at 65°C
for 17 hrs on separate mouse GE v2 microarray platforms. Microarrays were then washed
with increased stringency using Gene Expression Wash Buffers (Agilent Technologies)
followed by drying with Acetonitrile (Sigma). Fluorescent signal intensities were detected
with Scan Control A.8.4.1 software (Agilent Technologies) in the Agilent DNA microarray
scanner and extracted from the images using Feature Extraction 10.7.3.1 software (Agilent
Technologies). The software tools Feature Extraction 10.7.3.1, GeneSpring GX 11.5.1 and
Spotfire Decision Site 9.1.2 (TIBCO) were used for quality control and statistical data
analysis. Quantile normalisation was applied to each data set in order to impose the same
distribution of probe signal intensities for each array (Bolstad et al., 2003), thus adjusting

them to a uniform level that can allow for comparable downstream analysis. Welch’s
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approximate t-test (“unpaired unequal variance”, parametric) was applied to compare the
control and mutant groups. A corrected p-value was calculated based on the algorithm of
Benjamini and Hochberg (Benjamini Y., 1995), based on control of the False Discovery Rate
(FDR). A fold change (FC) of > 2 and FDR-adjusted p-value of <0.05 were used as criteria to

indicate differential expression between the two groups.

2.9 RNA-sequencing: Alignment and Differential expression analysis

Three independent pooled sets of samples were used for RNA-seq (n=3 biological replicates)
analysis. The DNase-treated RNA (3pg) was used to prepare RNA-Seq libraries with the
TruSeq RNA Sample Prep kit. A total of six cDNA libraries were constructed, representing
triplicate biological replicates for each group. 40bp single end reads were obtained from an
[llumina GAII in FASTQ format, one sample per sequencing lane. The Tophat aligner

(http://tophat.cbcb.umd.edu/) was used to align the reads to the mouse reference genome

(mm9). After alignment the read counts for each gene were extracted using htseq-count

(http://www-huber.embl.de/users/anders/HTSeq/) based on an mm9 Refseq gff file.

Differential expression in our two groups was evaluated using DESeq version 1.4.1,
implemented in R 2.14.1. DESeq uses a negative binomial distribution to model genic read
counts following normalisation based on size factors and variance. As for the microarray
analysis, p-values were adjusted by the procedure of Benjamini and Hochberg to control the
type I error rate, and a cut off of p<0.05, and a fold change of > 2 were used as a threshold to

define differential expression.

2.10 Immunohistochemistry

Immunohistochemistry was performed on Spum longitudinal paraffin TS23 control and mutant
sections. Slides were washed three times in PBS prior to blocking in 5% goat serum in PBT
for 1hr at RT. Incubation with Primary antibody in 5% blocking solution was performed in a

humid chamber O/N at 4°C. Three 15mins post-antibody washes were performed in PBS at
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RT. Incubation with secondary antibody was performed in 5% blocking solution for 1hr at RT
im the dark. Post secondary antibody washes, 3 x 10mins in PBS were performed in the dark.

Primanry and secondary antibody dection concentrations are listed in each relevant chapter.

Mounting of fluorescent samples was performed using DAPI counter-stain (DAPI Prolong
Anti-fade Mounting Medium, P-36931, Invitrogen) and colourometrically stained samples

with Aquapolymount (Polysciences Inc).

2.11 Laser capture Micro-dissection

Unfixed, frozen tissue sections were prepeared for LCM: Collection and dissection of fresh
forelimb samples from homozygous Pax37**"¥ mutant embryos and littermate controls was
performed as described in section 2.1. The right and left forelimb were finely dissected in
DEPC PBS and were laid on to individual pieces of aluminium foil and flash frozen over a
dry-ice and absolute ethanol bath, until the tissue was fully frozen, white in colour and hard.
The frozen tissue was then stored immediately at -80°C until it was sectioned on a Leica
CM1860 cryostat (at -30°C) prior to LCM. In order to reduce RNase activity before
sectioning, the cryostat was wiped down with 100% ethanol, and a new disposable blade was
used to cut the tissue. Forelimbs were mounted onto metal chucks within the cryostat chamber
in OCT embedding compound. 10um longitudinal sections were cut through the humerus,
elbow joint and radius and ulna of the forelimb. Sections were mounted on PEN membrane
coated slides (Applied Biosystems® LCMO0522), with two slides used for each limb,
increasing the number of sections on a slide allowed for capturing of more tissue of interest
during LCM. Slides were dehydrated through a series of 70% and 100% ethanol washes prior
to being dried fully and stored in an air-tight container at -80°C prior to LCM sub-dissection.

Staining of the tissue using cresyl violet was tested in order to assess whether the tissue

required added visualisation during LCM. Results showed no additional benefit of staining

93



compared to unstained tissue, as the distinct regions were visible unaided, based on cell shape

and size.

LCM was performed using an ArtucusXT — micro-dissection system (Applied Biosystems)
and software (Artucus). The system works by pulsing an adjustable strength infrared (IR)
laser in combination with an ultraviolet (UV) laser through a thermoplastic film located at the
base of the cap, resulting in extension of the film directly on the area of interest. When the cap
is lifted from the tissue, the cells remain captured on the cap. A standard protocol was
followed and adapted for the tissue of interest (as detailed in Espina et al., 2006). In Brief, the
slides containing the fresh frozen tissue were loaded on to the microscope instrument
platform. and held in place with the locking pins. The CapSure”™ HS (high sensitivity) LCM
caps (#LCM 0214) were inserted into the cap holder assembly. Using the manually controlled
joystick the regions of interest were located and the cap was loaded on the tissue area of the
slide. The Laser spot was then focused and aligned on the screen and the exact location
calibrated. The UV laser power and spot size was also calibrated. Following delineation of the
territory for capturing, using the connected software, both IR and UV lasers were used to
capture the tissue. The IR laser cuts out the region of interest following marked lines, while
the UV laser promotes adherence of the tissue to the film on the cap with circular rings.
Moving of the cap to another region on the slide allows pooling of multiple sections of the
same territory on to one cap. Approximately 12-15 10um sections of the regions of interest
were pooled on the same cap for downstream transcript analysis. Following completion of an
area of interest, the cap was removed from the system and the film containing the micro-
dissected tissue was coated in RNA Extraction buffer (Promega), and placed in a 0.5ml tube,

where the cap fit fully.
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2.12  Optical Projection Tomography

Whole embryos were prepared for OPT by embedding in 1% Low melting point agarose in
ddH,O, dehydrated overnight in 100% Methanol and cleared in BABB (1:2 Benzyl alcohol:
Benzyl benzoate) overnight. Optical Projection Tomography constructs a 3D scan by
measuring the amount of light transmitted or emitted by an object when light is shone on it.
Specimens were placed in the scanner and rotated through 360degrees, a scan is produced
which is composed of 400 projected images of the specimen. At least two scans were
performed for each specimen using visible light and UV light with either a GFP1 filter
(425/60nm excitation) or a TXR filter (560/40nm excitation). An auto-fluorescence image
was subsequently captured from the tissue following each scan to reconstruct specimen
morphology. For the visible light either a 700nm or 750nm filter was used in some cases
when colourimetric staining was very intense. The raw data from each scan (400 projected
images) were loaded onto a Linux workstation and reconstructed using a set of programs
provided by the Edinburgh Mouse Atlas Project (EMAP) and analysed using custom made
software MAPaint and MA3DView (Mouse Altas (MA)) provided by EMAP. MAPaint is a
program that enables the user to navigate through 3D data and select comparable sections in
any orientation. Physical landmarks such as the humerus, ulna and radius were used to
ascertain the position of the section to ensure consistent comparisons between EP and non-EP

limbs.
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Chapter 3

3. Identification of Mechanosensitive genes during
Skeletal Development'

'Most of the data in this chapter have been published in:

Rolfe, R.A., Nowlan, N.C., Kenny, E.M., Cormincan, P., Morris, D.W., Prendergast, P.J.,
Kelly, D., Murphy, P. Identification of Mechanosensitive genes during skeletal development:

alteration of genes associated with cytoskeletal rearrangement and cell signalling pathways.
BMC Genomics, 2014, Jan 20;15:48. doi: 10.1186/1471-2164-15-48

Rolfe R.A., Kenny E.M., Cormican P., Murphy P.: Transcriptome analysis of the mouse
E14.5 (TS23) developing humerus and differential expression in muscle-less mutant embryos
lacking mechanical stimulation. Genomics Data, December 2014, Vol 2 pages 32-36, doi:
10.1016/j.gdata.2014.03.003

I produced and analysed all of the data, with the exception of raw RNA-seq and Microarray
carried out as commercial services by Trin-Seq and IMGM"™ Laboratories respectively, on
RNA samples I provided.
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3.1 Introduction

Mechanical stimulation plays an important role in skeletal growth and repair (reviewed in
(Chen et al., 2009)) and, although much less well understood, it is also required for normal
skeletal development, as described in section 1.5. This was initially indicated by observations
that infants who experience a decrease in foetal movement in utero due to neuromuscular
disorders, present a range of skeletal anomalies including multiple joint fusions, craniofacial
abnormalities and thin hypo-mineralised bones (Rodriguez et al., 1988a; Rodriguez et al.,
1988b). Direct evidence that mechanical stimuli generated by embryonic muscle contractions
impacts skeletal development comes from several experimental animal models that show
similar abnormalities in ossification and joint formation; in immobilised chicks, and in mouse
embryos lacking muscle or with reduced or immobile muscle (reviewed in Nowlan et al.,
2010b; Rolfe et al., 2013b), as discussed in section 1.5.1 and 1.5.2. However little is known
about the molecular mechanisms through which mechanical stimuli influence cellular events

during skeletal development.

A number of different strains of mutant mice have been used that phenotypically lack limb
muscle or show reduced stimulation from muscle contraction during development (Kahn et
al., 2009; Nowlan et al., 2010a; Nowlan et al., 2012), including Splotch (Pax3*") and Splotch-
delayed (Pax3*""), where muscle precursor cells fail to migrate to the developing limbs and no
limb muscle forms (Franz et al., 1993; Vogan et al., 1993). Common defects in muscle-less
and immobilised embryos include abnormal initiation and/or progression of ossification, loss
of definition of tissue territories in the joint region and altered rudiment morphology,
associated with reduced local cell proliferation (Kahn et al., 2009; Nowlan et al., 2010a;
Roddy et al., 2011a), as outlined in section 1.5.2. It has been shown that mechanical stimuli
thus impact a variety of developmental processes and presumably must influence or integrate
with signalling pathways and molecular changes known to guide these events. One clue to a

signalling pathway impacted by mechanical stimulation comes from the work of Kahn er a/
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(2009) who have shown that canonical Wnt signalling is altered in the elbow joint of Splotch-
delayed embryos. Several regulatory genes have been shown to have dramatically altered
expression patterns in reduced mechanical stimuli including, /hh and Coll0Oal at the site of
ossification (Nowlan et al., 2012; Nowlan et al., 2008b) and Bmp2, Fgf2, and Pthlp at the
joint line (Roddy et al., 2011b), although whether expression of these genes is directly
affected by the mechanical stimuli or as a more indirect consequence of altered cell behaviour
is not known. We need to know more about the spectrum of molecular changes that occur

when mechanical stimuli are altered.

Gene expression profiling to identify genome wide changes under altered mechanical
environments has been carried out on cells in culture using microarray technology, including
osteoblast cell-lines subjected to weightlessness or microgravity conditions (Patel et al.,
2007). chondrocyte-laden constructs and murine cartilage explants to which dynamic
compression was applied (Bougault et al., 2012) and chondrocyte cell lines exposed to
hydrostatic pressure (Sironen et al., 2002). Gene expression profiling has the potential to
uncover hundreds of genes that respond to mechanical stimuli simultaneously
(mechanosensitive genes); however no direct analyses of in vivo changes in gene expression
during skeletal development following alteration of the mechanical environment have been
performed. This is required to begin to assemble a picture of the molecular landscape

impacted by mechanical stimuli in a developmental context.

The experiments reported in this chapter were designed to addresses the relationship between
mechanical stimulation and alterations in the biochemical environment in an in vivo context
while the processes of ossification and joint development are occurring in the developing
forelimb rudiment at TS23; as it was previously established that the humerus was the most
strongly affected rudiment and TS23 the earliest time point at which the specific effects on

ossification and joint line reduction were clearly detected when mechanical stimulation was
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altered (Nowlan et al., 2010a; Nowlan et al., 2012). Both RNA whole transcriptome
sequencing analysis (RNA-seq) and Microarray technology were used to investigate the
altered transcriptome in humerus tissue from muscle-less mutant embryos compared to
phenotypically normal littermate controls. Microarray analysis is a more established technique
(Malone and Oliver, 2011), but RNA-seq offers the potential of greater sensitivity (Lahiry et
al., 2011) and by analysing the same tissues in parallel allows direct comparison of the two
methods. In addition RNA-seq analysis of the normal developing skeletal rudiment would in
itself produce valuable data about the entire profile of genes that are active at this key stage of
skeletal development when ossification and joint formation are at early stages. The
comparison with immobile embryonic tissue further profiles genome wide transcriptional
changes, giving an overview of the molecular processes and pathways most affected and
identifying a set of putative direct target genes responding to mechanical stimulation during

ossification and joint formation.

Given the importance of appropriate mechanical stimulation generated by embryo movement
on skeletal development I postulate that mechanical stimulation of the embryonic skeletal
system impacts expression levels of genes implicated in a variety of regulatory pathways and
biological processes, as would be expected when an integrated regulatory system is disturbed.
With the ultimate objective of testing this postulation, the specific aims of the work presented

here were as follows:

1. To characterise the skeletal phenotype in muscle-less Splotch-delayed (***™: Vogan et

al., 1993) humeri and associated joints. Previous work in the research group had used
the related genetic mutation Splorch (*™": Franz et al.. 1993) to identify skeletal
abnormalities in the absence of muscle. Splotch-delayed embryos offer extra advantages

for the production of tissue samples but the skeletal phenotype first needed to be

confirmed.
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2. To describe the transcriptome of control TS23 humerus and associated joints through the
use of RNA-sequencing technology. Results from this work aim to provide a valuable
resource to help to understand the molecular processes occurring at this developmental
time when chondrocytes are undergoing hypertrophy, the cartilage rudiment is

beginning to ossify and joints are forming.

3. To identify global gene expression changes in skeletal tissue from muscle-less embryos.
A comprehensive investigation of the altered transcriptome in humerus tissue from
muscle-less mutant embryos compared to phenotypically normal littermate controls,
using both RNA whole transcriptome sequencing analysis (RNA-seq) and Microarray
technology. The genes that show altered expression would include direct and indirect
targets of mechanical stimulation. A genome wide analysis of altered transcript levels is
required to indicate the principal molecular mechanisms disturbed and the most likely

candidates for direct regulation.
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32 Methods
3.2.1 Embyro Collection
Heterozygous C57BL/Pax3¥" (Vogan et al., 1993) mice were time-mated to produce

homozygous Pax3**¢

mutant embryos, as per section 2.1. All embryos were genotyped
following PCR amplification to confirm homozygote mutants and distinguish heterozygote

and homozygote controls, as described in section 2.2.

3.2.2 Histology of TS23 limbs

Histological staining was performed following paraffin embeddeding as described in section
2.4.3 and Safranin-O/Fast green staining according to section 2.3.1. This method detects
cartilage and mast cell granules. The hyaluronic acid in cartilage stains orange to red, nuclei

purple and mast cells green.

3.2.3 RNA preparation
The humeri, including the associated joint regions, were finely, manually micro-dissected

Spd/Spd

from control and mutant (Pax3 ) embryos at stage TS23 as shown in Figure 3.1A. RNA

was extracted as described in section 2.6.

3.2.4 Microarray

Four independent pooled sets of samples were used for microarray (n=4 biological replicates)
analysis. All microarrays were processed at IMGM" Laboratories (Martinsried, Germany).
The preparation of RNA and processing for microarray analysis is described in section 2.8.
Genome wide expression profiling was carried out using the Agilent Mouse GE v2
Microarrays (4x44K format) (G4846A, Agilent Technologies) which contains 39.485 coding

and non-coding sequences of the mouse genome (outlined in Figure 3.1B).
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3.2.5 RNA-sequencing: Alignment and Differential expression analysis

Three independent pooled sets of samples were used for RNA-seq (n=3 biological replicates)
analysis. The processing of RNA for RNA-sequencing analysis is described in section 2.9.
Sequence reads were aligned to a reference mouse genome (mm9) to identify expressed

transcripts (outlined in Figure 3.1B).

A
Pax3SrdsSprd mutant
B Microarray RNA-sequencing
Hybridisation to Agilent Mouse GE Sequencing using lllumina
v2 Microarrays (4x44K format)\ Genome Analyser ||
Fluorescentsignal Sequence Reads
intensity scanning
Normalisation for Alignment to reference
each replicate mouse genome
Expression level of Expression of
transcripts transcripts (Read count)

\L Statistical Analysis \L
Differentially Expressed Transcripts
Figure 3.1: Overview of gene expression profiling approach used. (A) Images of control and
Pax3”**"! mutant humeri at Theiler stage 23 dissected prior to RNA extraction (right hand
image); the images on the left are external views of stage and genotype matched 3D scanned
specimens stained to reveal the morphology and ossification more clearly. White arrow heads
indicate the elbow joint and shoulder joint line and red arrow heads the ossification site, a

visible reduction is apparent in the mutant compared to the control in each case. (B) Work-
flow of Microarray and RNA-sequencing data analysis.

3.2.6 Quantitative real-time-polymerase chain reaction
Quantitative real-time reverse transcription-polymerase chain reaction (QRT-PCR) was used

to verify the relative gene expression changes in nine genes indicated to be differentially
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expressed (DE) by microarray and RNA seq analysis; Fgt4, Cilp, Rxrg, DII1, Sppl Vstm2a,
Figf, Fgf10 and Sfrp2 (primer sequences detailed in Table 3:1). All primers were designed
using Primer Express Software®, version 3.0, under default settings for TagMan®
quantification and purchased through Sigma (Sigma-Aldrich, UK). Primers sets were
designed with a primer Tm range of 58°-60°C, an optimal length of 20bp and an amplicon
range of 50-150bp. Total RNA was reverse transcribed (100ng) into cDNA using iScript™
cDNA systhesis kit (BioRad) as per manufacturer’s instructions. SYBR green gene expression
quantification was performed using QuantiTect SYBR green kit. Sul of cDNA preparation
was diluted 1:5 with RNase free water, 10ul of 2x QuantiTect SYBR green PCR master mix,
0.5ul (10uM) of each primer and 4ul RNase free water. Samples were assayed in triplicate in
one run (40cycles), which was composed of three stages, 95°C for 10 min, 95°C for 15sec for
each cycle (denaturation) and 60°C for 1min (annealing and extension). Real-time PCR was
performed using an ABI 7500 Sequence Detection system (Applied Biosystems). qRT-PCR
data was analysed using relative quantification and the Ct method as described previously

(Livak and Schmittgen, 2001), with the Gapdh gene as the endogenous control, as section 2.7.

3.2.7 Gene Ontology Annotation Analysis

Gene Ontology (GO) terms were utilised to reveal significant enrichment of groups of genes
among the DE datasets from the microarray and the RNA-seq analysis using the Database for
Annotation, Visualisation and Integrated Discovery, DAVID (http://david.abcc.nciferf.gov/)
(Huang da et al., 2009), and GOstat (http://gostat.wehi.edu.au/) software. Analysis of GO
terms associated with biological process, molecular function and cellular component was
performed on all data-sets independently and combined to identify significantly (p<0.05)
enriched gene sets. The strength of the enrichment of any GO term-associated gene set is
reflected in the calculated p-values, comparing the proportion of genes in the data-set and the

proportion of genes in the genome bearing that annotation. Ingenuity pathway analysis
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(http://www.ingenuity.com/) was also used to analyse and interpret the biological meaning in

the DE datasets.

Table 3:1: Primer sequences for qRT-PCR analysis of differentially expressed genes.

Gene RefSeq Primer Sequence A;:ll::tcl:’“
Fgft | NML0I0202 | T AGGGCCATGAACA o7
Cip | NM_IT3385 | A TAGATAGGLCCATTGE 78
Rug | NM_O09I07 o CCTGCCCGOAGTAGAATOAT 73
DUI | NM_007865 i GOCCAGATGTTCAGCTTAATTC 74
Cats | NM_O098S| | R TG TOTTGITATICTTTOACTTGGAT 92
Vstmza | NM_143967 oy T AT GOCTIGGACTITCACTOTA 73
A T s e ey ;
Feflo | NM_008002 1o G TCCTGTOACACCATGT 94
7 T - et -
Sppl_ | NM_ 001204201 |t TG TG T 69
Soxs | NMLOU443 |t e GTACTOTCGCATTEE 79
Wntd | NM_0095232 it G GGACGTOCACAAAGGA 63

3.2.8 Chromosome position of Differentially Expressed genes

Freely available software (available at http://www.ncrna.org/idiograhica/) was used to

generate idiograms to visualise the genome localisation of all differentially expressed genes;
combined from the Microarray and RNA-seq data (Kin and Ono, 2007). These were used to

assess any gene clustering.
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33 Results

3.3.1 Establishment of the developmental defects in Spd/Spd muscle-less humeri and
associated joints.

The phenotypic effects on skeletal development caused by lack of muscle were previously
established in Splofch mutant embryos (Pax3*7) (Epstein et al., 1993; Nowlan et al., 2010a).
The Splotch-delayed (Pax3 Spd) mutation is caused by a single point mutation at position 421
in the Pax3 gene (Vogan et al., 1993) that leads to a defect in migration of muscle progenitor
cells in the developing limb (Franz, 1993). Similar to Sp mutants, Spd mutants have entirely
muscle-less limbs but have a milder phenotype in other respects. They offer an advantage in
this study because they do not die in utero and give a better recovery of mutant samples,
especially at later stages of development. For this reason Spd heterozygous mice were
purchased from Jackson laboratories and used to generate muscle-less embryos. A necessary
prerequisite to using Spd specimens in this research was to verify the phenotypic effects on
skeletal development. Assessments of the phenotypic changes were carried out across three
developmental stages, TS22, TS23, which was the stage previously established to be first
clearly affected, and TS24. These correspond to E13.5-E14, E14.5-E15 and E15.5-E16
respectively. Histological analysis of forelimb rudiments was performed using Safranin-O/fast
green to detect cartilage. Comparisons were made between muscle-less homozygous mutant
(Spd ") limbs and two types of stage-matched littermate controls; homozygous wild-type "
and heterozygous for the Spd allele (Spd”"). A reduction and loss of cellular organisation in
the humero-ulnar (Figure 3.2b, f) and humero-radial (Figure 3.2 d, h) elbow joint was
observed at both TS22 and TS23, compared to both littermate controls (Figure 3.2 a, e & c, g,
and homozygous wild-type (not shown). At TS24 the humero-ulnar (Figure 3.2 i) and
humero-radial (Figure 3.2k) elbow joints had begun to cavitate in control specimens but there

was no cavitation observed in Spd”~ embryos (Figure 3.2j & 1). A loss of cellular organisation
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and joint line reduction was also observed in the shoulder joint at TS22 (Figure 3.3b), TS23

(Figure 3.3d) and TS24 (Figure 3.3f) compared to stage-matched controls (Figure 3.3a, c, e).

TS22

Figure 3.2: Elbow joint line reduction and loss of interzone layer organisation in Spd/Spd "~
muscle-less mutants. The joint line of the humero-ulnar (a-b, e-f, i-j) and humero-radial (¢-d,
g-h, k-1) joints is visibly reduced in the mutant limbs as shown by histological sections across
developmental stage, TS22 (a-d), TS23 (e-h) and TS24 (i-1). Cell organisation is altered in b,
d, f, and h, while no cavitation is seen in j and 1 compared to stage-matched litter-mates.
Histological sections stained with Safranin-O/Fast green. Scale bars 100um.

+/+

Spd--

Figure 3.3: Loss of cellular organisation, and shoulder joint line reduction in Spd/Spd~
muscle-less mutants. Developmental stage as indicated; TS22 (a-b), TS23 (¢-d) and TS24 (e-
f). Histological sections stained with Safranin-O/Fast green. Scale bars 100um.
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Analysis of the primary ossification centres in humerus sections (Figure 3.4A, B) showed the
initiation of hypertrophy at TS22 in control embryos (Figure 3.4Aa, Bg, h), by the distinct
enlarged cells that are safranin-O negative in the mid-diaphysis of the rudiment. At TS23
there are two distinct fronts of hypertrophic chondrocytes spreading proximally and distally
(Figure 3.4Ac, Bj, k). At TS24 there are signs of matrix degradation indicative of bone
deposition (Figure 3.4Ae, Bm, n). In contrast, a reduction in the number and spread of
hypertrophic chondrocytes was detected in the muscle-less mutants across all stages (Figure
3.4Ab, d, f, Bi, I, 0). The more distal elements of the forelimb comprising the ulna and radius
showed no visible reduction in hypertrophic chondrocytes or in the proximal distal spread of
hypertrophy in the muscle-less mutants compared to control, in any of the stages compared;
data is only shown for TS23 (Figure 3.4C). Therefore in all aspects the Spd/Spd ~ mutant
shows the same phenotypic effects as the Sp/Sp mutant previously described (Nowlan et al.,
2010a) with effects on ossification and joint interzone cellular organisation and joint

formation.
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Figure 3.4: Histological analysis of primary ossification centers in proximal humeri (A,B)
and distal ulna and radius (C) in Spd/Spd ™ muscle-less mutants and stage-matched controls
across developmental stages, TS22 (a-c, g-i), TS23 (c-d, j-1) and TS24 (e-f, m-0). Orientation
of sections is indicated at the top left corner (d; distal, p; proximal, A; anterior P; posterior).
The zone of hypertrophic chondrocytes in the mid-diaphysis of the humerus in reduced in
muscle-less mutants (A: b, d, f, B: 1. 1, 0) compared to stage-matched controls (A: a, c, e, B: g-
h, j-k, m-n) Histological sections stained with Safranin-O/Fast green. Scale bars 100um.

3.3.2 Transcriptome Profiling of the developing humerus and associated joints during
early Ossification and Joint formation

RNA sequencing of control humeri at TS23 gives an insight into the transcriptome at this key
stage of development when the rudiment is undergoing early stages of ossification and tissue
zones in the joint are being defined. Transcripts from 15,214 individual genes (n=3 biological
replicates; data submitted to EMBL-EBI ArrayExpress repository: [E-MTAB-1745]) were
detected in this tissue at this stage. A minimum of 5 transcript reads (on average), with at least
one read from each replicate sample, was chosen as the cut off point to reliably indicate
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reproducible expression across biological replicates (Bottomly et al., 2011). Expressed genes
were divided into groups according to their relative expression level, as shown in Figure 3.5.
Genes that represented the lowest level of expression are shown between 5 and 10 read
counts, while the majority of genes (71%:; 10,789/15,214) showed expression levels between
100 and 5,000 read counts. Only 732 genes are in the most highly expressed categories
(25,000 read counts) (Figure 3.5), representing 4.8% of expressed genes. Expression levels of
selected individual genes are represented in Figure 3.6. The most abundantly transcribed gene
was Col2al (collagen 2, alpha 1) with a read count of 452,576, and, among the 8 genes with
read counts of more than 100,000, there are 4 other collagen encoding genes. In total, 42

collagen subtype genes are expressed, as shown in Figure 3.6.

The relative levels of expression of genes associated with signalling pathways involved in
regulating skeletal development (reviewed in Kronenberg, 2003; Provot and Schipani, 2005)
are highlighted in Figure 3.6. This shows the potential components that can contribute to these
signalling pathways at this stage of skeletal development. For example the hedgehog (HH)
pathway is known to play an important role in ossification through the action of Thh (640
reads), binding to its receptor Ptchl (1,342 reads) activating Smo (5,154 reads). Similarly, 14
FGF ligand encoding genes and 5 FGF receptor encoding genes were detected, highlighting
the potential for multiple FGF signalling interactions. The BMP signalling pathway genes
also reveal potential for multiple signalling interactions with nine BMP encoding genes
expressed. Bmpl is by far the most highly expressed (5719 reads); although it is not
previously reported in this tissue at this stage in gene expression databases

(http://www.informatics.jax.org/).
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Figure 3.5: Transcriptome Profiling of the developing humerus at TS23 by RNA-seq. The
number of genes (y-axis) with increasing relative expression levels represented by transcript
read counts (x-axis) as indicated.

The relative expression levels of Wnt ligand (Wnt), Wnt receptor (Fzd, Lrp. Kremen),
extracellular Wnt interactor (Sfrp, Dkk, Rspo, Sost), intracellular Wnt pathway component
(Dvl, Axin, Ctnnb) and Wnt pathway transcription factor (Tcf, Lef) encoding genes are
represented. The detection of previously unreported Wnt gene expression in the humerus (e.g.
Wnt2 and Wnt2b) opens up new considerations for functional roles, especially as both genes
are up-regulated in muscle-less rudiments (described below). The low density lipoprotein
receptor-related genes Lrp5 and Lrp6, which are Wnt co-receptors, are most highly expressed
among the Lrp gene family (4,727 and 3,310 reads respectively). Interestingly eight Fzd
receptor encoding genes are detected. Other genes known to be involved in skeletal
development are highly expressed; Sox9 (4,550 reads), Runx2 (1,285reads), Spp!l (8,155

reads) and Mmp13 (1,103 reads).
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Figure 3.6: Transcriptome Profiling of the developing humerus at TS23 by RNA-seq. The
relative expression of selected genes represented by read counts (Logl0) (y-axis). Collagen
genes and signalling pathways genes are grouped: TGFp (including TGFB, BMP and GDF
ligands, receptors and agonists), FGF (ligands and receptors), HH (ligands, receptors and
intracellular modulators), Wnt (Wnt ligands and agonists (Wnt, Rspo), receptors (Fzd) and co-
receptors (Kremen, Lrp), antagonists (Sfrp, Dkk) Intracellular components (Sost, Dvl, Ctnnb)
and nuclear components (Tcf, Lef)) and a selection of ‘other’ genes associated with skeletal
development. Squares indicate ligands and modulators, triangles indicate receptors.
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3.3.3 Identification of differentially expressed genes in muscle-less versus control
developing humeri and associated joints

Microarray analysis of RNA extracted from control and Pax3¥%* Y muscle-less humeri (n=4
biological replicates) detected expression of a similar proportion of individual genes on the
array; 20,697 independent genes from the control and 20,949 from the muscle-less humeri
(data submitted to EMBL-EBI ArrayExpress repository: ref E-MTAB-1744). Comparing
hybridisation intensity between control and mutant derived cDNAs, using cut off points of at
least a 2-fold change (FC) and corrected p-value <0.05 (Benjamini Y., 1995) for significance
across replicates, identified 374 independent genes as differentially expressed (DE). Of these,
282 genes (76.4%) were down-regulated and 87 genes (23.6%) were found to be up-regulated,
as shown in Table 3:2. Five putative uncharacterised proteins/unknown genes were identified
using microarray technology; details shown in Appendix Table A.1, as these were predicted/

uncharacterised genes they were omitted from any downstream analysis.

RNA-sequencing analysis (n=3 biological replicates) detected 15,031 independent genes
(with 25 read counts) in muscle-less humeri, compared to 15.214 in control tissue (data
submitted to EMBL-EBI ArrayExpress repository: ref E-MTAB-1746). To determine
differential expression, the same cut off points of a corrected p-value <0.05 and at least a 2-
fold change were applied to the RNA-seq data-set, identifying 1,037 genes as DE across
replicates. Of these, 618 (59.6%) were down-regulated and 419 (40.4%) were up-regulated in
the muscle-less humeri and associated joints compared to that of phenotypically normal

littermate control humeri (Table 3:2).
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Table 3:2: Differentially expressed genes (p <0.05) with fold change values > 2 revealed by
Microarray and RNA-Seq analysis and combined.

Microarray RNA-Seq Combined

Total number of
differentially 374 1,037 1,132
expressed transcripts

Down- Up- Down- Up- Down- Up-

regulated | regulated | regulated | regulated | regulated | regulated
lacependentniiigl | 5gp 87 618 419 680 452
genes
Putative
uncharacterized/ 2 3 - - - -
unknown genes
284 90 618 419

The individual datasets from the microarray and the RNA-seq were then compared and there

was a 24.2% overlap in the genes identified as DE across the two platforms. In total 1,132

independent genes were identified as DE in the muscle-less mutant compared to its

phenotypic control (Table 3:2 and Figure 3.7). There were 220 independent genes in common

in the down-regulated category and 54 independent genes in common in the up-regulated

category as visualised on the venn diagram in Figure 3.7. Of the 374 genes identified by

microarray (Table 3:2), 73.2% of these genes are also represented in the RNA-seq data.

Down-regulated

Up-regulated

Microarray

RNA -Sequencing

398

365

Figure 3.7: Venn diagrams representing the overlap of independent genes detected as
differentially expressed (up-regulated and down-regulated; cut off criteria p<0.05, and fold
change >2) from the Microarray and RNA seq analysis, as indicated.




RNA-seq detected a greater total number of DE genes than the microarray (1,037 versus 374,
respectively, using the standard cut off criteria). In addition, if the stringency for DE gene
selection is weakened for the microarray data by moving the cut-off point to corrected p-value
of <0.08, then the number of genes detected as DE in common by the two platforms, increases
to 426 from 274 (data not shown). This suggests that the RNA-seq approach is more sensitive
in detecting differential expression. Grouping genes based on the degree of change showed
that the spread of fold change values was similar across platforms although there were
differences in the number of genes in different categories, (Table 3:3). Note that 25 DE genes
(2 up-regulated and 23 down-regulated) detected by RNA-seq could not be assigned a
numerical fold change value because no reads were mapped in one of the sets of samples
(Table 3:3). The up-regulated genes from both microarray and RNA-seq showed a reduced
degree of alteration compared to down-regulated genes, as indicated by fold change levels. In
each of the categories between 50 and 5 fold change, there is a similar proportion of total
differentially expressed genes with both platforms, however this is disturbed in the lowest
fold change category of 5<2, with the microarray representing 192 genes but the RNA-seq
totalling 671 (Table 3:3). This increase in gene number specifically close to the lower cut off
point, again indicates that the RNA-seq platform was more sensitive in identifying
significantly DE genes. There is again further support for this if the criteria for selection of
differential expression are relaxed for the microarray data; using a corrected p-value of <0.08
and fold change > 2, as shown in (B) and (B") in Table 3:4, the total number of genes with a
fold change 5<2 increases to 331 from 192. Similarly if the selection criteria for differential
expression is relaxed based on the fold change alone and maintaining a significance level of
p-value <0.05, for example fold change of <1.5 and >1.5, then the total number of DE genes
would increase to 1,005 in the down-regulated category, from 284 genes (FC>2, p<0.05) and
1,164 in the up-regulated category, compared to 90 using the standardised cut off criteria of

FC>2<, p<0.05, as used in this study for DE.
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Table 3:3: Fold change distribution of differentially expressed genes > 2 fold (p-value <0.05)
from Microarray and RNA-seq analysis.

Fold Change
Platform # Not
d A >100 100<50 | 50<25 | 25<10 | 105 5<2
etermined

Microarray 0 0 0 0 7 83
Up-regulated

RNA-seq 2 0 0 2 7 45 |- &

Microarray 2 16 32 59 67 108
Down-regulated

RNA-seq 23 17 57 59 80 84 | 298
Total Microarray 2 16 32 59 74 | 192
differentially " 4 : . N
expressed genes RNA-seq - 2 .

#Not determined as no expression in the control so the precise fold change cannot be assigned

Table 3:4: Fold change distribution of Genes identified by Microarray, with different
stringencies for differential selection chosen. (A) Fold change > 2, p-value <0.05, (B) Fold
change > 2, p-value <0.08, (C) Fold change > 1.5, p-value <0.05, (A") Fold change <2, p-
value <0.05, (B") Fold change <2, p-value <0.08, (C") Fold Change <1.5, p<0.05

Fold change distribution

C 52 Total
IHREORY TAG A ST 2100 | 100s50 | 50<25 | 25<10 | 105 [ | noof
=3 genes

U (A) Fold Change 22,p<0.05 0 0 0 0 7 83 90
p- (B) Fold Change >2, p<0.08 0 0 0 0 9 153 | 162
regulated | i e 00 0 0 0 1 28 | 1135 | 1164
Down. | (A)Fold Change <2, p<0.05 2 16 32 59 | 67 | 108 | 284
(B") Fold Change <2, p<0.08 7 25 45 70 | 88 | 178 | 413
regulated e ol Chancs 51552005 | 14 35 50 | 77 | 104 | 725 | 1005

3.3.4 \Verification of differentially expressed genes

Verification of fold change values for differentially expressed genes was performed using
qRT-PCR. The differentially expressed genes chosen include Fgf4, Cilp, Rxrg, DIlI, Sppl,
Vstm2a, Figf, Fgf10 and Sfrp2 which represent both down-regulated and up-regulated genes,
as shown in Figure 3.8. The direction and degree of fold changes were similar in all cases for
the microarray and the RNA-seq. For all genes analysed there was a good correspondence

across all platforms (Microarray, RNA-seq and RT-PCR), as can be compared in Figure 3.8.
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Figure 3.8: Quantitative Real time PCR relative expression values of selected differentially
expressed genes revealed by microarray and RNA-seq. White bars show control and black
bars show mutant expression. Fgf4. Cilp, Rxrg, DIl1, Sppl are down-regulated genes (<0.5),
and Vstm2a, Figf. Fgf10 and Sfrp2 represent up-regulated genes (>2). All data is normalised
to the endogenous control gene Gapdh. ***p<0.001, **p<0.01, *p<0.05 indicates significance
of differential expression.

Table 3:5: Verification of fold change expression levels of selected genes in Pax3%*/ "
mutant humeri compared to control humeri revealed by Microarray, RNA seq and qRT-PCR.

Gene Regulation Microarray | RNA-seq | qRT-PCR
Symbol Gene Name status (Fold Change) (Fold change) (Fold change)
Fgf4 Fibroblast growth factor 4 Down-regulated 41.05 G c:ll:ccncal 35.24™"
Cilp Caml.age AnseTCEaTe: lyr Down-regulated 9.73 9.76 13"

protein
Rxrg Retinoid X receptor gamma | Down-regulated 7.05 12.29 525
Dil1 Delta-like 1 Down-regulated 2.21 3.16 1.78
Sppl Secreted phospoprotein 1 Down-regulated 523" 2.9 2.59°

V-set and transmembrane +*

’ 2

Vstm2a domain containing 2A Up-regulated 8.56 3.09 8.52
Figf c-fos induced growth factor | Up-regulated 3:52 3.17 4.06"
Fgfl0 Fibroblast growth factor 10 | Up-regulated 2.48 2.14 3.28
Sfrp2 Secreted fhizzled-related Up-regulated 2.62 2.09 3.38'

protein 2

#No numerical value for fold change as no transcripts detected in the mutant
**% p<0.001, **p=<0.01, *p=<0.05 indicates significance of differential expression from qRT-PCR.
p=0.05 for all microarray and RNA-seq differences except Spp/ in the Microarray (ns)
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3.3.5 Biological Interpretation of Differentially expressed genes.

To reveal any enrichment of functionally related genes among the DE data sets, two web
based tools, DAVID and GOstat, were used to analyse Gene Ontology (GO) term associations
(Beissbarth and Speed, 2004; Huang da et al., 2009). A significant enrichment (normalised by
the number of genes in the genome with that associated GO term) indicates specific biological
processes and cellular components that are affected when mechanical stimuli are reduced. The
strength of the enrichment is indicated by the calculated p-value. Independent analysis of data
sets from both the microarray and RNA-seq showed the same enriched groups so analysis of
the combined DE gene sets is presented; 680 independent down-regulated genes and 452
independent up-regulated, as described above in section 3.3.3. The individual GO terms
found to be enriched have been grouped for the purpose of interpretation as indicated in Table
3:6 and Table 3:7. Down-regulated genes are associated with development and differentiation,

cytoskeletal architecture and cell signalling.

Analysis of the down-regulated gene set (Table 3:6) indicated that genes associated with
Development and Differentiation are most highly enriched (total of 155/680 with p-values
down to 2.73 x10™"). The gene ontology groups that are included in the development and
differentiation category include; for example, organ development (GO:0048513), and cell
differentiation (GO: 0030154), more detail listed in Table 3:6. The categories within this
group are involved in signal transduction, and include genes that encode signalling molecules,
receptors, and transcription factors (TFs), for example signalling ligands Fgf4,Fgf5, Fgf6,
Fgf8 from the fibroblast growth factor signalling pathway; receptors Fzd10 and Rxrg from the
Wnt and Retinoic acid pathways respectively. 28 of these genes encode TFs including; Barx2,
Scx, Hes6, Pitx2, Pitx3 and Tead4. The down-regulation of such signalling pathway
component genes also underlines the enrichment of ontology groups related to Cell Signalling

(Table 3:6: p-value down to 4.78 x107).
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There were 110 independent genes associated with the Cytoskeleton that were down-regulated
in Pax3°""*™ humeri, including those encoding microfilament, microtubule and intermediate
filament components, these showed enrichment in both biological process and cellular
component annotation (Table 3:6). 33 are directly associated with microfilaments (e.g. Actal,
Ablim2, Pdlim3), 13 with microtubules (e.g. Rassf5, Tubb2b, Tppp) and 4 with intermediate
filaments (Des, Krt33b, Sync, Tchh); other DE genes associated with the cytoskeleton encode
proteins that interact with myosin, or the extracellular matrix (ECM), including integrin and

cadherin encoding genes (e.g. Lamb3, Cdh4, Itga4 and Pdgfa).
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Table 3:6: Enrichment of gene groups down-regulated in muscle-less humeri based on GO
term annotations. All GO terms are associated with the sub-ontology “Biological Process”

except where indicated under Cytoskeleton, where Cellular Component was also used.

Gene count

Gene Ontology Term i Enrichment'
in study
. e 2.73 x10°° to
Development/ Differentiation [155] 0.0084
G0O:0048856: anatomical structure development 134 2.73x10°°
G0:0032502: developmental process 155 1.52x10™
GO:0048513: organ development B 107 4.23x10"
G0:0007275: multicellular organismal development 142 492x10"° |
- GO:0048731: system development 122 5.57x107°
GO:0009888: tissue development 58 8.37x10™"
GO:0030154: cell differentiation 94 8.86 x10™"
GO:0048869: cellular developmental process 96 1.67x107
GO:0048468: cell development 45 2.66 x107
GO:0009887: organ morphogenesis 38 6.12x10°
GO:0001756: somitogenesis 8 2.61x10™
G0:0035282: segmentation 9 2.66 x10™
G0O:0009952: anterior/posterior pattern formation 13 0.0033
G0O:0009790: embryonic development 34 0.0074
GO:0043009: chordate embryonic development 24 0.0075
G0O:0009792: embryonic development ending in birth 24 0.008419
5.30 x10"" to
Cytoskeleton [110] 0.0995
_ G0:0030029:actin filament-based process 25 1.45x10”
8 2| GO:0030036:actin cytoskeleton organization 23 1.08 x10°
g § GO:0007010: cytoskeleton organization | i ST 1.50 x10”7
-C%’ & | GO:0007015: actin filament organization 5 0.0995
GO:0015629: actin cytoskeleton 39 5.30 x10°™"
% | .GO:0005856: cytoskeleton 86 2.20 x10™
5 % GO:0016459: myosin complex 21 1.26 x10°
= £ | GO:0032982: myosin filament 11 2.32x10™
3 £ | GO:0044430: cytoskeletal part 51 1.16 x10°°
8 | G0:0005884: actin filament 5 0.0134
W 4.78 x10" to
Cell Signalling [52] 0.0899
GO:0007154: cell communication 32 4.78 x10™
GO:0007267: cell-cell signalling 23 1.33x10™
GO:0007169: transmembrane protein tyrosine kinase signalling 17 3.85x10™
GO:0007167: enzyme linked receptor protein signalling pathway | 20 0.0011
GO:0008543: fibroblast growth factor recp signalling pathway 5 0.0139
GO:0045168: cell-cell signalling involved in cell fate 4 0.0271
GO:0040036: regulation of fibroblast growth factor signalling 3 0.0451
G0:0043409: negative regulation of MAPKKK cascade 3 0.0614
GO0:0007219: Notch signalling pathway | S 0.0899
1. P-value enrichment of GO terms using DAVID analysis software; similar results were found with GOstat
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3.3.5.1 Up-regulated genes are associated with cell adhesion, cell signalling and
development and differentiation.

Genes up-regulated in muscle-less humeri revealed by microarray and RNA-seq were
similarly analysed for enrichment of genes associated with particular biological processes or
cellular components, using associated GO terms (Table 3:7). For terms within the sub-
ontology “biological process”, the strongest enrichment was for cell adhesion and ECM
associated genes (total of 50/447 genes, with p-values down to 1.99 x10"). The genes
identified in this category include ECM glycoproteins (Lsamp, Svepl), ECM structural
constituents (Col8al, Col8a2, Frem3), cell-adhesion molecules (Cntnl, Cntn4, Cntn5) and
calcium-dependent cell adhesion proteins (Pcdh8, Pcdhb2, Pcdhgal). This grouping in
addition included genes involved in signalling pathways which overlap with the next most
enriched terms; cell signalling (GO:0007154) and cell-cell communication (GO:0007267).
The signalling pathway components identified in this category include: Hedgehog (Hhip,
Ptchl). fibroblast growth factor (Fgf10, Fgf2), transforming growth factor (Frem2, Bmp3),
Notch (Ctnl, Nrgl) and Wnt signalling (Dkk2, Cpz Rspo2, Rspo3, Sfrp2, Wnt2, Wnt2b, Wnt4
and Wntl6) and others, including receptors (Epha3, Epha4, Epha5, Grin2a, Grm4, Grm7,
Grm8, Gfra2, and Pdgfra). Other signals identified as up-regulated included c-fos induced
growth factor (Figf), hepatocyte growth factor (Hgf) and Insulin-like growth factor (/gf7). The
gene lists in the next most enriched set, Development and Differentiation, similarly show
large overlap due again to the presence of the signalling pathway genes mentioned above, and

also transcription factors Foxc2, Foxo3, Lmxla, LmxIb.

Under the sub-ontology Cellular Component there was also striking enrichment of
extracellular (total 81/447; with p-values down to 2.34 x10"’) and membrane associated gene
products (total 227/447 p-values down to 2.46 x10"°), including cell adhesion molecules
(Cadm?2, Cntnl), receptors (Fat2, Fat4, Grin2a, Grm4, Gfra2, Pdgfra, Robo2, Sorcsl, Sstr4),

cell surface molecules (Cd83, Cd96), cadherins (Cdh20, Cdh8), trans-membrane proteins
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(Tmem26, Tmem?28), voltage gated channels (Kcnal, Kcna2, Kcnc?2) and cell adhesion and

extracellular components: Alcam, Cntn4, Epha4, Col8al, Col8a2, Pappa, PcdhS.

3.3.6 Pathway Analysis of DE datasets

Following the identification of the biological processes affected in the DE datasets, I
performed Ingenuity pathway analysis (IPA). The IPA program is based on the Ingenuity
knowledge base (IPKB) which is derived from known functions and interactions of genes in
published articles, that is accurately updated (used in: Wang et al., 2014). The IPA analysis
revealed total agreement with the GO annotation analysis using DAVID and GOstat (Table
3:6 and Table 3:7) with regard to top biological functions identified, using the microarray and

RNA-seq datasets independently.

IPA was applied to datasets from the two platforms separately but independent of regulation
status, to identify in more detail the pathways that are most highly enriched. The top five
pathways identified for the microarray and RNA-seq data are identical, including Calcium

signalling, Actin cytoskeleton signalling and ILK (Integrin-linked kinase) signalling.
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Table 3:7: Enrichment of gene groups up-regulated in muscle-less humeri based on GO terms

under sub-ontologies Biological process and cellular component.

Gene Ontology:Biological Process G(?ne Comnt Enrichment'
in study
: . 1.99 x10™"° to
Adhesion/ Extracellular Matrix [50] 0.0842
GO:0007155: cell adhesion 7 41 1.99E-10
G0:0022610: biological adhesion S 41 2.12E-10
| GO:0007156: homophilic cell adhesion 15 4.95x107
G0:0016337: cell-cell adhesion , 19 9.38 x10°
G0:0043062: extracellular structure organization 9 0.0223
GO:0030198: extracellular matrix organisation 6 0.0842
g 3.45x107 to
Cell Signalling [119] 0.0148
GO:0007267: cell-cell signalling 27 3.45x10”
G0:0007154: cell communication 33 2.05 x10”
G0:0007223: Wnt receptor signalling pathway, calcium modulated | 7 0.0092
GO:0016055: Wnt receptor signalling pathway 4 0.0104
GO:0008589: regulation of smoothened signalling pathway 9 0.0105
G0:0010648: negative regulation of smoothened signalling 4 0.0135
G0:0048010: vascular endothelial growth factor receptor signal 10 0.0288
GO:0007169: transmembrane receptor protein tyrosine kinase sig | 3 0.0402
GO:0007167: enzyme linked receptor protein signalling pathway | 12 0.0051
GO:0007165: signal transduction 80 0.01486
: Sulis 4.38 x107" to
Development/ Differentiation [93] 0.0083
GO:0048731: system development 78 4.38x10°
GO:0048856: anatomical structure development 81 8.42x10°
G0:0007275: multicellular organismal development 87 6.80 x10°
GO:0048468: cell development 31 8.17 x10”
G0O:0032502: developmental process 91 1.82 x10™
GO:0048869: cellular developmental process 59 5.41x10™
GO:0030154: cell differentiation 57 5.74 x10™
GO:0048513: organ development 56 0.0036
GO:0045595: regulation of cell differentiation 18 0.0083
Gene Ontology: Cellular Component Gfane sount Enrichment'
in study
, 2.34x10"to
Extracellular Region [81] 0.022
G0:0005576: extracellular region 81 2.34x10™
GO0:0044421: extracellular region part 43 2.70 x107
GO:0031012: extracellular matrix 22 1.16 x10°
G0:0005578: proteinaceous extracellular matrix 21 2.14x10°
GO:0005615: extracellular space 24 0.0020
(G0:0044420: extracellular matrix part 7 0.020216
e 2.46 x107" to
Membrane Association [227] 1.01 x10°
G0:0005886: plasma membrane 134 2.46 x10"°
GO:0031224: intrinsic to membrane 191 1.07 x10™
G0:0044425: membrane part 215 2.08x10™
GO:0016020: membrane 226 7.80 x10°
GO0:0031224: intrinsic to membrane 178 1.01 x10°

1. P-value of enrichment of GO terms using DAVID analysis software; similar results were found with GOstat.
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3.3.7 Genomic localisation of DE genes

The genomic localisation of all DE genes with fold change of 2 and p-value <0.05 were
analysed using an ideogram; a diagrammatic view of the chromosomes with DE gene
locations indicated according to cytogenetic banding positions (Kin and Ono, 2007).
Ideograms are useful to reveal genomic clustering of genes and their associated elements,
which might indicate common regulation/ co-expression. There was no clear association of
the DE genes with specific chromosomes or chromosome regions (Figure 3.9). Chromosome
1 is most densely populated with 91 DE genes (8.05% of total genes), chromosome 15 is
lowest with 32 DE genes (2.83% of total genes). Two regions that are relatively enriched for

DE genes are highlighted in Figure 3.9.

The data sets supporting the results of this article are available in the EMBL-EBI
ArrayExpress repository (http://www.ebi.ac.uk/arrayexpress/). The differential expressed data
set from the Microarray [ref: E-MTAB-1744], the differential expressed data set from the
RNA-sequencing [ref: E-MTAB-1746] and for the transcriptome [ref: E-MTAB-1745]. Lists
of differentially expressed genes are available in Appendix Table A.3 and Appendix Table

A4.
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Figure 3.9: Ideogram of differentially expressed genes. Red shows up-regulated and blue down-regulated genes on each chromosome, Boxes show
regions of clustering around selected Wnt component genes (Sfrp2; chromosome 3, Wnt4; chromosome 4).
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34 Discussion

Here I describe the spectrum of genes expressed in the developing humerus at TS23, early in
the process of ossification and when territories of differentiating cells are being defined in the
developing joint region. I also use microarray and RNA-sequencing to identify genes that are
differentially regulated when mechanical stimulation of the developing skeletal rudiment is
altered, giving an insight into the genes that respond to mechanical stimuli generated by
muscle contractions. Analysis revealed that the genes altered are highly enriched for genes
that regulate development and differentiation, are involved in cytoskeletal rearrangement and
components of extracellular matrix including cell adhesion and signalling molecules.
Although it is clear that appropriate mechanical stimulation from in utero muscle contractions
is required for normal development of bone and cartilage, we know very little about the
molecular mechanisms that incorporate mechanical cues with classical biochemical signalling
pathways. The differentially regulated genes identified here, particularly those associated with
signalling pathways and cytoskeletal changes represent a valuable focus for dissecting
integrated regulation by biochemical and mechanical signals. These data represent an
important resource that can be utilised to wunderstand the molecular basis of

mechanoregulation.

3.4.1 The transcriptome of a developing skeletal rudiment

Utilising RNA-sequencing technology to reveal the transcriptome in the normal developing
humerus and associated joints at TS23 provides an insight to the processes that are occurring
during this stage of skeletal development when chondrocytes are undergoing hypertrophy, the
cartilaginous rudiment is beginning to ossify at the mid diaphysis (reviewed in Karsenty et al.,
2009) and specific zones within the joint are differentiating (reviewed in Pitsillides and
Ashhurst, 2008). This adds a valuable resource to a growing set of data that can be combined

to explore skeletal development. Previous transcriptome profiling studies have examined
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cartilage condensation in the tibia-fibula from EI11.5 to E13.5 (Cameron et al., 2009),
ossification of metatarsals (Sugars et al., 2006), in different zones of the growth plate in 2
week old mice (Belluoccio et al., 2008) and in Runx2” mutant mice (Hecht et al., 2007).
Earlier stages of limb development, although not specific to skeletal development, are
informed by whole limb bud profiles between E9.5 and E11.5 (Taher et al., 2011). Another
important resource that has recently become available examines the spatial expression
patterns of 18,000 coding genes and over 400 microRNAs within the whole mouse embryo at
the same developmental stage examined here (Diez-Roux et al., 2011). This digital

transcriptome atlas is a powerful tool (Eurexpress; http://www.eurexpress.org/ee/intro.html)

that can be used to examine spatial analysis of specific genes, exploring possible functional
associations. Combining these resources gives information on quantitative and spatial
expression of individual genes providing the basis to explore regulatory networks active

during the development of skeletal rudiments.

Several of the findings of the transcriptome analysis are as expected; the most highly
expressed genes (8 with >100,000 read counts) include 5 collagen encoding genes (Figure
3.6); collagens have been shown to be the most abundant structural proteins in cartilage and
show characteristic distribution patterns as skeletal rudiments develop (Aigner and Stove,
2003; Olsen, 1996). The Insulin-like growth factor genes /gf2 and /gf1 and their associated
receptors [fg2r and Igf1r are also highly expressed (4,194 to 221,194 read counts); these are
reported to play a prominent regulatory role in skeletal development (reviewed in Yakar et al.,
2010). Similarly, aggrecan (Acan) and osteopontin (Sppl), both involved in skeletal
development, are highly expressed (Figure 3.6). Although much is known about the
regulatory network that controls early chondrogenesis and joint formation (Kronenberg, 2003;
Provot and Schipani, 2005), open-ended whole transcriptome studies are required to add new

information. Centred on regulatory signalling pathways known to be involved in skeletal
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development; HH, FGF, TGFB (including BMP) and Wnt; a complete list of components of
these pathways expressed in the humerus as TS23 was extracted (Figure 3.6) indicating the
potential role players in each of these pathways at this specific stage. The importance of
Indian hedgehog (/hh) expression in the early prehypertrophic and hypertrophic chondrocytes
of cartilage condensations is well established (Hecht et al., 2007; Minina et al., 2005; St-
Jacques et al., 1999). The full spectrum of possible interacting molecules in HH signalling
(Figure 3.6) include the receptors Ptchl, Ptch2, Smo and transcription factors Glil, Gli2, and
Gli3. In addition to /hh, Desert hedgehog (Dhh) expression was also detected (read count 70)
and, examining the data presented by Cameron et al confirms that Dhh is up-regulated (23
fold) in E13.5 fibual and tibual cartilage (Cameron et al., 2009). Dhh has not previously been
functionally linked to skeletogenesis but this opens the possibility of regulatory contribution,

perhaps co-operating with Thh. No expression of Shh was detected.

Similarly, novel components of the FGF, TGBB and Wnt pathways were identified (Figure
3.6). FGF signalling is known to be crucial for hypertropic differentiation (Ornitz and Marie,
2002) but may also be important in other aspects of skeletal development. In the FGF
pathway the most highly expressed transcripts identified were associated with receptor
encoding genes (Fgfrl, Fgfr3, Fgfrll, Fgfr2, Fgfr4). Fgfrl and Fgfr3 have previously been
reported to be expressed in pre-hypertrophic/ hypertrophic and proliferating chondrocytes
respectively (Minina et al., 2002; Peters et al., 1992). The higher expression level of fibroblast
growth factor receptor encoding genes relative to corresponding ligands might be related to a
generally more restricted expression pattern of ligand encoding genes and more widespread
expression of Fgf receptor genes, as was seen in spatial studies at E14.5 and E16.5 (Minina et
al., 2005). The most highly expressed Fgf ligand encoding gene identified was Fgf18, also
identified as up-regulated in E13.5 compared to E11.5 cartilage tissue (Cameron et al., 2009);

expression is in the perichodrium and joints of long bones and appears to regulate cell
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proliferation and differentiation. It acts by promoting osteogenesis and negatively regulating
chondrogenesis through the Fgfr3 receptor (Ohbayashi et al., 2002) with mutations in Fgfr3
resulting in constitutive activation of Fgf signalling in chondocytes, impairment of cell
proliferation and dwarfism (Naski et al., 1996). The detection of other FGF genes is novel;
Fgf10, the second most highly expressed ligand, was not detected in a previous study at E14.5
and E16.5 (Minina et al., 2005); however searching the Eurexpress database corroborates
forelimb expression at E14.5 (Diez-Roux et al., 2011). Similarly Fgf7 and Fgf9 expression
was detected here and corroborated by Eurexpress. The transforming growth factor B (TGFp)
family of signalling molecules also includes bone morphogenetic proteins (BMPs) and growth
differentiation factors (GDFs), functionally implicated in various aspects of skeletogenesis.
The large number of components of this signalling pathway family expressed (Figure 3.6)
underlines the huge potential for component interactions during skeletal development. The
most highly expressed TGFP receptor encoding gene identified here is 7g/8r2, with limited
previous expression data linked to skeletogenesis. All TGFP ligands detected were previously
reported to be expressed in skeletal elements at E14.5; 7gf53 in the perichodrium and in
distinct stripes of early hypertrophic chondrocytes and 7gf52 and Tgff] in early hypertrophic

chondrocytes (Minina et al., 2005).

Bmp1 was the most highly expressed BMP ligand (5417 read counts) indicating its potential
role; although associated with osteogenesis in zebrafish (Asharani et al., 2012) and an early
study indicated mammalian skeletal expression (Scott et al., 1999), it is more associated with
neural development (www.informatics.jax.org). Detection of Bmp5 expression in the humerus
at TS23 is corroborated in the Eurexpress database. Other components of the BMP pathway
have been well characterised during skeletal development (Minina et al., 2005), with
expression of several of the components associated with positive regulation of hypertrophy

(Kobayashi et al., 2005); Bmp2 (530 reads) and Bmp6 (395 reads) were previously detected in
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hypertrophic chondrocytes, with Bmp7 (566 reads) in proliferating chondrocytes (Minina et
al., 2005). However there are no previous reports of skeletal expression of Smad2,4, 6, 7 and
8, Smad6 in particular can bind type 1 BMP receptors and prevent the activation of

downstream Smads (Imamura et al., 1997), suggesting complex regulatory interactions.

The Wnt signalling pathway plays a central role during embryonic development and is known
to be an important regulator of bone formation and bone remodelling (reviewed in Macsai et
al., 2008). It also plays a pivotal role in joint formation and maintenance, shown through gain
and loss of function experiments (Guo et al., 2004; Spater et al., 2006). The key intracellular
mediator of canonical Wnt signalling, pB-catenin (Ctnnbl; 28,608 read counts) is the most
highly expressed Wnt signalling component in the TS23 humerus and associated joints. The
most highly expressed Wnt ligand is Wnt3a, previously associated with expression in joints
and perichondrium (Church et al 2002) and proliferating chondrocytes (Yang et al 2005).
Other highly expressed ligands include Wnt9a, Wnt5h, Wntll, and Wnt4. Wnt5h and Wntll
expression has been shown in the pre-hypertrophic chondrocytes and Wnt4, Wnt9 and Wntl6
in the developing joints (Church et al., 2002; Guo et al., 2004; Hartmann and Tabin, 2000;
Hartmann and Tabin, 2001). High expression of Wnt9a could be due to its role in the temporal

and spatial regulation of /hh (Spater et al., 2006).

Numerous extracellular modulators of the pathway were detected; all five secreted frizzled
related protein (Sfrp) genes, Dickoff (Dkk) 1, 2 and 3 genes and four R-spondins (Rspos),
indicating a huge potential for pathway modulation. The most highly expressed antagonist
modulators of the pathway were Dkk3 and Sfrp2 both of with are detected in joint cells at
E13.5 and E15.5 (Witte et al., 2009). The most highly expressed R-spondin agonist of the

pathway was Rspo3. previously detected in phalanges (Nam et al., 2007).
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3.4.2 Identification of Mechanoresponsive genes

The identification of differentially expressed genes between humeri from control and muscle-
less embryonic limbs allows an investigation of the biological processes and the
developmental regulatory signalling pathways that are affected by the removal of mechanical
stimulation on skeletogenesis in vivo. It was previously reported that muscleless (Splotch)
mutants display abnormal ossification in the humerus, altered humeral morphogenesis and
altered elbow and shoulder joint formation and these effects were most strongly identified at
TS23 (Nowlan et al., 2010a). These phenotypic disturbances were confirmed for the TS23
muscle-less (Splotch-delayed) mutant. Alteration in expression pattern of some selected
candidate genes and pathways was revealed (Kahn et al., 2009; Nowlan et al., 2012), but here
we carry out the first genome wide study identifying a total of 1.132 independent genes as
differentially expressed: with approximately 60% down-regulated and 40% up-regulated. The
finding of more genes being down-regulated than up-regulated and to a greater extent is
consistent with the proposal that mechanical stimuli supports the correct differentiation of
cells, as observed in the ossification phenotype (Nowlan et al., 2010a), and for the

maintenance of tissue patterning, as seen in the developing joint (Roddy et al., 2011b).

To identify biological functional enrichment of these genes I used gene ontology (GO)
annotation analysis to identify specific biological processes that are affected when mechanical
stimuli are removed. This type of analysis has been used previously to interpret biological
processes associated with developing skeletal tissue (Hecht et al., 2007; Sohn et al., 2010;
Sugars et al., 2006). Analysis of the down-regulated DE gene set identified genes associated
with development and differentiation as the most highly enriched categories, including
developmental regulatory signalling pathway molecules and transcription factors. Similarly,

analysis of up-regulated DE gene sets indicated genes associated with cell signalling and
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development and differentiation. Signalling pathway disturbances are explored in more detail

in chapter 4.

DE genes were also highly enriched for genes associated with the cytoskeleton. The
cytoskeleton controls cell shape, organelle transport, cell motility and division, and connects
the extracellular matrix to internal cell processes (reviewed in Alenghat and Ingber, 2002). It
maintains the mechanical integrity of cells and has been implicated in relaying mechanical
signals to downstream biochemical responses (Mammoto et al., 2012; Wang et al., 1993).
This was seen in the embryonic lung where cytoskeletal network inhibitors resulted in altered
tissue morphogenesis and conversely when cytoskeletal tension was activated lung
development was accelerated (reviewed in Ingber, 2006), indicating the dynamic role the

cytoskeleton has in morphogenesis.

In chondrocytes the actin microfilaments are predominantly located at the periphery of the
cytoplasm (Idowu et al., 2000), tubulin microtubules are uniformly distributed throughout the
cytoplasm (Jortikka et al., 2000) as are intermediate filaments, connecting the nuclear
membrane with the cell periphery (Blain et al., 2006). In this study 84 genes annotated as
cytoskeletal were down-regulated when mechanical stimulation was removed. These include
33 genes directly associated with actin microfilaments, 13 with microtubules and 4 with
intermediate filaments. The most highly affected group, the Filamentous-actin cytoskeleton,
has been shown to be involved in articular cartilage chondrocyte mechanotransduction,
converting a mechanical stimulus into a biochemical response (Guilak, 1995; Knight et al.,
2006; Parkkinen et al., 1995; Wang et al., 1993). Other studies have confirmed the
involvement of the actin cytoskeleton in cartilage chondrocyte mechanotransduction via
manipulation of the actin accessory proteins (Campbell et al., 2007; Knight et al., 2006), but
there are few reports on the affect of mechanical stimulation on microtubule and intermediate

filaments (Steward et al., 2013). Among the DE genes is an actin-binding protein, cofilin2
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(Cf12); cofilin was previously shown to be increased following cyclic mechanical loading of

chondrocytes (Campbell et al., 2007).

The identification of cytoskeletal genes down-regulated following the removal of mechanical
stimulation indicates that the cytoskeleton is affected, but is this because the mechanical
integrity of the cell is altered or because mechanotransduction from the ECM is affected, or
perhaps a combination of both? The finding that ECM and cell adhesion associated genes are
also affected further supports changes in mechanotransduction pathways. The cell-adhesion
associated integrins (ltga4, ltga7, Itgh6) and cadherins (Cdh4, Cdhl5, Cdhr3) are down-
regulated and these proteins potentially function to physically couple cells to the ECM and
play a role in mechanical signal transduction (Ingber, 2006; Wang et al., 1993). Articular
chondrocytes have been shown to express both integrin (Woods et al., 1994) and non-integrin
(Knudson et al., 1996) ECM receptors. Another actin-associated protein identified to be
down-regulated is actinin-a2 (Actn2); this protein also couples the cytoskeleton to the ECM

and may be involved in transducing mechanical stimulation.

In this study differential expression in developing skeletal rudiments is documented in the
absence of limb muscle; this will include genes that respond to lack of mechanical stimulation
but perhaps also as a paracrine response to adjacent muscle cells. We know that phenotypic
effects on ossification and joint formation are due to the lack of mechanical stimulation rather
than physical absence of muscle cells because phenotypic analysis of a range of mouse
mutants where muscle is immobile (Kahn et al., 2009), reduced (Nowlan et al., 2010a) or
absent (Kahn et al., 2009; Nowlan et al., 2008a) have similar effects and we see similar
effects in immobilised chick embryos (Nowlan et al., 2008b; Roddy et al., 2011b). Therefore,
although some of the genes identified here may respond to lack of adjacent muscle tissue,
many must underlie the phenotypic effects seen in response to lack of mechanical stimulation.

This is further supported by the overlap of some of the genes identified here and in skeletal
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cells in culture or adult tissues, in response to mechanical stimulation (Bougault et al., 2012;

Patel et al., 2007).

Although Genomic localisation of DE genes revealed dispersal of genes across the genome
with no predominance of individual chromosomes or regions, there is evidence for finer scale
gene clustering, for example at the lower end of chromosome 3 (24 genes) and on
chromosome 4 (12 genes) (Figure 3.9). These represent regions worthy of further analysis
since each included a DE Wnt pathway component gene (Sfrp2 and Wnt4) and identify

potential regulatory regions and co-regulation of genes base on positional arrangement.

3.4.3 Limitation of Approach

An important limitation in this work is the possibility that a proportion of the down-regulated
genes may be due to contamination of the dissected control humeri with adjacent
mesenchyme/muscle, since this is being compared to tissue from muscle-less embryos.
Although care was taken with the dissections, it is impossible to be sure that all muscle tissue
was eliminated from the control. The down-regulated gene set also showed enrichment for
muscle associated genes (Appendix Table A.2), consistent with possible contamination of the
dissected control humeri by neighbouring muscle. To inform this we also sequenced the
transcriptome of mesenchyme adjacent to the humerus of control embryos at TS23 and
compared it to the transcriptome of control humeri. We then cross referenced this to the
down-regulated gene set in control versus muscle-less humeri (Appendix Table A.3), noting
any genes enriched more than 3 fold in mesenchyme compared to control humeri; these are
indicated in column 2 of Appendix Table A.3. It is possible that these genes are involved in
both cartilage and muscle development so no genes have been removed from the data set,
however, DE genes also showing higher expression in mesenchyme compared to control

humeri must be treated with caution with respect to a skeletal specific response to mechanical
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stimulation. Such genes have not been prioritised in any of our subsequent exploration of

candidate mechanosensitive genes.

3.4.4 Technical Comparison

This study used both RNA-sequencing (Illumina) and Microarray (Agilent) technologies in
parallel to determine differential expression. Microarray technology has been utilised to
determine expression of chondrogenic and osteogenic genes from developing whole tissues
(Hecht et al., 2007; Sugars et al., 2006; Taher et al., 2011), and from in vitro differentiation
procedures (Bernstein et al., 2010; Bougault et al., 2012; Chen et al., 2010b; James et al.,
2005; Tallheden et al., 2004). The use of RNA-seq technology to describe the transcriptome is
more recent (Li et al., 2010a; Mortazavi et al., 2008; Wilhelm and Landry, 2009). Previous
direct comparisons between microarray and RNA sequencing-based approaches to reveal
alterations in gene expression between tissues reported that RNA-seq identified more DE
genes (Bottomly et al., 2011; Lahiry et al., 2011; Marioni et al., 2008). It was found that
RNA-seq is more sensitive in reproducibly detecting alterations in gene expression, detecting
more genes altered at lower quantitative levels (Table 3:4). This was further emphasised by
reducing the stringency of the statistical analysis to p<0.08, which increased the number of
genes detected by microarray specifically. The larger dynamic range (Bottomly et al., 2011)
and higher reproducibility across replicates (Marioni et al., 2008) has also been found in other

studies.

3.5 Conclusion

This study examined the set of genes active at a key stage of skeletal development (TS23) and
revealed the genes that are differentially regulated in the developing humerus when skeletal
muscle is absent. Since it was previously shown that the lack of muscle contractions leads to
common phenotypic defects in both ossification and joint formation in several chick and

mouse models, this provides an insight into the genome wide alterations in gene transcription
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that take place when the mechanical environment is altered. Given the importance of
appropriate mechanical stimulation generated by embryo movement on skeletal development
[ postulated that mechanical stimuli must integrate with biochemical cell signalling pathways
known to be essential for normal development. I showed that multiple signalling pathways are
affected and this is further explored in Chapter 4. This finding, together with alteration of
cytoskeletal components, indicates the biological processes involved in integrating
biophysical stimuli during cell differentiation and patterning. Understanding the mechanistic
basis for how developing cells interpret and respond to biophysical cues is a major challenge,
relevant to all developing systems, and will impact our ability to control differentiation of
progenitor cells for regenerative therapies. This work is an early step in unravelling the
mechanistic basis of biophysical regulation of skeletal development and provides a focus for

future studies.
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Chapter 4

2. Characterisation of Mechanosensitive genes:
signalling pathways and developmental processes
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4.1 Introduction

Immobilisation of both mouse and chick embryos showed that movement is required for
multiple aspects of skeletal development; for endochondral ossification, for morphogenesis of
the cartilage rudiment and for definition of tissue territories in the joint (Nowlan et al., 2010a;
Nowlan et al., 2008a; Roddy et al., 2011b; reviewed in Rolfe et al., 2013a). Chapter 3
reported transcriptome profiling of the developing humerus and associated joints from
muscle-less Splotch-delayed mutant embryos compared to heterozygous littermates at TS23,
the earliest stage at which the phenotypic effects are evident. This was designed as an open-
ended approach to identifying genes that are impacted by mechanical stimulation resulting
from movement, with the objective of revealing the molecular mechanisms involved in
sensing and transducing such mechanical signals. This list of differentially expressed genes
generated by transcriptome profiling was analysed to reveal enrichment of particular
categories of genes and showed strong enrichment of genes associated with Development and
differentiation (Table 3:6 and Table 3:7) including genes associated with cell signalling
pathways. This shows that cell signalling pathways that guide cell differentiation and tissue
organisation are disturbed in an altered mechanical environment. Establishing precisely which
pathways are disturbed and to what extent would bring insights into the molecular processes
involved and potentially reveal the mechanistic basis of mechanical control of skeletal

development.

Previous mechano-modulatory studies have identified components of multiple signalling
pathways to be mechanosensitive, including BMP signalling in an immobilisation study
focusing on joint development (Roddy et al., 2011b), the FGF signalling in an immobilisation
study (Roddy et al., 2011b), in an in vitro four point bending study of osteoblasts (Jackson et
al., 2006) and when mechanical forces were applied to osteoblasts (Cillo et al., 2000) and an

osteogenic cell line (Hatton et al., 2003). Microgravity conditions have also been associated
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with alteration of cell signalling components, including the Wnt signalling pathway and the

BMP pathway (Patel et al., 2007).

While the annotation tags on genes in the mouse genome were used to reveal enrichment of
signalling pathway genes, such annotations are not detailed or complete enough to reliably
reveal associations with specific signalling pathways. One of the objectives of the current
chapter is to examine differentially expressed genes for any known association with specific

signalling pathways.

A developing skeletal rudiment at any particular point in development is made up of cells
undergoing different developmental processes related to ossification and joint definition at the
rudiment termini. In particular, endochondral ossification is spatially dynamic with cells in
different positions along the length of the rudiment undergoing different phases of the process
(Figure 1.2). In chapter 3 the transcriptome of the developing humerus and associated joints at
stage TS23 was analysed. The genes expressed reflect the molecular activities of the
constituent cells and the differentially expressed genes reflect the molecular processes
impacted by movement. However this is a complex set of developing tissues made up of
chondrogeneic cells undergoing different phases of endochondral ossification, as well as joint
tissue patterning. Transcriptome profiling for the whole tissue sample does not identify which
cell type or developmental process a given gene is involved in. Therefore to be able to further
interpret the differential expression data, it is important to reveal where in the developing
humerus and joints a differentially expressed gene is active and precisely how it is disturbed

in the muscle-less mutant.

In situ hybridisation (ISH) is a powerful technique that allows individual gene expression
visualisation in particular tissues of interest; it is widely used to piece together information
about where particular mRNAs are located, and therefore which cells are expressing a
particular gene in a complex tissue context. This information, combined with information
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about the type of molecule it encodes and changes that take place in those cells, can give
valuable clues to functional possibilities for that gene and the proposal of testable hypotheses
to give insight into cellular differentiation and morphogenesis. It is particularly valuable in the
temporally and spatially dynamic context of developing tissues. Despite its valuable
advantages the technique is associated with limitations including the lengthy period it takes to
obtain results for one gene, and a threshold level of gene expression per cell is required for

detection, 1.e. if there is a very low number of transcripts per cell, it will not be detected.

Another method of distinguishing which tissue territories within the developing humerus
express a specific gene is Laser Capture Microdissection (LCM), coupled with detection of
gene transcripts. LCM enables selective harvesting of pure cell populations from distinct
territories, which are highly enriched for specific cell types thus having the potential of
yielding information about the developmental processes that are occurring in a particular
tissue at a particular point in time. LCM technology has been used in a wide variety of
applications (reviewed in Liu, 2010). Recent studies have used LCM technology to analyse
the molecular profiles of developing cartilage (Akavia et al., 2012; Jenner et al., 2014), of
pathological cartilage (Fukui et al., 2011; Judex et al., 2004) and the developing meniscus
(Pazin et al., 2014). Through the careful sub-dissection of tissue territories and the
downstream analysis of transcript expression, it is possible to use LCM to quantify small
expression changes in distinct cellular regions of interest. Laser-capture micro-dissection has
the potential to be a more high through-put approach, analysing more genes and with a higher

level of sensitivity than ISH.

Given the importance of appropriate mechanical stimulation generated by embryo movement
on skeletal development we postulate that mechanical stimuli must integrate with biochemical

cell signalling pathways known to be essential for normal development. This chapter reports
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analysis of differentially expressed genes in the muscle-less humerus and associated joints in

two respects:

Is

To identify any associations of DE genes with specific signalling pathways, using
literature to manually annotate genes. This was then used to gauge the level of

disturbance of known developmentally important signalling pathways.

To use gene expression analysis to establish if differentially expressed genes are
disturbed in particular cell populations within the developing rudiment, giving an
indication of the developmental processes disturbed. /n situ hybridisation was used to
assess the spatial distribution of expressing cells while Laser Capture Microdissection
coupled with quantitative RT-PCR gave added information on relative levels of

expression and was tested as a more high-throughput means of analysis.
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4.2 Methods

4.2.1 Bioinformatic analysis of associations with cell signaling pathways

Gene Ontology (GO) annotations for each individual signalling pathways allowed some
differentially expressed genes to be grouped according to pathway, retrieved using GOstat

(http://gostat.wehi.edu.au/) and Database for Annotation, Visualisation and Integrated

Discovery (DAVID) (http://david.abcc.nciferf.gov/). The GO terms wused included
GO:0030509 (BMP signalling), GO:0008543 (FGF signalling), GO:0016055 (Wnt
signalling), GO:0035329 (Hippo signalling), GO:0007219 (Notch signalling) and
G0:0007224 (Smoothened signalling). However GO annotations that assign genes to
individual pathways are not complete (as judged by examining individual genes known to be
associated with a pathway) so DE genes were also manually assigned to pathways based on
literature and available databases such as the Wnt homepage, available at

http://web.stanford.edu/group/nusselab/cgi-bin/wnt/; a repository of data on components and

targets of Wnt signalling pathways. Preliminary information on cell signalling component
gene expression was obtained using publically available databases including Mouse Genome

Informatics (MGI), available at http://www.informatics.jax.org/; and the transcriptome-wide

mouse atlas database Eurexpress, available at http://www.eurexpress.org/ee/.

4.2.2 Tissue Preparation

All tissue came from timed matings of heterozygous C57BL/Pax3%*

mice to produce
homozygous Pax3¥%*¥ mutant embryos, as per section 2.1. All embryos were staged and

genotyped using PCR amplification to confirm homozygote mutants and distinguish

heterozygote and homozygote controls, as described in section 2.2.

Vibratome and cryo-sectioning of forelimbs was carried out for in situ hybridisation as

described in section 2.4.1 and 2.4.2.
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4.2.3 In Situ Hybridisation

Probe preparation was performed as described in section 2.5.1, and details of the cDNA
clones used to generate anti-sense or sense RNA in situ probes are given in Table 4:1. In situ
hybridisation was carried out on vibratome sections and frozen sections as described in
sections 2.5.2 and 2.5.3 respectively. Post hybridisation washing and antibody detection as
described in section 2.5.4. Adaptations were made for the post-hybridisation wash durations
for the cyrosections, comprising of one initial post-hybridisation wash to remove coverslips in
50%formamide/5x SSC, then two 30min washes in 50% formamide/2x SSC, three 10min
washes in 2x SSC, three 10mins washes in 0.2x SSC, followed by TNT washes prior to

blocking.

4.2.4 Immunohistochemistry

Immunohistochemistry was performed as described in section 2.10. Detection of the primary
antibody Noggin’. (polyclonal goat IgG. AF719 R&D Systems) (1:100) was performed using
a donkey-anti-goat secondary antibody conjugated with horse radish peroxidise (1:200) and
amplified using a tyramide kit. Detection of the primary antibody pSMAD1/5/8 (polyclonal
rabbit IgG, #9511 Cell signalling Technology™) (1:100) was performed using a goat-anti
rabbit alkaline phosphatase secondary antibody (1:200) and stained using NMT containing
167.5ug/ml 4-nito blue tetrazolium chloride (NBT; Roche) and 175ug/ml 5-bromo-4-chloro-
3-indolyl-phosphate (BCIP; Roche). Mounting of fluorescent samples was performed using
DAPI counter-stain (DAPI Prolong Anti-fade Mounting Medium, P-36931, Invitrogen) and

colourometrically stained samples with Aquapolymount (Polysciences Inc).

® Noggin Immunohistochemistry was performed by Pratik Singh, Indian Insitute of Technology, Kanpur on
Spd/Spd tissue provided by me; for a collaborative project investigating the role of BMP signalling in
mechanical regulation of articualr cartilage development.
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Table 4:1: Details of cDNA clones used to generate RNA in situ probes.

Genebank Ref Alignment on
Gene Sequence referen Danree
q ce
Barx2 NM 013800.2 Nucleotide 833 to 1560 ILM.A.G.E EST Library
Bmp2 NM 007553.2 Nucleotide 53 to 1215 Prof RE Hill L
Bmp4 NM 007554.2 Nucleotide 6-1181 Prof. Si Jen Lee S
- Cd44 NM 00103915.1 Nucleotide 222 to 3020 I.LM.A.G.E EST Library
ChrdI2 NM_ 133709 Nucleotide 36 to 1520 | LM.A.G.E EST Library
Cilp NM 173385 Nucleotide 3353 to 4153 I.M.A.G.E EST Library
Coll0al NM 009925.3 Nucleotide 915 to 2729 I.M.A.G.E EST clone
Col8al NM 007739.2 Nucleotide 1189 to 2468 I.M.A.G.E EST Library
Col20al | NM 028518.1 Nucleotide 3389 to 3721 I.LM.A.G.E EST Library
Col26al NM_024474.2 Nucleotide 1070 to 2705 LM.A.G.E EST Library
Crapbl NM 013496.2 Nucleotide 13 to 741 | LM.A.G.E EST Library
DIl NM 007865.3 Nucleotide 2664 to 3444 I.M.A.G.E EST Library
Enpp2 NM 001136077.1 Nucleotide 1 to 2745 I.M.A.G.E EST Library
Epha4 NM 007936.3 Nucleotide 2697 to 3622 [.M.A.G.E EST Library
Fgf8 See Ref: Mahmood et al., 1995 Prof RE Hill
Fefl0 NM 008002.4 Nucleotide 686-1315 Dr. R. Kelly
Fgfrd NM 008011.2 Nucleotide 2180 to 3127 I.M.A.G.E EST clone
Fzd10 NM 175284.3 Nucleotide 1829 to 2988 I.M.A.G.E EST clone
Gdfs NM 008109.2 Nucleotide 304 to 2010 Dr. C. Tabin
Hhatl NM 029095.2 Nucleotide 142 to 1314 I.M.A.G.E EST Library
Hhip NM 020259.4 Nucleotide 2241 to 3050 I.M.A.G.E EST Library
Thh NM 010544.2 Nucleotide 663 to 2459 Prof RE Hill
Itgb1bp2 NM 013712.2 Nucleotide 1 to 1308 [.M.A.G.E EST Library
Lrm] NM 008516.4 Nucleotide 2115 to 3742 I.M.A.G.E EST Library
Noggin NM 008711.2 Nucleotide 291 to 1285 Dr. Richard Harland
Parm1 NM 145562.2 Nucleotide 1 to 2100 I.M.A.G.E EST Library
Pcdh8 NM 001042726.3 Nucleotide 2882 to 3700 [.M.A.G.E EST Library
Pcdh10 NM 001098172.1 Nucleotide 3181 to 4658 [.M.A.G.E EST Library
Pdgfa NM 008808.3 Nucleotide 1to 1019 [.M.A.G.E EST Library
Pdgfra NM 001083316.1 Nucleotide 2602 to 4220 [.M.A.G.E EST Library
Prrx1 NM 175686.3 Nucleotide 4498 to 4983 I.M.A.G.E EST Library
Runx2 NM 009820.2 Nucleotide 262 to 3442 I.M.A.G.E EST clone
Scx NM 198885.2 Nucleotide 657 to 1059 Prof RE Hill
Sfrp2 U88567.1 Nucleotide 82 to 852 Dr A. Rattner
Sox$5 NM 0111444.3 Nucleotide 1757 to 2250 Dr. V. Lefebvre
Sppl NM 001204201 Nucleotide 27 to 1472 I.M.A.G.E EST Library
Spryl NM 011896.2 Nucleotide 1793 to 2488 [.M.A.G.E EST Library
Wnt2 NM 023653.4 Nucleotide 35-1510 Prof A. McMahon
Wnt2b NM 009520.1 Nucleotide 1010 to 1215 Dr Lise Zakin
Wnt4 NM 009523.1 Nucleotide 639 to 1101 Prof A. McMahon
Wntl6 NM 053116.3 Nucleotide 537 to 1532 Generated by PCR

4.2.5

Laser-Capture Microdissection

Unfixed, frozen tissue sections were prepeared for LCM: Collection and dissection of fresh

3Spdepd

forelimb samples from homozygous Pax mutant embryos and littermate controls was

performed as described in 2.1. Laser-capture microdissection was performed as described in
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section 2.11. Territories sub-dissected in TS23 control and mutant forelimbs included the

elbow joint (EJ), the humerus pre-hypertrophic zone (pre-hz) and the hypertrophic zone (HZ).

4.2.6 RNA preparation, amplification of laser capture micro-dissected tissue

Directly following micro-dissection the territories of interest were immediately processed.
Optimisation of removal of the micro-dissected tissue from the thermoplastic film was
performed using variations on previous descriptions (McGinley et al., 2010). In brief, the
0.5ml micro-centrifuge tubes containing the film on the cap, were inverted and placed in an
inverted heating block at 42°C for 30mins, the tubes were then centrifuged to collect the cell
extract in the RNA extraction buffer. Flushing of the film surface with the extraction agent
and scraping of cells off of the thermoplastic film was also performed, to aid further cellular
dissociation. Total cellular RNA was extracted using the SV Total RNA Isolation System
(Promega) as per manufacturer’s instructions. Total RNA quantity and integrity was assessed
using a NanoDrop” ND-1000.

RNA yields were found to be as low as 118ng total, and this was not sufficient for screening
of multiple genes from a single sample, by qRT-PCR, as planned. RNA was amplified using
the TargetAmp ~ 1-Round aRNA Amplification kit (Epicentre, Illumina), which is based on
the linear T7 amplification that was originally developed in the Eberwine Lab in 1990 (Van
Gelder et al., 1990). Step 1 comprises the reverse transcription and incorporation of a T7
RNA polymerase to a RNA sample to make cDNA. A second strand cDNA synthesis is then
performed in step 2, following the fragmentation of the first cDNA: RNA hybrid produced in
the initial reverse transcription, to yield cDNA containing the T7 transcription promoter. Step
3 involves in vitro transcription of aRNA (amplified RNA) utilising the double stranded
cDNA in step 2. This aRNA was then quantified and total amplification on average increased
the RNA yield by 5.8 fold, in comparison to the amplification of control RNA from Hela cells

which was amplified 100 fold.
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4.2.7 Reverse transcription and quantitative Real Time PCR of LCM aRNA

To quantify mRNA expression, 100ng of total aRNA was reverse transcribed into cDNA
using iScript™ cDNA systhesis kit (BioRad) as per manufacturer’s instructions. Quantitative
real-time reverse transcription-polymerase chain reaction (QRT-PCR) was used to analyse the
relative gene expression differences between RNA extracted from the three distinct territories
in control samples, or to compare control and mutant gene expression levels in the same
territory. Seven target genes were analysed including Sfrp2, Sox3. Sppl. DIl1, Wnt4, Fgfl0
and Rxrg. All expression was normalised to the endogenous ubiquitously expressed control
gene Gapdh. All primers were designed using Primer Express Software”, version 3.0, under
default settings for TagMan" quantification and purchased through Sigma (Sigma-Aldrich,
Ireland). Primer sequences for the gene analysed are listed in Table 3:1 Amplification was

performed and analysed as described in section 2.7.

108



4.3 Results

4.3.1 Signalling pathway analysis of differentially expressed genes

Given the strong enrichment of genes associated with cell Signalling Pathways and
Development and Differentiation functions, identified and described in chapter 3 (Table 3:6
and Table 3:7) I sorted the DE genes according to participation in major developmental
regulatory pathways (Table 4:2 and Table 4:3). I did this by utilising the GO terms associated
with each gene to construct a table showing how each of the different pathway components
are affected by a reduction in mechanical stimulation. In addition, literature searches and

utilisation of databases such as Array Express (http://www.ebi.ac.uk/arrayexpress/) were used

to make additional functional links between DE genes and signalling pathways- manually
annotating the genes. The indicated role of the gene product in the signalling pathway and the

relevant literature supporting these associations are cited in Table 4:2 and Table 4:3.

The pathways identified include the BMP signalling pathway, the Hedgehog signalling
pathway, the Fibroblast growth factor signalling pathway, the Hippo. the Notch signalling
pathways (Table 4:2) and the Wnt signalling pathway (Table 4:3). The identification of these
signalling pathways as potential mechanoregulators of bone and joint formation is of
particular interest as these pathways were previously shown to be key regulators of bone

formation and cartilage differentiation (section 1.3).
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Table 4:2: Differentially Expressed genes associated with specific signalling pathways.

Down-Regulated

Up-Regulated

Fold Change :
Micro- e Gene Name Hile Reference
RNA seq Symbol Pathway
array
Bone Morphogenetic Protein Signalling Pathway B
87.94 | 50.88 | Hfe2 | hemochromatosis type 2 HNegdie || (Basticeral., 2004)
regulator
3.25 Fgf8 | fibroblast growth factor8 T (Heymer and Ruther, 1999) |
4.36 49 | Grem2 | Gremlin2 B ~ Ant (Zunigaetal., 2011) |
2.44 Scx scleraxis T | (Blitzetal., 2009)
23 Egr2 early growth response 2 T | (Leclercetal., 2004) |
2.03 Bmp3 bone morphogenetic protein 3 I (Yamaji et al., 1994)
Hedgehog Signalling Pathway
14.55 4.59 Hhatl hedgehog acyltransferase-like hlogative - LAberelal, 200K)
regulator
3.35 Glis3 GLIS family zinc finger 3 TE (Kim et al., 2003)
2.70 Ptchdl | patched domain containing | R
2.27 Hhip hedgehog interacting protein Ant+ T (lgggimg BLBLEIEE i,
2.14 Ptchl patched 1 R+T | (Belluscietal,1997) |
Fibroblast Growth Factor Signalling Pathway
# Fgf4 | fibroblast growth factor 4 L
= Fgf6 | fibroblast growth factor 5 L
5.25 Fgf8 | fibroblast growth factor 8 I
5.10 Fgf5S | fibroblast growth factor 5 I:
4.54 3.23 Fgfrd4 | fibroblast growth factor receptor4 R
3.24 Spryl | sprouty homolog 1 Ant+T | (Gross et al., 2001)
3:22 Spry4 | sprouty homolog 4 Ant +T
2.75 Spry2 | sprouty homolog 2 Ant+ T | (Gross et al., 2001)
2:39 Fgf2 | fibroblast growth factor 2 L
2.134 2.48 Fgfl0 | fibroblast growth factor 10 L
Hippo Signalling Pathway
98.29 49.05 | Vgli2 vestigial like 2 homolog (Drosophila) Co-TF | (Johnson et al., 2011)
97.73 75.14 | Ankrdl | Ankyrin repeat domain |1 T (Dupont et al., 2011)
3.86 4.38 Tead4 TEA domain family member 4 Co-TF | (Chenetal., 2010a)
2.96 Fat4 Fat tumor suppressor homolog 4 R
243 Fat2 Fat tumor suppressor homolog 2 R {Hatel, 2012}
Notch Signalling pathway
5.64 Biles: | e BEl e ROk el R | (Eiraku et al., 2005)
receptor
3.16 2.21 DIl delta-like 1 (Drosophila) 15 (Shimizu et al., 2000)
2.69 Hes6 hairy and enhancer of split 6 i : !
2.54 Dtx4 deltex homolog 4 il \Fiorend Henriqus, 2005)
2.09 Jag2 jagged 2 R (Shimizu et al., 2000)
3.25 2.87 Nrgl neuregulin 1 i (Zhang et al., 2012)
2.36 2.09 | Foxc2 | forkhead box C2 li‘;f:i:f:: (Kume et al., 2001)
227 2.29 Cntnl contactin | PL, (Bizzoca et al., 2012)

# No numerical value for fold change as no transcripts detected in the Mutant
T -Target, L -Ligand, L-act- Ligand activator, R -Receptor, Ant -Antagonist, Co-TF- -Co-Transcription Factor, PL —Potential Ligand
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Table 4:3: Differentially expressed Wnt signalling pathway genes

Down-Regulated

Up-Regulated

e Chanl\gl? Gone Gene Name Rolein | peference
RNA seq 11 1 Symbol Pathway
-array
Wnhnt Signalling Pathway
41.05 | Fgf4 fibroblast growth factor 4 T (Kratochwil et al., 2002)
Snai3 snail homolog3 i |l PT (ten Berge et al., 2008)
32.06 | Cacngl calcium chanqel, voltage-dependent, T (Wisniewska et al., 2010)
| % | gamma subunit | T
. paired-like homeodomain o
18.77 | Pitx3 S PT (Kioussi et al., 2002)
transcription factor 3 R
17.22 | Kremen2 krmg!e SOAINE tansmEmt e Co-Ant | (Mao etal., 2002)
protein2
Ccnb3 Cyclin B3 P (Shtutman et al., 1999)
7.05 | Rxrg retinoid X receptor gamma PT (McGrew et al., 1999)
520 | Islr2 1mmu.n9globu11!1 superfamlly PT (Tice et al., 2002)
containing leucine-rich repeat 2
Pitx2 palred-.llk.e BT e i (Kioussi et al., 2002)
transcription factor 2
Fzd10 frizzled homolog 10 R (Kawakami et al., 2000)
221 | DIl Delta-like 1 T (Hofmann et al., 2004)
Prg4 Lubricin T (Koyama et al.. 2008)
2.57 | Lrml leucine rich repeat protein 1, neuronal T (Hasenpusch-Theil et al., 2012)
Salll sal-like 1 PT (Bohm et al., 2006)
Tnik TRAF2 and NCK interacting kinase TF-act | (Mahmoudi et al., 2009)
Tcfl15 transcription factor 15 T
Met met proto-oncogene T (Boon et al., 2002)
228 | Cd44 CD44 antigen T (Wielenga et al., 1999)
Jag2 Jagged2 RIIT (Estrach et al., 2006)
491 | Grem2 Gremlin i (Im et al.. 2007)
Wnt2 wingless-related MMTYV integration site 2 L
Wnt2b wingless-related MMTYV integration site2b L
Wntl6 wingless-related MMTV integration sitel6 | L
2.90 Kend2 i VOItag.e-gated channel, T (Hasenpusch-Theil et al., 2012)
shal-related family, member 2
Cldnl claudin-1 T (Miwa et al., 2001)
. (Hasenpusch-Theil et al.. 2012: Li
Dkk2 Dickkopf Ant et al., 2005)
(Abed et al., 2011; Hasenpusch-
3.08 | Rspo2 R-spondin 2 L/ T | Theiletal,2012: Nametal.,
2007)
Epha4 Eph receptor A4 il (Hasenpusch-Theil et al., 2012)
ElavIl2 E.L.AV (embryor."c ]e.thal’ abnommal i (Hasenpusch-Theil et al., 2012)
vision, Drosophila)-like 2
Cpz Carboxypeptidase Z Co-act | (Wangetal.. 2009)
2.62 | Sfip2 secreted Frizzled related protein 2 Ant/ T | (Lescher et al., 1998)
Wnt4 wingless-related MMTV integration site 4 | L
. (Hasenpusch-Theil et al., 2012;
Rspo3 R-spondin 3 L/T Nam et al.. 2006)
241 | E330013P04Rik g;llfeEN PR BERARISH T | (Hasenpusch-Theil etal, 2012)

# No numerical value for fold change as no transcripts detected in the Mutant
T -Target. PT -Potential Target, R -Receptor. TF-act -Transcription factor activator. L -Ligand, Ant -Antagonist, Co-act -Co-activator
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4.3.2 Expression analysis of signalling pathway component genes and proteins on
tissue sections

Expression of each selected DE gene was analysed in normal control forelimb tissue at TS23

to establish if the ISH method can detect a localised gene expression pattern and if so, to

establish the normal pattern, prior to analysis of muscle-less tissue. Gene expression databases

were also used to search for detection of gene expression in the relevant tissues and stages.

Genes were selected for analysis based on a number of criteria:

1. They show differential expression in the transcriptome screen and are associated with a
developmentally important cell signalling pathway (Table 4:2 and Table 4:3); the BMP
pathway (section 4.3.2.1, Figure 4.1, Figure 4.2), the HH signalling pathway (section 4.3.2.2,

Figure 4.3) and the Wnt signalling pathway (section 4.3.2.3, Figure 4.5, Figure 4.6).

2. They were not found to be significantly differentially expressed by at least 2 fold, but they
are key mediators of the pathway under analysis. This was undertaken since it is possible that
the spatial pattern of expression might be altered in an informative way without the
quantitative level being altered significantly, at least above the cut off criteria. This group also
includes protein markers of pathway activity such as activated transcription factors or known

pathway modulators.

3. Other selected genes that were identified to be differentially expressed and are known to be
involved in bone or joint development but are not associated directly with specific signalling

pathways (section 4.3.2.4).

Some of the genes were discontinued following the first level of analysis because a clear
spatial pattern of expression was not revealed by ISH. This may be due to the expression level
of the individual transcripts (reflected in the read count values from RNA seq analysis) being

below the level of detection by ISH, or detection revealed expression only in the adjacent
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muscle. These were not followed up in the muscle-less mutant and results are only shown in
the Appendix Figure B.1: . The regions of most interest for detection include territories
associated with ossification, termed the ossification site (OS), including the hypertrophic zone
(HZ) or pre-hypertrophic zone (preHZ) and the adjacent perichondrium (PC)/ bone collar, in
the mid-diaphysis of the humerus; the shoulder joint (SJ) encompassing the territory between
the humerus and the scapula, and the elbow joint (EJ) defined by the territories between the

humerus and the ulna and radius.

4.3.2.1 BMP signalling pathway

Six DE genes are known to be associated with the BMP signalling pathway (Table 4:2 and
Schematic Figure 4.11). These include a gene encoding a BMP ligand (Bmp3 2.03; fold up)
which, although encoding a ligand of the pathway, is implicated in repressesing osteogenic
BMPs such as Bmp2, possibly through stimulating the TGFB pathway (Bahamonde and
Lyons, 2001). One known BMP antagonist Grem2 (4.26 fold. up). which has previously been
shown to block BMP activity in the patterning of the facial skeleton (Zuniga et al., 2011).
Two known direct targets genes of BMP signalling are down-regulated (Egr2; 2.17 fold and
Fgf8; 5.25 fold). The Scx transcription factor is not known to respond to BMP signalling but
is positively regulated by TGFB signalling (Maeda et al., 2011) and is reported to up-regulate
expression of BMP4 (Blitz et al., 2009). The gene is down-regulated 2.4 fold in this study.
Hfe2 is implicated more tangentially in the BMP pathway as it encodes a co-receptor of

transferrin and has been shown to block BMP signalling (Babitt et al., 2006)

Nine genes associated with the BMP pathway were analysed in order to identify any
alterations in spatial expression patterns in muscle-less tissue (Table 4:4, Figure 4.1). Of the 5
genes identified as differentially expressed by RNAseq, only Scx was analysed in muscle-less
limbs by ISH. This was either because the expression level was too low (Fgf8, Egr2) or a

probe was not available (Bmp3, Hfe2). However regionalised expression in the developing
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skeletal rudiment, gleaned from the MGI database is noted in Table 4:4. Additional BMP

ligand, antagonist and target genes known to be important in skeletal development were

assayed; Bmp2 ligand, Noggin antagonist, Runx2 and Prrx1 target genes (Table 4:4). Crabpl,

Grem?2, Lrrnl and Bmp4 were analysed but were not detected in the regions of interest, so

were not followed up in the muscle-less mutant (Appendix Figure B.2).

Table 4:4: The BMP pathway components that were analysed by ISH

Bone Morphogenetic Protein Signalling Pathway

DE Hole in Read Spatial Expression
G ti
g L Pathway o Control Muscle-less mutant
Control
Ossification site
Bmp2 | 0.8 | Ligand 530 reads | HZ and PC (Figure 4.1a) reduced HZ
Ligand- but
negatively PC and hypertrophic
Bmp3 regulates 385 reads | chondrocytes (Minina et al., NA
osteogenic 2005)
BMPs
Egr2 Target gene 102 reads | Weak in HZ (Levi et al., 1996) | NA
Weak in Proliferating
chondrocytes & hypertrophic
Fef8 argHr poat AR chondrocytes (Minina et al., NA
2005)
Nog 0.95 | Antagonist 513 reads | preHZ (Figure 4.1g) Reduced inpreHZ |
Target and co- .
Runx2 | 1.8 | transcription e PC and preHZ (Figure 4.1k) Beduceq [ aylns Ruin
f reads intense in PC
actor
. 5621 No localised expression Up-regulated in the outer PC
rhdas Byl hatigat reads detected (Figure 4.11)
Joint
Bmp2 | 0.8 | Ligand 530 reads | Joint line (Figure 4.1c, e) Absent joint line, reduced HZ
Nog 0.95 | Antagonist 513 reads | Joint line and periarticular Not restricted in joint line
Upstream Tendons. PC, condyles s b
Sex 971 reads . No apparent change
regulator (Figure 4.1m-p)
elsewhere
Reduced in EJ, SJ & some
Gdf5 1 Ligand 727 reads | Joint line carpal joints but digits
normal
. 4871 Flanking anterior and Down ot L buF naril
Emid2 | 1.16 | Target ; iy e 17 in anterior and posterior of
reads posterior to joint. Joint line joint
Other
Highly expressed in muscle
Hfe2 i e (Schmidtmer and Engelkamp, | NA
regulator reads

2004)

NA: not applicable, PC; perichondrium, HZ: hypertrophic zone, preHZ; pre-hypertrophic zone, EJ; elbow joint, SJ; shoulder joint
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Detection of Bmp2 was noted in the control perichondrium and HZ of the humerus (Figure
4.1a) with a reduction shown in both territories in the mutant (Figure 4.1b). Expression of
Bmp?2 was also detected in the joint line of the EJ (Figure 4.1¢) and in the peripheral cells at
the anterior and posterior margins of the SJ (Figure 4.1e), this expression was altered (Figure
4.1d) or absent (Figure 4.1f), as indicated by the white arrows for the comparable regions in
the muscle-less mutants. Analysis of the transcript expression of the pathway antagonist
Noggin revealed more widespread expression in the EJ territory in the mutant (Figure 4.1j)
with continuous expression across the joint line, compared to the distinct restriction of
expression shown in the proliferating chondrocytes/ the periarticular region at the distal end of
the humerus and the distal end of the ulna (Figure 4.11). Expression of noggin transcript was
also detected in the pre-hypertrophic cells that are spreading in the mid-diaphyseal region of
the humerus (Figure 4.1g). this pattern was absent in the mutant; rather low levels of
expression were detected in the midline of the humerus (Figure 4.1h), consistent with delayed
ossification. While the extent of the domain of expression of the target gene Runx2 in the
perichondrium and the HZ of the mutant (Figure 4.11) was reduced, consistent with a reduced
ossification site, expression within the perichondrium was elevated.

Expression of the potential upstream activator Scleraxis (Scx) was detected broadly in the
perichondrium of the condyles, in the ligaments and tendons (Figure 4.1m-p) and while no
change was seen in the perichondrium at the EJ or the SJ, no tendon expression was visible
(Figure 4.1m-p). This is not surprising since tendons do not form in the muscle-less embryos.
The expression of the potential target gene Prrx/ (paired related homeobox 1) was not
detected in a localised pattern in the control rudiment but an increased line of expression at
the outer edge of the perichondrium surrounding the humerus was revealed in the mutant
(Figure 4.1r). The expression of the ligand encoding gene Gdf3 in the joint line was absent in
the muscle-less elbow (Figure 4.1t) and shoulder joints (Figure 4.1v), and reduced in carpal

joints but normal in digit joints (data not shown). The expression of the target gene Emid2
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was reduced in the joint line in both the elbow joint (Figure 4.1x) but the anterior and
posterior expression flanking both EJ and SJ remained. These findings are summarised and
integrated with relevant data from RNAseq (Chapter 3) and expression data from the MGI
database (Table 4:4; Figure 4.11).

An assimilation of the gene expression findings (Figure 4.11 schematic A&B) suggests that
BMP pathway signalling is reduced in the joint line and in the ossification site, although
perhaps elevated in the perichondrium. To test this model, protein localisation of two key
components of the pathway were analysed to reveal pathway activity in the muscle-less
mutant (Figure 4.2). Analysis of the antagonist Noggin at the protein level revealed a similar
pattern to transcript detection. Within the humero-ulnar (Figure 4.2a-d) and humero-radial
(Figure 4.2e-h) joints noggin protein was more widely localised through the terminal ends of
the humerus (Figure 4.2¢, g), ulna (Figure 4.2¢) and radius (Figure 4.2g) and across the joint
line in the muscle-less mutant, indicating a more widespread territory of antagonism of the
BMP pathway in these cells close to the joint. In control humeri, Noggin was detected within
the hypertrophic zone (Figure 4.2i) but detected outside this region extending into the
prehypertrophic zone in the mutant (Figure 4.2k). However detection of Noggin in the control
perichondium was apparently unaltered in the mutant. An overall expansion of the noggin

expression domain in the cells of the rudiment was seen in the muscle-less mutant (Figure

4.2k).
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Figure 4.1: BMP cell signalling pathway genes, showing altered expression patterns in the ossification site (a-b, g-h, k-1, q-r) and the elbow (¢-d, i-j,

m-n, s-t, w-x) and shoulder joints (e-f, 0-p, u-v-, y-z) of TS23 control (a, c, e, g, i, k, m, o, q, s, u, w, y) and muscle-less mutant forelimbs (b, d, f, h, j,
I, n, p, 1, t, v, X, z). White arrows indicate regions described in the text. All scale bars are 100um.
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Antibody detection of the downstream effectors of canonical BMP signalling, the
phosphorylated versions of SMAD proteins 1, 5 and 8, referred to as pPSMAD1/5/8 protein, is
a standard means of assessing BMP pathway activation. pSMAD1/5/8 was detected in the
proliferating chondrocytes at the distal end of the humerus and the proximal end of the ulna
(Figure 4.2m-p) and in the hypertrophic zone (Figure 4.2q, r) of control and muscle-less
mutant tissue. An increase in the extentof pPSMAD1/5/8 positive cells in the terminal end of
the ulna in the mutant (Figure 4.2p) can be seen compared to control (Figure 4.2n), while a
similar distribution of positive cells in the humerus was shown. pSMAD1/5/8 was detected in
cells throughout the ossification site and in the perichondium at the mid-diaphysis in the
control (Figure 4.2q), there was a reduction in the number of positive cells in the mid-
diaphysis in the mutant, yet there was still a level of detection in the cells that have not yet

undergone hypertrophy, and dramatic reduction in the extent in the perichondium (Figure

4.2r).
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Figure 4.2: Immunolocalisation of BMP signalling components Noggin (a-lI) and

pSMAD1/5/8 (m-r) in TS23 control (a-b, e-f, i-j, m-n, q) and TS23 mutant forelimb tissue

(c-d, k-1, o-p, r). Detection was compared in the humero-ulnar joint (a-d, m-p), the humero-

radial joint (e-h) and the humerus hypertrophic zone (i-l, g-r). White dotted lines indicate the

distal end of the humerus and white arrows indicate regions described in the text. All scale
bars are 100um.
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4.3.2.2 Hedgehog signalling pathway

Five components of the Hedgehog signalling pathway (GO:0007224 smoothened signalling
pathway) were identified as differentially expressed. Hhat!/ (Hedgehog acetyltransferase like;
14.55 fold down) is a poorly studied gene related to Hhat which influences the pathway by
post-translationally activating the ligand. However, a study suggests that the Hhatl gene
product negatively regulates Hedgehog activity (Abe et al., 2008). One transcription factor
that is closely related to the Gli Kruppel-like zine finger proteins that act downstream in Hh
signalling, Glis3 (GLIS zinc finger protein 3; 3.25 fold up), which has previously been
reported to be expressed in the developing limb, specifically in the inter-digital region and to
cross-talk with Hh-Gli activation (Kim et al., 2003). The three remaining genes are targets or
potential targets of the pathway but also encodes pathway components Hhip (2.3 fold up)
encodes an antagonist of Hedgehog signalling (Chuang and McMahon, 1999). Ptchl (2 fold
up) product also acts as a receptor and a feedback negative regulator, Prchdl 2.7 fold up is
related to Ptchl and 2 and appears to also act as a receptor (Noor et al., 2010). No other DE
genes have known association with the Hedgehog pathway.

Three components of the hedgehog signalling pathway were analysed by ISH; Hhip, Hhatl,
both shown to be differentially expressed by RNAseq (Table 4:2) and /hh. Although /hh did
not show differential expression by RNAseq, its expression was previously shown to be
disturbed in immobilised chick embryos (Nowlan et al., 2008b). Similarly, analysis of /A4 in
the muscle-less mutant reveals that expression detected in the control in two bands of pre-
hypertrophic/ hypertrophic chondrocytes is reduced to a single band in the mutant (Figure 4.3
f, h). Hhip is a target of the pathway and also encodes an antagonist (Chuang and McMahon,
1999). Expression in control tissue was detected in muscle, perichondrium and extensively
throughout the humerus, elevated in the pre-hypertrophic chondrocytes (Figure 4.3 a, ¢), with
expression more extensive in the mutant in the cells in the mid-diaphysis of the humerus

(Figure 4.3 d). Hhatl expression was not detectable by ISH in control limbs (Appendix Figure
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B.2 (B)) so was not further analysed. This is not surprising since the transcriptome read count
was 84.13 in the control humerus and 5.78 in the mutant. Overall the hedgehog pathway
appears to be activated in the mutant limb compared to control; however the 3 target genes up

regulated each encode negative regulators of the pathway.
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Figure 4.3: Analysis of the Hedgehog signalling pathway components Hhip and /hh in the
TS23 control (a, ¢, e, g) and TS23 muscle-less humeri (b, d, f, h). White arrows indicate
regions described in the text. All scale bars are 100um.

4.3.2.3 Wnt Signalling pathway

By far the most strongly impacted cell communication pathway is Wnt signalling with 34 DE
genes encoding signalling molecules, receptors, pathway antagonists, known targets or
potential targets of the pathway (Figure 4.4, Table 4:3). From the diagrammatic representation
of pathway components shown in Figure 4.4, it is apparent that the encoded products of DE
genes act either at the cell surface in Wnt signal generation/ modulation/ interpretation or are
targets of the pathway. The genes listed in Table 4:3 include known targets of the pathway
and seven potential target genes (not verified), included here due to their similarity to known
targets; for example Salllis included because the orthologous gene Sall4 is a known direct
target of the pathway (Bohm et al., 2006). Thus Sa//!l is proposed to be a potential target; its
orthologue is expressed in the mouse limb and Sall genes function in a co-operative manner in

organogenesis (Kawakami et al., 2009), so are potentially regulated in a similar manner. In
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general, genes encoding cell surface components of the pathway are up-regulated, including
signalling ligands and agonists (Wnt2, Wnt2b, Wnt4, Wntl6, Rspo2 and Rspo3), and
extracellular antagonists (Dkk2, Sfrp2), while down-regulated genes identified are more
commonly targets of the pathway (e.g. Fgf4, Cacngl, Pitx2, DIlI, Prg4, Lrrnl, Met, and
Cd44). Interestingly nine known Wnt target genes are up-regulated, including Dkk2, Rspo2.
Rspo3, Cldnl, Grem2, Kcndl, Epha4 and Sfrp2, but all encode membrane associated proteins,

some of which regulate the Wnt pathway (Dkk2, Sfrp2, Rspo2, Rspo3).
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Figure 4.4: Visual representation of Wnt signalling pathway components, showing altered
expression in developing muscle-less humeri. Blue circles indicate down-regulated genes red
are up-regulated genes (Fold change 22, p<0.05. genes and details listed in Table 4:3).

As the Wnt pathway was revealed to be the most affected, more genes in this category were

analysed for spatial expression patterns. Of the 34 DE genes associated with the Wnt
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pathway, 16 were selected for ISH analysis. Genes which showed a relatively high read count,
indicating a possibility of detecting expression on tissue sections, or were of particularly high
interest (e.g. ligand encoding) were prioritised. Table 4:5 details the Wnt pathway component
genes that were analysed; colours indicate regulation status from quantitative transcriptomic
analysis, with blue indicating down- and red up-regulation. Spatial expression analysis of

selected genes is shown in Figure 4.5 and Figure 4.6.

Table 4:5: The Wnt pathway components that were analysed by ISH. A lists the components
of the pathway and B lists targets and potential targets of the pathway that were screened

o= = (E Localised Expression
Gene 28|23 |22
=S |88 =5 Joint Ossification Site
2| 3| S8
OV «© Q =
& 5 | s Control Mutant Control Mutant
(A) Components of Wnt signalling pathway
Extensive in
26 Undetectable Undetectable preHZ and Undetectable
growth plate
Future joint site: inarease gt
59 Hud diuiJl " | future joint ' Undetectable Undetectable
= | site:2™ digit
167 | Undetectable Undetectable
Ventral surface .Up.-r_egua.llted preHZ two Reduce.d
274 fEJ and SJ in joint line of A Tond separation but
0 = EJ and SJ i et level normal
L(?w !evel - Up-regulated
joint interzone L
6041 p in joint and
and periphery of periphery
joint
184 Undetectable e
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(B) Targets/ Potential Targets of the Wnt signalling pathway
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Figure 4.5 presents expression and expression alterations in the joint region. This shows most
strikingly that the Wnt ligand encoding gene Wnt4 is dramatically up-regulated in a wide
domain spanning the entire joint region (Figure 4.5 g-1). In the wild type, Wnt4 is only
detectable at the peripheral edges of the joint. Wnt16 is up-regulated at the site of future digit
joints (Figure 4.5ag-ah) but is not clearly detected in mutant or control proximal joints; it is
possible that the level of expression at proximal joints is below detection by this method. The
Sfrp2 gene which encodes a Wnt signalling pathway modulator (can bind Wnt extra-
cellularly) is also up-regulated in the joint interzone and the periphery, particularly on the
ventral side (Figure 4.5 n, p, r). Higher levels of expression were detected in the more distal
joints including the carpal region (Figure 4.5 u) and the digit joints (Figure 4.5 w), with no
distinct difference in mutant joints (Figure 4.5 v, x respectively). The receptor-encoding
Fzdl0 is normally expressed widely, at a low level throughout the rudiment termini with
reduced expression within the joint (Figure 4.5 s). This expression is entirely undetectable in
the mutant. Cd44 encodes membrane bound protein that acts as a receptor for hyaluronan,
required during cavitation (reviewed in Archer et al., 2003; Pitsillides and Ashhurst, 2008),
and is a target gene of Wnt signalling (Wielenga et al., 1999). Cd44 expression is entirely lost
in the humero-ulnar (Figure 4.5 z), the humero-radial (Figure 4.5 ab), and the shoulder joint
(Figure 4.5 ad) compared to clear joint line restricted expression in controls (Figure 4.5 y, aa,
ac). Another Wnt target gene is DIlI, encoding a Notch signalling receptor. DII1 is widely
expressed with particularly elevated expression in a wide peri-articular band within the
humerus in controls (Figure 4.5 ae). In the mutant, expression is down-regulated throughout
the rudiment termini and the peri-articular band is not distinct (Figure 4.5 af). The joint line is

clearly reduced.
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Figure 4.5: Spatial analysis of Wnt signalling genes in the developing joints. Joints shown
include the humero-ulnar joint (a-b, g-h, m-n, s-t, y-z, ae-af), the humero-radial joint (¢-d, i-
j» 0-p, aa-ab), the shoulder joint (e-f, k-I, g-r, ac-ad), the carpal joint (u-v) and the digit
joints (w-x, ag-ah). Expression of gene Col2al is shown (a-f) to demonstrate the phenotypic
differences seen in the muscle-less joints. Expression of signalling ligands Wnt4 (g-1), Wnt16
(ag-ah), the antagonist Sfrp2 (m-r, u-x), the receptor FzdI0 (s-t), a target gene Cd+44 (y-ad),
and a potential target gene DI/] (ae-af) are shown. White arrows indicate regions described in
the text. All scale bars are 100um.

Some Wnt pathway component genes were also found to be expressed through the humerus
including the ossification zones under development, and showed altered patterns in the mutant
(Figure 4.6). Col2al, Sppl and Coll(Oal demonstrate the altered ossification phenotype in the
muscle-less mutant, as shown by absent separation of Co/2al (Figure 4.6 b, d), an absence of

Sppl expression in the HZ (Figure 4.6 f, h) and a reduction in Coll0al expression in the
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ossification site (Figure 4.6 j, 1) compared to normal control expression. Fzd10 is expressed at
a low level through most of the rudiment with elevated expression in the pre-hypertrophic
chondrocytes and growth plates, and reduced expression in the hypertrophic zone, in the
control (Figure 4.6 m). In the mutant there is a clear reduction of expression throughout and
there is no longer a distinction between the hypertrophic and pre-hypertrophic chondrocytes
(Figure 4.6 n). In addition to expression in the joint, Wnt4 is expressed at the boundary
between hypertrophic and pre-hypertrophic chondrocytes in two stripes (Figure 4.6 o, q). This
pattern and intensity is unaltered in the mutant, except that the stripes are now closer together,
consistent with reduced ossification (Figure 4.6 p, r). The expression of the target gene DII] is
dramatically down-regulated in the chondrocytes throughout the rudiment (Figure 4.6 t). In
the control, there is elevated expression in the hypertrophic chondrocytes and this is reduced
in the mutant (Figure 4.6 t, v).

The gene encoding a receptor of FGF signalling Fgfr4 is a target of Wnt signalling and as
such a particularly interesting gene to examine. However, while it showed high levels of
expression in muscle in the control, there was no detectable expression in the rudiment and
joint (Figure 4.6x). Several other genes were analysed but either showed no detectable
expression by ISH (Wnt2, Wnt2b, Wntl16, Rspo2, Rspo3, Lrrnl, Rxrg, Pitx2) or no discernible

alteration in the mutant (Appendix Figure B.2 (C)).

126



TS23 Control TS23 Mutant TS23 Control TS23 Mutant

Wnt4 Fzd10 Col10a1 Spp1

DIl

Fgfr4

e WP Bl

Figure 4.6: Spatial analysis of Wnt signalling genes in the Ossification site. Expression is
shown in the whole humerus (a-b, e-f, i-j, m-p, s-t, w-x) and associated ossification sites (c-
d, g-h, k-1, g-r, u-v). Expression of Co/2al (a-d), SppI (e-h) and Coli0al (i-1) are shown to
demonstrate the phenotypic reduction in the muscle-less ossification site. Expression of the
receptor Fzdl( (m-n), signalling ligand Wnt4 (o-r), and target genes DI/] (s-v) and Fgfr4 (w-
x) are shown. White arrows indicate regions described in the text. A; anterior, P; posterior, d;
distal, p; proximal. All scale bars are 100pm.
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4.3.2.4 Other Signalling pathways identified as differentially expressed.

Ten components of the fibroblast growth factor signalling pathway (GO:0008543) were
identified to be differentially expressed; 6 ligand-encoding genes (Fgf4, Fgf6, Fgfs, Fgf5,
Fgf2 and Fgf10), one FGF receptor gene (Fgfr4) and 3 potential antagonists of the pathway
(Spryl, Spry4 and Spry?2) as differentially expressed. Eight of the identified genes were down-
regulated and two were up-regulated (Fgf2, Fgf10). Spatial expression of four members (Fgf8,
Fgfl0, Fgfr4 and Spryl) of this pathway were tested. In conjunction with the previously
reported expression in the developing muscle for the signalling ligand Fgfr4 (Figure 4.6),
similar expression patterns were seen for Fgf8 and Spryl, (Appendix Figure B.2 (D)) and
detection of Fgf10 was only found in the distal regions of the digits (Appendix Figure B.2).

No further analysis was done on the FGF pathway for these reasons.

Five genes associated with the Hippo signalling pathway were identified to be differentially
expressed; two transcription factors that were down-regulated (Vgl/l2, Tead4), two cadherins
that act as receptors for the pathway that were up-regulated (Fat2, Fat4) and one target gene
of YAP/TAZ activity Ankrdl(Table 4:2). Components involved in the hippo pathway have
been shown to respond to the mechanical environment through YAP/TAZ activity responding
to ECM stiffness (Dupont et al., 2011). Genes annotated to be involved in the Notch
signalling pathway (GO:0007219) were also identified to be DE, these included 6 signalling
molecules (Dner, DIlI, Dix4, Jag2, Nrgl and Cntnl) and 2 transcription factors (Heso,
Foxc2), of these 5 were down-regulated (Dner, DIl1, Hes6, Dix4 and Jag2) and 3 were up-

regulated (Nrgl, Foxc2, Cntnl).
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4.3.3 Distinguishing expression in the joint region and ossification site: exploring the
use of Laser Capture Microdissection (LCM)

While ISH is a valuable technique for revealing localised expression in specific cells and
spatial domains, it is limited to relatively highly expressed genes and is time consuming and
expensive. It was uninformative for a number of the genes analysed in the preceding section.
To uncover if genes are specifically expressed in the joint or the ossification site, and if they
are specifically differentially regulated in muscle-less mutants in one site or the other, an
alternative approach would be to micro-dissect the territories from control and muscle-less
limbs. To this end I used LCM followed by quantitative analysis of extracted mRNA. If
successful, this method would allow a high-throughput screen of the DE genes in distinct
territories. To test this, distinct territories in the TS23 control humerus, including the elbow
joint (EJ), the pre-hypertrophic zone (pre-hz) and the hypertrophic zone (HZ) were dissected
using LCM and RNA extracted.(Figure 4.7a). Relative expression analysis for each sub-
region was performed (n=1) in triplicate, expression of each gene in each sample was
normalised to the endogenous control gene Gapdh and compared to expression in the elbow

joint (Figure 4.7c¢).
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Figure 4.7: Laser-capture micro-dissection of the normal expression of mechanically
regulated genes in distinct territories of the developing humerus. (a) A schematic of the
micro-dissection approach, (b) three images depicting the stages of the approach for micro-
dissection of the HZ, pre-LCM, post-LCM and the sections transferred onto the cap. (¢)
Histograms representing the expression of Wnt4, DIl1, Sfrp2, Rxrg, Fgf10 and Sox5 across the
sub-dissected territories, relative to expression in the elbow joint. EJ (Elbow Joint), pre-hz
(pre-hypertrophic zone), HZ (hypertrophic zone). Black bar (EJ), Dark grey (pre-hz), light
grey (HZ). n=1 for each territory.
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Expression of Wnt4 in the control humerus showed 7.5 fold higher expression in the pre-hz
and lower expression level in the HZ (2.5 fold) relative to the elbow joint, this is in agreement
with the spatial expression analysis shown in Figure 4.7. A similar pattern of expression was
seen for the Wnt target gene DII] in the pre-hz relative to the EJ, but with a distinctly greater

expression of 68.6 fold. An increase in expression of 6.4 fold was observed in the HZ
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compared to the EJ (Figure 4.7c) for DIll, again, entirely consistent with the in situ
hybridisation findings (Figure 4.6c). Analysis of Sfrp2 showed a slightly higher transcript
expression in the pre-hz (1.9 fold) relative to the EJ, however a distinct reduction was
observed in the HZ (105 fold) relative to the EJ. While this is not obviously consistent with
the in situ data where expression is detectable only in the joint at this stage, it could be
explained by more cells expressing less per cell in the PHZ. Similar expression levels were
observed in all three regions for the Wnt potential target gene Rxrg, Retinoid X receptor
gamma. An increase in expression was detected in the pre-hz relative to the EJ for the FGF
signalling ligand Fgf10, and no difference was observed in the HZ relative to the EJ. All of
these genes thus potentially have roles within the rudiment, either within the pre-hz or the HZ

to regulate differentiation.

One of the genes analysed, Sox35, SRY-box 5, showed a reduction in the expression levels in
the cells of the rudiment, pre-hz (2.6 fold) and HZ (20.8 fold) comparative to EJ expression,
this is one of the master chondrogenic transcription factors that have previously been
implicated in joint morphogenesis (Dy et al., 2010). Visualisation of these spatial differences
in Sox5 expression levels are demonstrated in Figure 4.9, with a higher level of detection
found in the elbow joints (Figure 4.9¢, ), and also in the shoulder and carpal joints (Figure
4.9¢ and i, k, respectively) compared to the pre-hypertrophic and the hypertrophic zones of
the control humerus (Figure 4.9a, indicated by white arrows for HZ, EJ and SJ, and brackets

for pre-hz).

4.3.4 Differential expression in muscle-less humeri assayed by LCM

Using LCM technology it was possible to compare expression of individual genes in the sub-
dissected territories, comparing control and muscle-less tissue (Figure 4.8). The three distinct
regions described in Figure 4.7 were compared, the Elbow joint (Figure 4.8a) (n=1 biological

replicate), the pre-hypertrophic zone (Figure 4.8c) (n=1 biological replicate) and the
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hypertrophic zone (Figure 4.8b) (n=2 biological replicates). The LCM q-PCR approach
showed a down-regulation of Spp/ in the elbow joint and a 3 fold (p<0.05, paired t-test)
down-regulation in the hypertrophic zone, consistent with RNA-seq and ISH findings, with no
reduction in the pre-hypertrophic site (Figure 4.8 a-c). Sox5 was shown to be up-regulated in
all zones (Figure 4.8 d-f), but is more highly expressed in the elbow joint (Figure 4.7), this
was corroborated by in situ hybridisation findings, showing a higher level of expression in all
territories of the muscle-less mutant (Figure 4.9). Up-regulation in the humero-radial and
humero-ulnar joints (Figure 4.9d and f), the shoulder joint (Figure 4.9h) and the carpal and
digit joints (Figure 4.9j and 1) were observed in comparison to control expression. Expression
in the muscle-less joints illustrate an extension to a wider domain across the joint, in
comparison to restricted joint line expression in the control (Figure 4.9, comparing regions
indicated by white arrows in c-d, e-f and g-h). An up-regulation of Wnt4 was observed in both
the EJ (1.7 fold) and the HZ (2.7fold) (g-h), while an up-regulation of Sfrp2 (6.7 fold) was
observed only in the elbow joint and no quantitative difference observed in the muscle-less
HZ compared to control (Figure 4.8 i-j). Consistent with RNA-seq levels, the potential Wnt
target genes Rxrg (9.6 fold) and DI/]1 (2.1 fold) were down-regulated, specifically in the
Elbow joint and Hypertrophic zone respectively, consistent to what was observed previously

for DIl1 (Figure 4.8 k & |, Figure 4.6 s-v).
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Figure 4.8: Quantitative analysis of differentially expressed genes from Laser-capture Micro-
dissection of distinct territories of the developing TS23 control and mutant humerus. The
territories analysed include the Elbow Joint (EJ) (a, d, g. i. k) (n=1), the Hypertrophic zone
(HZ) (b, e, h, j, 1) (n=2) and the pre-hypertrophic zone (preHZ) (¢, f) (n=1). Relative
expression is shown for Spp/ (a-c¢), Sox5 (d-f), Wnt4 (g-h), Sfrp2 (i-j), Rxrg (k) and DI/ (1).
Error bars show Standard deviation. Grey bar is control, Black bar is mutant.
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Figure 4.9: Spatial analysis of SoxJ in the control (a, ¢, e, g, i, k) and muscle-less (b, d, f, h, j,
1) TS23 humerus and associated joints. Expression is shown in the whole humerus (a-b),
humero-radial joint (¢-d), humero-ulnar joint (e-f), shoulder joint (g-h), carpal joints (i-j) and
in the hand-plate (k-1). White arrows indicate regions described in the text. hz; hypertrophic
zone, pre-hz; pre-hypertrophic zone. All scale bars are 100um
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4.4 Discussion

Establishing precisely which pathways are disturbed and to what extent, potentially helps to
reveal the mechanistic basis of mechanical control of skeletal development. Focusing to begin
with on the three pathways that were disturbed, BMP, Hedgehog and Wnt signalling; pathway
analysis was used to determine the level of disturbance of each of these pathways in order to
reveal which precise cell populations are altered in the mutant, helping to link these
components and pathways to the alterations in the biological processes that are occurring in

the developing skeletal system at this time in development.

This analysis has revealed that the pathways are disturbed during both ossification and joint
development and has given insights into how the pathways are implicated. Proposed models
of pathway alterations for Hedgehog, BMP and Wnt signalling in the muscle-less mutant are
described. These pathways are known to co-ordinately regulate bone and joint development,

with Wnt and BMP signalling being shown to be most disturbed.

In addition, to explore the quantitative levels of differentially expressed genes in distinct
territories an alternative experimental approach was utilised that attempted to provide a high
through-put screen. A method to micro-dissect tissue territories called Laser capture micro-
dissection was used to harvest sub-populations of distinct cell types with a higher level of
sensitivity to distinguish control and mutant humeri expression. This corroborated previous

findings and indicated some new aspects but had some limitations, as discussed below.

4.4.1 Hedgehog pathway activation in muscle-less mutants

Integrating the observed alterations to Hedgehog signalling pathway genes in muscle-less
mutants suggests that the pathway is activated in the mutant limb compared to the control
with the up-regulation of several target genes (Figure 4.10), for example Hhip in the mid-
diaphysis (Figure 4.3). However since this and several of the target genes also encode

negative regulators of the pathway it also suggests that the pathway feeds back negatively.



Over-expression of Hhip results in severe skeletal detects, including shortened limbs with a
reduction in the zones of undifferentiated chondrocytes (Chuang and McMahon, 1999). The
identification of the Glis3 transcription factor also being up-regulated supports this model of
activation. Glis3 has previously been identified to be highly expressed in human osteoblasts
and shown to promote differentiation into an osteoblast lineage in synergy with Bmp2 (Beak
et al., 2007). As Bmp2 was shown to be down-regulated in the perichondrium and
hypertrophic chondrocytes (Figure 4.6), the up-regulation of Glis3 in the mutant might be
occurring as a feedback mechanism to the BMP pathway to promote hypertrophy that is
absent in the mutant. The down-regulation of the negative regulator of the pathway Hhatl,
further supports this model; however no expression data is available, to directly link a
particular region in the developing limb to its regulation. The genes Ptchl and Ptchdl encode
necessary co-receptors but are also targets of the pathway, and feedback negatively indicating
complex regulation; Prchl is expressed in the perichondrium and digit joints, and Ptchdl only
in the perichondium (Diez-Roux et al., 2011). Up-regulation of these genes also support the
suggestion of activation of the pathway including negative feedback in reduced mechanical

stimulation

Recent work using LCM technology identified both Hhip (hedgehog-interacting protein) and
Ptchl (patched homolog 1) to be expressed at higher levels in the outer cartilage layer of the
developing knee joint, on the surface of the rudiment, than the intermediate inner layer of the
interzone (Jenner et al., 2014). This identification suggests that HH signalling might also be
occurring within the joint region. This is in agreement with the expression of Glis3 (Kim et
al., 2003) and Hhip described in the digit joints (Chuang and McMahon, 1999) and the joint
phenotype in Thh mutants (St-Jacques et al., 1999) A major signalling ligand of the pathway,
Ihh, was previously shown to have altered expression following in ovo immobilisation

(Nowlan et al., 2008b), indicating the pathways potential role in mechanotransduction.
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Ptch1 2.1 fold (up)
Hhip 2.3 fold (up)
Ptchd1 2.7 fold (up)

Figure 4.10: Schematic of the Hedgehog pathway including components showing differential
expression in the muscle-less embryos, revealed by transcriptomic analysis. Red box indicates
up-regulation, blue box down-regulation and grey and yellow boxes pathway components.

4.4.2 Reduced BMP signalling in the Joint line and Ossification Site

Six BMP pathway components were identified to be DE. Following spatial screening of these
components in conjunction with data from the literature a model is proposed that suggests that
BMP signalling is reduced in the joint line and in the ossification site of muscle-less mutants
(Figure 4.11). Two BMP extracellular associated components were identified to be up-
regulated, Grem?2 an antagonist of the BMP pathway, and Bmp3 a pathway ligand but with a
previously reported negative effect on the pathway. The BMP antagonist Grem?2 has
previously been shown to block BMP activity during the patterning of the facial skeleton
(Zuniga et al., 2011). Bmp3, although a ligand does not have osteoinductive potential
(Bahamonde and Lyons, 2001; Daluiski et al., 2001) and is unable to activate receptor
regulated SMADS, with a net result to decrease BMP and/ or activin signalling (Gamer et al.,
2005). In the mammalian skeleton BMP3 has been shown to reduce BMP activity as mice
lacking BMP3 exhibit increase bone mass, and those over-expressing BMP3 in bone show

delayed endochondral ossification (Daluiski et al., 2001; Gamer et al., 2005).
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Bmp3 has been shown to be localised to the developing perichondrium in the developing
chick limb, with mis-expression reducing BMP signalling and enhancing chondrocyte
proliferation prior to hypertrophic differentiation thus widening skeletal elements and
producing joint fusions (Gamer et al., 2008). In parallel to the observed down-regulation of
Bmp?2 expression in the perichondrium and the hypertropic chondrocytes (Figure 4.6,
schematic Figure 4.11B) we propose that an up-regulation of Bmp3 is occurring at these sites
thus resulting in decreased overall SMAD mediated BMP signalling resulting in the down-
regulation of target genes Erg2 in the hypertrophic chondrocytes, Fgf8 in the hypertrophic
chondrocytes and proliferating chondrocytes. A down-regulation of BMP in the ossification
site agrees with the phenotypic disturbances seen in the mutant, displaying reduced
hypertrophic chondrocytes evident through down-regulation ot Co//0al and Sppl expression

(Figure 4.6) and an absent proximal distal separation of Col2al (Figure 4.6).

Alteration in the balance of BMP signalling is also evident in the muscle-less mutant joints, as
shown by a down-regulation of Bmp2 and Gdf5 and an up-regulation at both the transcript and
protein level of the antagonist Noggin (Figure 4.1 and Figure 4.2, illustrated in schematic in
Figure 4.11C). Increased activity of the pathway is however occurring at the proximal end of

the ulna in the mutant, potentially increasing a proliferating pool of chondrocytes.

Two BMP pathway components identified to be DE have previously been reported to be
differentially expressed following alterations of the mechanical environment. Application of
dynamic compression on primary chondrocytes in vitro resulted in an up-regulation of the
transcription factor Egr2, early growth response 2 (Bougault et al., 2012), in agreement with
the results of a down-regulation following removal of mechanical stimulation. The BMP
ligand Bmp3 was also shown to be differentially regulated in response to an alteration in the
mechanical environment with an up-regulation of gene expression in response to removal of

mechanical stimulation in a microgravity environment (Patel et al., 2007). A similar up-
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regulation was seen in a bone chamber study that applied loading to induce cartilage
formation; after 1 week of loading BMP3 was strongly expressed in the unloaded controls
compared to the loaded cartilage; implying that with loading the down-regulation of the

inhibiting BMP3 enables the induction of cartilage (Aspenberg et al., 2000).

D S
—]
~~

Target Genes

ActRIIB

Fgf8 5.25 fold (down)
Egr2 2.17 fold (down)
Prrx1 2.32 fold (up)

perichonerium (RGN (e 2

- Bmp2 Joint

“Noggin &
EEMEY) (ramy )
Pre-hypertrophic Hypertrophic
chondrocytes chondrocytes

Figure 4.11: Schematic of BMP pathway including components showing differential
expression in the muscle-less embryos, revealed by transcriptomic analysis, (A). Changes in
localised expression of BMP pathway components in the ossification site (B) and joint (C).
Red box indicates up-regulation, blue box down-regulation and grey boxes pathway
components.

Overall the BMP pathway appears to be suppressed in the mutant limb compared to control,
with down-regulation evident in the hypertrophic zone, resulting in a reduced hypertrophy,
and suppression in the joint, in parallel to the evident up-regulation of the antagonist noggin

repressing BMP signalling.
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4.4.3 Complex cross interactions of Wnt signalling in the Joint and Ossification Site

Thirty four components of the Wnt signalling pathway were identified to be altered in the
reduced mechanical environment (Figure 4.4). Canonical Wnt signalling has been reported to
be involved in the regulation of mesenchymal condensations (section 1.3.3.1), regulation of
chondrocyte hypertrophy (section 1.3.3.2) and maintenance of joint integrity (section 1.3.3.3),
and reported to be disturbed in the joints of muscle-less mouse embryos (Kahn et al., 2009).
This suggests that Wnt signalling may be a main mediator of mechanoregulation, contributing
to abnormal ossification and joints seen the muscle-less embryos. Previous indications that
the Wnt pathway is responsive to mechanical stimulation was reported in mesenchymal stem
cells (Haudenschild et al., 2009), in mature bone in vivo (Robling et al., 2008) and in

response to injury of articular cartilage (Dell'Accio et al., 2006).

The alteration of Wnt signalling occurs predominantly at two levels; extra-cellularly through
the alteration of Wnt ligands, agonists and antagonists, and at the nuclear level through the
down and up-regulation of pathway target genes (Figure 4.4, red circles show up-regulated
and blue down-regulated genes). Genes encoding four Wnt ligands are up-regulated in
muscle-less embryos and in the case of Wnt4 1 show specific up-regulation in the elbow and
shoulder joint region (Figure 4.5). The wnt antagonist Sfrp2 is also up-regulated, as
specifically shown in the elbow and shoulder joint regions (Figure 4.5). The identification of
positive and negative regulation of the pathway within the joint is suggestive of negative
feedback in this territory; as the pathway regulates itself to control cellular proliferation and

differentiation, depicted in the schematic in Figure 4.12.
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Target Genes

Cd44 2.18 fold (down)
DII1 2.16 fold (down)
Rxrg 12.3 fold (down)
Sall1 2.52 fold (down)
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Dkk2 2.44 fold (up)
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Figure 4.12: Schematic of Wnt pathway regulation in the developing joints, including
components showing differential expression in the muscle-less embryos, revealed by
transcriptomic analysis. Red box indicates up-regulation, blue box down-regulation and grey
boxes pathway components.

The upregulation of Wnt4 and Wntl6 in the joint would suggest activation of the pathway:
however this simplistic proposal is not consistent with the status of regulation of many of the
target genes, thus suggestive of multiple levels of regulation of the pathway being affected.
The majority of the Wnt target genes are down-regulated (Figure 4.4), this perhaps is due to
increase expression of the negative regulators Sfip2 and Dkk2 and down-regulation of the
Fzdl0 and Kremen?2 receptors. The down-regulation in target gene expression in particular;
Cd44 and DIII specifically in the joint, support that negative regulation hypothesis of Wnt

signalling in the muscle-less joint.

The expression of the ligand-encoding gene Wnt4 was still present in two distinct territories in
the mid-diaphysis of the rudiment, yet the proximal to distal extent of expression was reduced
compared to control expression (Figure 4.6). The expression of DI//I in hypertrophic

chondrocytes was previously suggested to regulate hypertrophic differentiation (Crowe et al.,
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1999; Watanabe et al., 2003), and expression of this gene is down-regulated in muscle-less

humeri, in agreement with the reduction in hypertrophy demonstrated.

Bcatenin

Target Genes

DII1 2.16 fold (down)

Figure 4.13: Schematic of Wnt pathway regulation in the developing ossification site,
including components showing differential expression in the muscle-less embryos, revealed
by transcriptomic analysis. Red box indicates up-regulation, blue box down-regulation and
grey boxes pathway components.

Overall the Wnt pathway appears to be the most affected signalling pathway following
removal of mechanical stimulation, yet the complexity of this deregulation is difficult to
assess due to the up-regulation of pathway agonists and antagonists and the variable
regulation status of down-stream pathway targets. Pathway response is complicated by the up-
regulation of both positive and negative regulators of the pathway and may include feedback
loops in response to deregulation. Negative feedback of the pathway in the joint region may
help to explain the down-regulation of wnt target genes, but due to the complex nature of the
pathway and the involvement of target genes in other pathways, it may be the case that
regulation is through different means. A maintained but reduced extent of wnt signalling is
suggested in the ossification site, but once again this may be due to the complex cross

interaction with other signalling pathways.
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4.4.4 (Cd44 plays an important role in joint formation through interaction with
Hyaluronic acid; Hyaluronan biosynthesis is also deregulated in muscle-less mutants.
(Cd44 has been reported to be a target gene of Wnt signalling, its absence in muscle-less
mutants may be due to the negative regulation of Wnt signalling following the up-regulation
of antagonists of the pathway. Cd44 encodes a single-pass membrane glycoprotein that binds
proteoglycan and hyaluronan (HA) to produce a pericellular matrix surrounding chondrocytes
(reviewed in Knudson and Loeser, 2002), and has been implicated in joint cavitation through
interaction with HA (Dowthwaite et al., 1998). The loss of expression of the Cd44 gene in the
interzone of the forming knee joints has previously been shown following immobilisation of
the chick (Roddy et al., 2011b). Upon further inspection, other HA synthesising encoding

genes were identified to be DE in the muscle-less mutant.

HA is synthesised via hyaluronan synthesising enzymes, hyaluronan synthases (Has) (Weigel
et al., 1997), as shown in schematic in Figure 4.14 and listed in Table 4:6. There were three
hyaluronan synthase enzymes identified, Hasl, Has2 and Has3, and they function to
synthesise HA from precursors uridine diphospho-sugars (UDP). Has! is down-regulated
(2.36 fold) in the microarray comparing control and muscle-less humeri. Embryonic
expression of Has encoding genes are variable, with Has2 and Has3 being reported in
articular cartilage, but variable expression of Hasl/ has been reported in cultured
chondrocytes. The most highly expressed hyaluronan synthase in the control transcriptome
was Has2 (Table 4:6). A number of cytokines and signalling molecules have been reported to
induce HA biosynthesis through Has up-regulation, these include Platelet derived growth
factor (PDFA) (Heldin et al., 1989; Jacobson et al., 2000), FGF2 (Shimabukuro et al., 2011),
Epidermal growth factor (Pienimaki et al., 2001) and Interleukin 13 (Oguchi and Ishiguro,

2004), members of which have also been reported to be differentially expressed.
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During normal joint development subsequent to accumulation of HA in the intercellular
region (Figure 4.14 A(b)), HA binds to the Hyaluronan receptor Cd44 (Figure 4.14 A(c)).
Interaction of HA with Cd44 receptors have been shown to directly activate intracellular
signalling pathways (reviewed in Turley et al., 2002); and it was suggested that changes in
hyaluronan-cell interactions with Cd44 may serve as means to modulate cellular

responsiveness to BMP (Peterson et al., 2004).

Hyaluronidases are another type of enzyme responsible for regulating the levels of
intercellular HA in the extracellular matrix. Three of the six hyaluronidase encoding enzymes
were expressed in control trancriptome tissue, Hyall (hyaluronoglucosaminidase 1), Hyal2,
Hyal3 (Table 4:6). Embryonic expression was reported in the central and peripheral nervous
system for Hyal3 (Visel et al., 2004), low levels of Hyal2 detected in the limb (Diez-Roux et
al., 2011), and no regional embryonic expression of Hyall (Visel et al., 2004). However,
homozygous Hyall null mice display progressive Osteoarthritis associated with bony
outgrowths and early loss of articular cartilage proteogylcans and an accumulation of HA in
the cartilage of knee joints (Martin et al., 2008). Expression of Hyall was up-regulated in
muscle-less mutants (2.25 fold), and this could potentially be due to an up-regulation of HA
degradation, as there is a down-regulation of Cd44 reception, and thus no cavity formation
occurring in the muscle-less mutants (Figure 4.14B), as has been displayed in TS22 and TS23

elbow and shoulder joints (Figure 3.2).

An alteration in HA biosynthesis has previously been associated with defects in cavity
formation in developing joints. Distinct cavities were not present in Has2-deficient limbs of
E16.5 autopods, with the joint regions wider than normal and filled with closely packed cells.
The elbow and shoulder joints were also reported to be considerable smaller and less
extensive than normal (Matsumoto et al., 2009). In agreement with previous suggestions that

cavitation occurs due to the local accumulation of HA and its surface receptor Cd44
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(reviewed in Archer et al., 2003; Pitsillides and Ashhurst, 2008), the suggested down-
regulation of the HA receptor Cd44, down-regulation of Has/ and up-regulation of Hyall,
degrading any HA that has accumulated in the intercellular space due to activity of Has3 and
more likely Has2 (due to expression levels, 889 reads in mutant) co-corroborates the reduced

cavitation phenotype observed in muscle-less embryos.

Table 4:6: Hyaluronan biosynthesis associated genes identified to be expressed and
differentially expressed upon removal of mechanical stimulation.

Fold Ctl : !
Gene | Name and Role change | Read Spatial Expression
No expression shown (Visel et al., 2004).
Hasl hyaluronan T Low regional expression in hindlimb rudiment
e synthase | (Diez-Roux et al., 2011). Variable expression in
Synthesises HA cultured chondrocytes
T e Joint, chondrogenous layer in chick knee joint

Has2 Y 0.78 | 1132 | (Roddy et al., 2011b). Articular cartilage
synthase2 .

expression

Has3 hyaiuron':m 0.74 5 Articular chondocytes and hypertrophic
synthase3 chondrocytes

- ) No regional expression shown (Visel et al., 2004)
hyaluronoglucosaminidase 1: : ; :
. Homozygous null mice display a progressive OA
HA degradation enzyme, role . .

Hyall 79 associated with bony outgrowths, early loss of
to remove HA from . . !
PR e articular cartilage proteoglycans and accumulation

P of HA in the cartilage of knee joints.
hyaluronogluc - 2o . 5

Hyal2 seEnlse | HA 0.98 1268 | Low levels in limb (Diez-Roux et al., 2011)

Hyal3 liydlutenogic. | degmdition | .y oo I | CNS and PNS (Visel et al., 2004)
osaminidase 3:

Cd44 antigen: Hyaluronan

Cd44 e s mvolvgd tn buiding 2273 | Joint line that is absent in muscle-less mutants
HA to decrease intercellular
HA content

Application of mechanical strain has been shown to up-regulate HA production and CD44
expression in articular fibrocartilage cells from chick tibotarsal joints (Dowthwaite et al.,
2003; Dowthwaite et al., 1999). Conversely, removal of mechanical stimulation through
immobilisation resulted in the loss of C'd44 and Has2 gene expression from the intermediate
layer of immobilised joints (Roddy et al., 2011b), indicating that HA biosynthesis is

disrupted, in agreement with the proposal suggested for the muscle-less joint (Figure 4.14B).
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Figure 4.14: Process of Hyaluronan (HA) Biosynthesis for the regulation of cavitation in the
developing joint. (A) (a-d). Schematic of deregulation in HA biosynthesis in muscle-less
embryos; including components showing differential expression revealed by transcriptomic
analysis (B). Red box indicates up-regulation, blue box down-regulation and grey boxes
pathway components.
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4.4.5 Quantitative spatial detection of differentially expressed genes.

Laser capture Micro-dissection was utilised in the exploration of differentially expressed
genes within the developing skeletal rudiment, in an attempt to identity in which specific
territory expression was present, and then specifically where it was disturbed in the muscle-
less mutant. LCM has been used to analyse the molecular profiles of multiple tissue types,
accordingly the objective of its use in this study was as a high-throughput method to examine
multiple DE genes to assess spatial expression. During this study multiple technical
considerations were addressed with respect to obtaining pure RNA from micro-dissected

tissue for downstream amplification analysis. However, a major limitation was low yields of
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RNA obtained from distinct territories, deeming the high through-put screen of multiple DE
genes not possible. Attempts were made to increase the screening capacity, firstly by
increasing the number of micro-dissected samples on a cap for extraction, secondly by
adapting/ optimising the RNA extracting methods used to increase yields, and thirdly through

the use of RNA amplification technologies to increase the yield of RNA for amplification.

Nevertheless LCM provided valuable data on cell territories for the genes analysed. The
territories screened included the elbow joint, the hypertrophic zone and the pre-hypertrophic
zone, confirming the results of ISH showing restricted patterns of certain genes. For example
the down-regulation of Sppl (Figure 4.8b) and DIIl (Figure 4.81) in the muscle-less
hypertrophic zone; and the up-regulation of Sfrp2 (Figure 4.81) in the muscle-less elbow joint
is consistent with previous findings. The use of LCM technology added quantitative spatial
information about genes in the muscle-less mutant, for example the analysis of SoxJ5 revealed
a higher level of expression in the control elbow joint relative to the pre-hypertrophic and
hypertrophic regions of the humerus, and this expression was consistently elevated in all
muscle-less territories examined (Figure 4.7c, Figure 4.8 d-f), corroborating spatial in situ
hybridisation detection (Figure 4.9). This is consistent with the identification that SoxJ in
conjunction with Sox6, is required for promoting growth plate and chondrocyte differentiation

during synovial joint morphogenesis (Dy et al., 2010).
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4.5 Conclusions

Given the importance of appropriate mechanical stimulation generated by embryo movement
on skeletal development I identified that an absence of movement results in deregulation of
multiple signalling pathway components that are known to be essential for normal skeletal
development. This chapter reports analysis of differentially expressed genes in the HH, BMP
and Wnt signalling pathways. Through the identification that the Wnt signalling pathway is
most strongly affected by a reduction in mechanical stimulation. It is now important 0
functionally test the mechanisms linking mechanical stimulation with Wnt signalling. This
work provides sets of candidate genes to use in functional assays to excavate this important
link. Understanding how mechanical stimuli influence the Wnt signalling pathway would be a
major step forward in understanding how mechanical cues work together with classical
molecular positional information to guide spatially appropriate tissue differentiation and
provide indications of how conditions can be effectively recreated in vitro to guide stem cell

differentiation.
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Chapter 5:

s.  Functional analysis of Wnt signalling:
investigating a role in skeletal patterning
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5.1 Introduction

Canonical Wnt signalling is a critical mediator of multiple cell-cell signalling events during
vertebrate development. It is known to be pivotal in the regulation of mesenchymal
condensations during the initiation of chondrogenesis (section 1.3.3.1), for the regulation of
hypertrophy (section 1.3.3.2) and for joint formation (section 1.3.3.3) with very elegant gain
of function experiments showing that it is required in particular to maintain the joint once it is
specified (Guo et al., 2004; Spater et al., 2006). The key intracellular mediator of canonical
Wnt signalling, B-catenin (Ctnnb1) is the most highly expressed Wnt signalling component in
the TS23 humerus and associated joint transcriptome (28,608 read count; Figure 3.6). Wnt
signalling was also shown to be the most strongly impacted signalling pathway in the muscle-
less mutant developing limb, indicating that it is an important point of integration of
mechanical and biochemical positional information. In chapter 4, analysis of Wnt pathway
component gene expression showed restricted expression within the developing humerus and
joints with altered expression of specific components in different territories in muscle-less

mutants.

Further indications of Wnt signalling being responsive to mechanical stimulation have been
demonstrated in mesenchymal stem cells (Haudenschild et al., 2009), in osteoblasts subjected
to microgravity (Patel et al., 2007), in mature bone in vivo (Robling et al., 2008) and in
response to articular cartilage injury (Dell'Accio et al., 2006). A reduction of B-catenin
activity was reported in joint forming cells in Spd mutants, and therefore suggested to be

regulated by muscle contraction (Kahn et al., 2009).

In the differential screen presented in chapter 3, 34 genes encoding Wnt signalling pathway
components were identified to be altered in the reduced mechanical environment. Four Wnt
ligands were up-regulated in muscle-less embryos, Wnt4 specifically in the joint and the wnt

antagonist Sfrp2 specifically in the elbow and shoulder joint regions (Figure 4.5). The
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majority of Wnt target genes identified were down-regulated (Figure 4.4), perhaps due to
increased expression of the negative regulators Sfrp2 and Dkk2 and down-regulation of the
Fzdl0 and Kremen?2 receptors. As ligands and agonists Rspo2 and Rspo3 of the pathway are
up-regulated, as are some target genes, this indicates that multiple levels of regulation of the
pathway must be affected, including possible feedback mechanisms that attempt to re-stabilise
the system. It is interesting to note that a number of the up-regulated target genes encode

negative regulators of the pathway, for example Dkk2 and Sfrp2.

Understanding how mechanical stimuli influence the Wnt signalling pathway would be a
major step forward in understanding how mechanical cues work together with classical
molecular positional information to guide spatially appropriate tissue differentiation.
However, evidence to date suggests a complex balance of signalling via multiple Wnts,
through multiple pathways that vary in different cell populations within the forming skeleton.
This makes it difficult to test specific aspects of Wnt pathway function and integration with
biophysical signals in a targeted way. A first step in functional testing, explored in this
chapter, is therefore to generally up regulate or repress Wnt signalling and observe the effects
on skeletal development. It can then be asked if altering Wnt signalling directly produces

phenotypic effects that overlap with the effects of altering the mechanical environment.

A powerful approach for unravelling the molecular mechanisms involved in developmental
processes is to ectopically express a gene or signalling pathway of interest and examine the
effect. The avian embryo offers many advantages for developmental studies over mammalian
embryos, due to the ease of access for in ovo manipulations. Different types of manipulations
can be performed in ovo including surgical manipulations and as previously discussed,
chemically induced immobilisation (Kavanagh et al., 2006; Nowlan et al., 2008b; Roddy et
al., 2011b). Retroviral transmission has been used very successfully to deliver genes into

tissue locations in chick embryos (reviewed in Gordon et al., 2009). Retroviral independent
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gene transfer can be achieved in chick embryos using in ovo electroporation, a more
successful technique for targeting specific embryonic tissues/cells compared to microparticle
bombardment and lipofection, offering a positive alternative to broad retroviral infection

(Muramatsu et al., 1997; Muramatsu T., 1996).

The basis of the electroporation technique relies on the transient generation of pores in the
plasma membrane, to allow macromolecules to penetrate the cytoplasm and DNA to enter due
to its negative charge (Potter et al., 1984). Gain- and loss- of function electroporation studies
involving DNA, RNAIi, morpholinos and virus constructs are now widely used in molecular
studies involving chick embryos (reviewed in Nakamura et al., 2004; Sauka-Spengler and
Barembaum, 2008). Electroporation following microinjection of the DNA construct of
interest into the targeted tissue was selected as the method of choice in this study as it is
minimally invasive and allows for continued development in vivo. Variations of the
electroporation method have been reported in order to try to improve precision and efficiency
of DNA site specific uptake (Momose et al., 1999), as the viability of electroporated embryos
was reported to be low because of the toxicity of high electric currents on the embryo.
Traditionally electroporation was used to transfer DNA into cells in suspension using high
voltages and short durations of electrical stimulation (Potter et al., 1984), however for in ovo
electroporation in chick embryos lower voltages and longer durations are used to achieve
DNA delivery into the cells with minimal damage (Muramatsu et al., 1997). Multiple
electroporation systems have been described with respect to targeting different tissues in the
developing chick, for example the neural tube (Miller-Delaney et al., 2011), the somites
(Krull, 2004; Scaal et al., 2004), and the eye (Durand et al., 2010; Islam et al., 2012).
Although the developing limb has been successfully targeted, this is restricted to early stages

of development; Hamburger and Hamilton (HH) (Hamburger and Hamilton, 1992) stage 7-12
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(Takeuchi et al., 1999), HH13/14 (Yamamoto and Kuroiwa, 2003) and HH11-22 have been

reported (Durand et al., 2010; Sabherwal et al., 2007).

In general, in ovo electroporation has been most commonly applied to chick embryos at early
stages of development, younger than Hamburger and Hamilton stage 20 (HH20/ ~E3.5)
(reviewed in Krull, 2004), and has been successfully used to target the hindbrain in our
research group (Miller-Delaney et al. 2011). At later stages of development problems arise
associated with tearing of the membranes and vasculature. In the research reported here, early
attempts to target the limb bud after HH20 revealed an extra difficulty of accessing the limb
since embryos move and turn and submerge their flanks in the yolk. An alternative to carrying
out the DNA transfer in ovo for older embryos is to use shell-less culture techniques (Datar
and Bhonde, 2005; EI-Ghali et al., 2010; Krull, 2004; Luo and Redies, 2005; Luo et al., 2012;
Schomann et al., 2013; Yalcin et al., 2010). Such ex ovo methods have been described using
petri dishes (El-Ghali et al., 2010; Krull, 2004; Luo and Redies, 2005; Luo et al., 2012),
plastic cups (Yalcin et al., 2010), glass bowls (Datar and Bhonde, 2005) and drinking glasses
(Schomann et al., 2013). In order to manipulate the developing forelimb from the onset of
elbow joint formation (approx HH24-HH25/ ~E4.5) we decided to utilise the drinking glass
and hammock cling film system. as recently described (Schomann et al., 2013), in order to
gain appropriate accessibility to the limb and to prevent damage associated with the tearing of

membranes and vasculature during manipulation through a small window in the shell.

Given the importance of Wnt signalling during embryonic skeletal development, I postulated
that altering the balance of Wnt signalling in the developing limb would impact
chondrogenesis and/or joint formation. The response to canonical Wnt signalling involves
accumulation of stabilised [-catenin through inhibition of phosphorylation at sites toward the
COOH end of B-catenin, binding of pB-catenin to TCF/Lef transcription factors in the nucleus

which in turn bind to the regulatory regions of target genes via the TCF/Lef DNA binding
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domain. Regulation of gene expression is achieved through the activation domain of f-
catenin. Constitutive up-regulation of the canonical pathway was achieved by expressing a -
catenin-Tcf fusion protein which lacks B-catenin phosphorylation sites so is constitutively
stabilised, and provides the DNA binding domain and activation domain in one fusion protein
(Figure 5.1a).

Suppression of canonical signalling was performed by expressing the Wnt extracellular
antagonist; Sfrp3 (Figure 5.1b). The CRD domains of Sfrp proteins share sequence homology
with the extracellular Wnt binding portion of the Wnt receptor Frizzled (FZ), so can bind
specifically to Wnt. Since Sfrps are secreted proteins they are widely considered to antagonise

Whnt-receptor interaction (Kawano and Kypta, 2003).

(a) p-catenin-Tcf Fusion Protein

FLAG tag )
Nde1 EcoRV Felylinkar
ATG |
B-catenin Tcf DNA Binding
Activation Domain
Domain
(b) Sfrp3 Protein structure
Signal HA epitope
peptide
NH,  e— I p—— COOH
Cysteine-rich Netrin-like
domain (CRD) domain (NTN)

Figure 5.1: Diagram of the proteins encoded in the constructs. used to activate (a) or block (b)
Wnt signalling. (a) B-catenin-Tcf fusion protein incorporating the FLAG tag and fusing the j-
catenin activation domain and the Tcf DNA binding domain. (b) The Sfrp3 protein is secreted
(signal peptide) and consists of a cysteine-rich domain (CRD) that binds Wnt ligands, thus
preventing pathway activation. NH2; N-terminal of protein, COOH; C-terminal of protein.

This chapter reports analysis of skeletal development following the activation and blocking of

the Wnt signalling pathway in the developing chick forelimb. The aims of this work were:
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1. To establish an ex-ovo cultivation regime that allowed for the manipulation of the limb

bud in chick embryos in vivo, especially at later stages of development.

2. To optimise an electroporation regime using the ex ovo cultivation system; with the
main objective to sustain the viability of specimens at least 24 hours post

electroporation, in a manner that was easily reproducible across experiments.

3. To investigate the phenotypic effects of expressing a constitutively active form of -
catenin in the limb bud during skeletal formation, mimicking activation of the

canonical Wnt pathway.

4. To examine the effects of over-expression of a Wnt pathway antagonist, Sfrp3,

blocking Wnt signalling.

The overall objective was to assess whether manipulation of the Wnt pathway could mimic
aspects of the skeletal phenotype in muscle-less mutant embryos. testing the hypothesis that
disturbances to Wnt signalling contribute to the effects of when the mechanical environment

1s altered.
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3.2 Methods

5.2.1 Ex ovo cultivation setup

Fertilised chick embryos, supplied by Enfield Broiler breeders Ltd (breed: Ross 503), were
pre-incubated (Naturform® UT350N Hatchery) at 37.5°C in a humidified chamber for a
period of 72hrs prior to ex ovo cultivation. The ex ovo cultivation system, (adapted from
Schomann et al., 2013) consisted of a sterilised glass (GODIS, Art-nr: 800.921.09, IKEA 7
3/40z. 23cl) filled with 160ml sterilised water. A cling film hammock support was carefully
lowered until an area of approx 4-5cm was in contact with the water, and secured with an
elastic band. The lid of a sterile 9cm petri dish was placed on top of the glass, as shown in
Figure 5.2. Eggshells were sterilised by wiping with 70% ethanol prior to opening. Without
changing egg orientation, the bases of eggs were cracked against the glass edge, both sides of
the shell were then pulled apart using thumbs in a smooth action, to open and empty the
contents onto the cling film support. Five ml of culture medium (DMEM), 50ul of Antibiotic-
Antimycotic (100X: Gibco 15240096) and a pinch of ground eggshell were added to each
egg, not covering the embryo directly. The ex ovo cultivation setup was further incubated at

37.5°C in a humidified chamber.

Figure 5.2: Ex Ovo cultivation setup. (a) Side view of glass support filled with water with a
cling film hammock supported with an elastic band and covered with a petri dish lid. (b)
Surface view of cling film support setup, (¢) specimen on cling film support within cultivation
setup.
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5.2.2 Alcian Blue staining of whole chick embryos

Whole chick embryos were fixed in 95% ethanol for at least 3 days. Whole embryos were
stained using 0.1% Alcian Blue in 95% ethanol for 8 to 24 hours at room temperature (RT),
duration dependant on the stage of the embryo. Embryos were then washed twice in 95%
ethanol and cleared using 1% potassium hydroxide at RT for 2-Shours, or until the tissue was
sufficiently cleared and background stain removed and then fixed in 4% PFA in PBS

overnight.

5.2.3 EXx Ovo electroporation Experimental Design

An overview of the methodological approach to the introduction and analysis of foreign DNA
into the developing chick forelimb is shown in Figure 5.3. Each step in the process involved a
number of phases that are described in detail in following sections. The construct of interest
was microinjected together with a GFP expression vector, into the limb bud, followed by
electroporation (Figure 5.3A). Following 24hours post electroporation incubation, GFP
expression was assessed by whole embryo photography under a fluorescent dissecting
microscope (Figure 5.3B). Expression of the targeted gene constructs was assayed by in situ
hybridisation and immunohistochemistry of fusion protein tags (FLAG tag on the B-catenin
fusion protein and HA epitope tag on the Sfrp3 construct) (Figure 5.3C). Resulting
phenotypes in skeletal elements were assessed via Co/2al expression (marker of th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>