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“Change is only possible through movement.”

Aldous Huxley, The Art o f  Seeing  (1982)



Summary

Mechanical stimulation has been implicated as an important regulator for the development o f 

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 o f ossification in long 

bones, loss o f definition o f 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 o f 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 o f this thesis was to uncover the molecular mechanisms 

underlying the response o f developing skeletal cells to mechanical stimulation.

Using a mouse model {Splotch-delayed) that has altered mechanical stimulation due to the 

absence o f limb musculature; the phenotypic abnormalities were confirmed and the 

hypothesis that mechanical stimulation o f the embryonic skeletal system impacts expression 

levels o f 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 o f 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 o f the two most affected phenotypic disturbances in the muscle-less 

mutant. This led to the examination o f the effect o f altering Wnt signalling as a key point o f 

integration for mechanical cues. Ex ovo electroporation targeting the developing limb allowed 

for the modulation o f Wnt signalling, to assess whether manipulation o f the pathway 

phenocopies what is seen following the removal o f mechanical stimulation. Altering Wnt 

signalling was shown to have profound effects on chondrogenesis, however further 

refinement is required to target specific regions o f the developing skeleton, to assess the 

localised response.

In parallel with the in vivo studies, chondrogenic differentiation was analysed in culture, 

examining the influence o f mechanical stimulation in the form o f applied dynamic hydrostatic 

pressure. Comparisons o f adult stem cells and embryonic cell cultures exposed to hydrostatic



pressure revealed that the application o f mechanical stimulation showed similar responses in 

gene expression that are indicative o f maintenance o f 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 o f key developmental regulatory genes and that such genes are 

involved in the transduction o f 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 o f integration o f mechanical and molecular signalling and the 

cytoskeletal components as mediators o f the response. A better understand o f 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 o f the mechanistic basis o f mechanoregulation o f skeletal development.
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Chapter 1

1. Introduction

1.1 The Skeleton: Its Role and Importance

The skeletal system is composed o f two facets, the axial and appendicular skeletons, both of 

which are an assembly o f a rigid framework o f bones, cartilage, ligaments and other 

connective tissue elements. The rigid framework is a collection o f more than 200 bones in the 

human that interact with muscles, tendons and ligaments as part o f the musculoskeletal 

system (Lefebvre and Bhattaram, 2010) to achieve functional success. The complex shape, 

size and pattern o f each skeletal element work together to provide its functional output, 

including postural support, movement, protection o f vital organs, the site o f  haematopoiesis 

and the storage site o f minerals. The success o f the skeleton is ultimately a product o f its 

mechanical properties, how stiff it is, how resilient to fatigue, and how effectively it 

withstands the extremes o f physical activity. The formation and growth o f skeletal cells and 

tissues during embryonic development produces the elements that are required for skeletal 

success during postnatal life. To help understand the basis o f degenerative diseases that affect 

the normal functional success o f the skeletal system, such as osteoporosis and osteoarthritis, 

we need not only to uncover the mechanisms o f bone and cartilage homeostasis, but also the 

molecules and cues that drive skeletal formation in the embryo. A deeper understanding o f 

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



guide them along specific differentiation pathways to regenerate cartilage and bone. This 

work aimed to provide a greater understanding o f the molecular mechanisms involved in 

coordinating correct skeletal development through the interaction o f 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 o f 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 o f the skeleton develop 

through a controlled stepwise progression o f diverse cellular processes, including migration, 

adhesion, proliferation, differentiation and growth (Hall and Miyake, 2000). The specific 

skeletal elements o f the long bones in the limb, and articular cartilage that resides in synovial 

joints will be the focus o f 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 o f load within 

joints. These structures thus have morphological distinctions which begin during their 

formation in early development. I will describe how each o f these elements develops 

morphologically and then review how molecular regulation controls their distinct 

development.

The first step in skeletogenesis is the generation o f progenitor cells that display the ability to 

condense and, under control o f certain transcription factors and signalling molecules, have the 

ability to give rise to mature cell type’s specific to the elements o f the skeletal system. The 

skeletal system consists o f multiple mature cell types, including chondrocytes in cartilage and
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osteoblasts, osteocytes and osteoclasts in bone (Lefebvre and Bhattaram, 2010). The 

pioneering work o f A.J Friedenstein through his observation that bone marrow in postnatal 

life is a reservoir o f 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 o f  chondrogenesis and osteogenesis, but to begin 1 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 o f the Limb

The cells destined to become the vertebrate limb originate early in organogenesis from a 

combination o f the lateral plate and somitic mesoderm. Limb buds first arise as a result o f 

differential proliferation o f the body wall at appropriate levels along the anterior posterior 

(AP) axis o f 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 o f the chick (Hamburger and Hamilton, 1951), Theiler stage (TS) 15 (Embryonic day (E) 

9.5) for the forelimb and TS16 (ElO) 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 o f development it
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consists o f 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 o f 

ectoderm called the apical ectodermal ridge (AER) (Figure 1.1). The mesenchyme then 

condenses at the core o f 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 o f limb bud initiation and patterning in the mouse forelimb across 
developmental time. Limb bud initiation at E9.5. Proximodistal (PD) elongation and presence 
o f the AER at the distal tip at ElO; the condensation o f mesenchyme and configuration into a 
y-shape pattern at ElO.5; differentiation to cartilage from El 1.5 and the progressive 
differentiation o f distal elements that appear at E12.5 and E14.5. Ossification begins at the 
mid-point o f the humerus and scapula at TS23, E l4.5 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 o f the skull and face (reviewed in Provot and Schipani, 2005).

Endrochondral ossification differs from intramembranous ossification as it involves the 

formation o f cartilage (chondrocytes) that acts as a template for later replacement by bone 

(formed by osteoblasts), thus termed transient cartilage. Endochondral ossification is
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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 {CollOal) 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 o f 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 o f Endochondral Ossification and the zones in the growth plate. 
Mesenchymal cells condense in the centre o f the limb bud at E l0.5 (A). Cells within 
condensations proliferate to become proliferating chondrocytes (pc) surrounded by a 
perichondrium (p) (E l2.5/ TS20-21) (B). Differentiation o f pre-hypertrophic (pre-hc) and 
hypertrophic chondrocytes (he) occurs at the mid-diaphysis (E13.5/ TS21-22) (C); followed 
by proximo-distal separation and development o f the primary ossification centre, 
vascularisation (v) and osteoblast (ob) invasion begins at E l4.5/ TS23 (D). Expansion o f the 
marrow cavity occurs at E l6.5/ TS24-25 and osteocytes (oc) have invaded to form trabecular 
bone (E). (adapted from description Kronenberg, 2003).

Concurrently with the differentiation o f 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 

o f their surrounding matrix and signal to the adjacent perichondral cells to become 

osteoblasts, which begins at TS23, approximately E l4.5 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).
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1.2.1.2 Development o f 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 {Gdf5) are 

increased and the overall secretion of ECM molecules, such as Collagen type 2 {Col2aJ) 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 Gd/5 (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 o f the rudiments and the intervening intermediate layer (il) where 

cavitation will later take place (Figure 1.3C) (Ito and Kida, 2000).

7



B

cl

capsule
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Mesenchymal Interzone ^ layered Cavity
condensation Interzone formation

Figure 1.3 The process o f joint development. The first indication o f the future joint is the 
appearance o f the cell-dense interzone (B) from the mesenchymal progenitor pool (A), the 
cells of the interzone differentiate and organise to form three layers o f 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 jo in t development following cell specification and differentiation is 

cavitation (Figure 1.3D) where the mid-line o f the interzone transitions from an area o f high 

cell density to an area consisting o f a liquid-filled synovial cell space (reviewed in Pacifici et 

al., 2005). While cavitation o f 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 o f synovial joints. The exact mechanisms that lead to cavitation are 

not yet known but it is clear that normal jo int 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 o f an increase in cell death at the central line o f the interzone, 

however Ito and Kida (2000) found that different joints showed different levels o f  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 

o f the non-sulphated glycosaminoglycan hyaluronan (HA) and its interaction with the surface
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receptor Cd44, involving cell repulsion contributing to the loss o f tissue integrity in the 

intermediate layer o f the interzone, leading to the physical separation o f the opposing joint 

sides and formation o f 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 o f 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 jo in t shape 

morphogenesis during development (Roddy et al., 201 lb).

Articular cartilage is the tissue that lines the ends o f bones within synovial joints and allows 

for low friction movement. As articular cartilage is aneural and avascular h 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 o f 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 o f tissues.
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The morphologies of transient cartilage and articular cartilage are distinct, as described abo\e, 

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-3) super-family pathways, tie 

Indian Hedgehog (HH) pathway, Wnt signalling. Fibroblast growth factor (FGF) signallir.g. 

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 tie 

tight regulation of the growth and proliferation of these territories during skele:al 

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 aid 

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 S0X9 result in 

campomelic dysplasia (CD), a rare, lethal, hereditary congenital osteochondral dysplasia
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characterised by abnormal bowing and angulations o f  the lower limbs, with lethality occurring 

due to pulmonary hypoplasia, distinct from the skeletal abnormalities (Barros et al., 2011; 

W agner 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-P) 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 o f the limb axis. At later stages o f limb development, 

expression o f multiple Bmp ligands has been reported in the developing forelimb, in the 

columnar proliferating chondrocytes {Bmp7), in the hypertrophic chondrocytes {Bmp2, Bmp4, 

Bmp6) and in the perichondrium/periosteum {Bmp3) (Minina et al., 2002; M inina et al., 2005; 

Minina et al., 2001). Investigation o f the roles o f individual Bmp ligands has been performed 

using multiple mutant models and observations o f skeletal defects (Bandyopadhyay et al., 

2006; Cao and Chen, 2005). Treatment with Bmp2 in a mouse limb explant model resulted in 

an expansion o f the pre-hypertrophic and hypertrophic domains, indicating that BMP2 

promotes the expansion o f all differentiation zones in skeletal elements (M inina et al., 2001). 

Subsequent over-expression o f the BMP antagonist noggin, resulted in the inhibition o f limb 

growth in culture, that was shown to be rescued by Bmp2 co-culture treatment (M inina et al., 

2001). Over-expression o f Bmp2 and Bmp4 through retroviral treatment in the chick limb 

resulted in similar increases in the size and shape o f  the long bones, however the ordered 

arrangement o f chondrocyte layers were disrupted and a delay in terminal differentiation 

shown (Duprez et al., 1996). Noggin knockouts display enlarged cartilage primordia and 

extended regions o f ossification in the anterior-posterior axis in limb elements (Brunet et al., 

1998) and noggin over-expression resuhs 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 o f proliferation and hypertrophy has been suggested to be as a result o f the 

modulation o f the Ihh/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 

o f Bmp2 and Bmp4 in the chick limb with respect to the effect on the joints, demonstrating 

joint fusion and an absence o f  Gdf-5 expression in the prospective joints (Brunet et al., 1998). 

Gdf5 is a divergent member o f the Bmp family and as previously mentioned is specifically 

expressed in presumptive joint sites; it is a valuable marker o f 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 o f Gdf5 present shortening o f the long bones of 

the limb and changes in the pattern o f 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 o f the collagen type-2 enhancer (so expressed in all 

chondrocytes) show an increase in cartilage growth and fusion or absence o f joints (Tsumaki 

et al., 2002). As previously mentioned, cell lineage marking o f 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).

TGPp signalling through the TGPp receptor-2 {TgfPrl) was also shown to be critical for 

interzone formation. Tgf]3r2 conditional knockouts showed lack o f interphalangeal joint 

formation, failure o f  interzone formation and the down-regulation o f Noggin, Gdf5 and 

Wnt9a, all jo int markers, indicating that the TGF receptor is necessary to regulate these 

molecules (Spagnoli et al., 2007). The removal o f TGF signalling through the type 2 receptor
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results in the ablation o f 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 o f the correct pattern o f TGpp 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 o f chondrocyte proliferation and osteoblast 

differentiation (Karp et al., 2000; Long et al., 2004). The Indian hedgehog {Ihh) gene is 

expressed in the pre-hypertrophic and hypertrophic chondrocytes (Vortkamp et al., 1996) and 

the Ihh null knockout exhibits reduced chondrocyte proliferation, delayed differentiation and 

disorganised chondrocyte maturation and a complete absence o f mature osteoblasts (St- 

Jacques et al., 1999). Ectopic expression o f Ihh in developing chick long bones was shown to 

induce up-regulation o f PthrP (Parathyroid hormone related protein) expression in the 

articular perichondrium, that led to delayed differentiation o f 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 o f a sufficiently large pool o f resting chondrocytes. Knockouts o f PthrP show 

significantly shorter limbs, as the orderly transition from proliferative to hypertrophic 

chondrocytes is altered (Amizuka et al., 1994). This is an example o f a negative feedback 

loop in which the production o f 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 o f  the correct balance o f Ihh signal 

in controlling the balance between proliferation and hypertrophy; missense IHH mutations 

cause brachydactyly type-A l, characterised by shortening or absence o f 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 o f the hedgehog signalling pathway have also been implicated in regulation of 

joint formation. Two transcriptional effectors o f the hedgehog signalling pathway GU2 and 

GH5 (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 o f 

an Ihh signal, double knockouts o f Ihh and Gli3 showed a restoration o f the skeletal 

abnormalities that were shown in the Ihh KO mutants alone, specifically the chondrocyte 

organisation and maturation within the growth plate and the rescue o f joint fusions seen in the 

Ihh KO mutant (Hilton et al., 2005). These data indicate for a second time that regulation o f 

cartilage development and interzone formation is not mutually exclusive, and it is the correct 

balance o f  signals in the correct cells that control the correct development o f  these tissues 

within the skeletal system.

1.3.3 Wnt Signalling

Wnt signalling is an evolutionary conserved pathway that has a range o f  functions during 

embryonic development including controlling cell fate determination, cell migration, cell 

polarity and the patterning o f  individual structures. In classical or canonical wnt signalling, 

Wnt signals via stabilisation and nuclear localisation o f P-catenin to activate the transcription 

o f Wnt target genes, as shown in Figure 1.4. Wnt ligands bind to transmembrane receptors of 

the Frizzled (Fzd) family o f proteins, which can function with the LRP (lipoprotein receptor- 

related protein) co-receptors. The binding o f wnts to a receptor activates the dishevelled (Dvl) 

protein and this inhibits the activity o f the glycogen synthase kinase 3 (GSK3) enzyme. In the

14



absence o f  a W nt signal, this enzyme phosphorylates and degrades P-catenin. Follow ing the 

inactivation o f  GSK3, P-catenin accum ulates in the cytoplasm  and is translocated to the 

nucleus, where in conjunction with a fam ily o f  T cell-specific factor/lym phoid enhancer 

b inding factor (T cf/L efl) transcription factors, activates the transcription o f  target genes 

(review ed in van A m erongen and Nusse, 2009).

E x tr a c e l lu la r

Dkk

±
Lrp

1 '

In t r a c e l lu la r  GSK3 ^

Axin

( p )  P-catenin

Wnt

Fzd

DvI

P-catenin

[LeffTcf'l

A ctivation 
’'o f  T arget G enes

Figure 1.4 D iagram  o f  the canonical W nt signalling pathway. The wnt signal is transduced 
through the frizzled receptor (Fzd) and Lrp co-receptor via dishevelled (Dvl) to inhibit the 
G SK 3/A xin com plex, which binds and phosphorylates P-catenin in the absence o f  signal, 
targeting it for destruction. Signalling leads to inactivation o f  the destruction com plex, 
allow ing translocation o f  P-catenin to the nucleus. In the nucleus, P-catenin binds to T cf/L ef 
transcription factors which in turn bind to the enhancers o f  and activate or repress target 
genes, p-catenin provides the transactivation dom ain w hile T cf/L ef provides the DNA binding 
dom ain o f  a functional transactivation com plex. Extracellular control is via antagonists Sfrps 
and Dkks am ong others. O ther m em brane and extracellular proteins have been im plicated as 
agonists o f  the pathw ay including Rspos (Figure 4.4).

Like BM P signalling, the wnt signalling pathw ay 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 m olecule or receptor and preventing 

receptor activation (Figure 1.4, pink boxes).

W nt can also signal via pathw ays independent o f  P-catenin, and this is term ed non-canonical 

w nt signalling. N on-canonical w nt 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 o f 

epithelial cells.

1.3.3.1 W nt signalling regulation o f mesenchymal condensation and chondrogenesis

Comprehensive expression analysis o f Wnt signalling components in the developing limb 

over time show multiple ligands and antagonists to be present in a variety o f 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 o f chondrogenesis when mesenchymal condensation is occurring 

expression o f multiple components o f the wnt signalling pathway have been reported in the 

developing limb. Expression o f ligands and receptors have been reported in the mesenchyme 

surrounding the developing cartilage condensation, these include Wnt5a, WntSh (Kawakami 

et al., 1999), Wnt 11 (Christiansen et al., 1995; Tanda et al., 1995) and Wnt9a ((Hartmann and 

Tabin, 2000; Hartmann and Tabin, 2001). Four o f the 5 Sfrp genes are also expressed in the 

developing limb, in different territories (unpublished data from our lab). In particular SfrpS 

was detected first in the ventral region o f  the developing chick limb bud, and then in the 

mesenchymal condensations, with restricted expression in the perichondrial tissues o f the 

cartilage template (Wada et al., 1999). Expression o f an antagonist in the condensations 

suggests that negative regulation o f wnt activity allows the first steps o f chondrogenesis to 

occur. This is supported by experimental evidence where chondrogensis is inhibited following 

the ectopic over expression o f wnt ligands, W ntl, Wnt7a, WntSa and W ntl4  (Hartmann and 

Tabin, 2001; Kawakami et al., 1999; Rudnicki and Brown, 1997). W ntl is not expressed in 

the limb but is known to signal through the canonical pathway and was shown to be a potent 

inhibitor o f  chondrogenesis experimentally in micromass cultures and ectopic expression in
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the chick Hmb, resulting in skeletal abnormalities; this was also seen with WntJa over­

expression (Rudnicki and Brown, 1997). Ectopic expression o f Wnt5a in the chick limb 

showed alterations in the length o f the radius and ulna (Kawakami et al., 1999). Differences 

were seen with the ectopic expression o f the ligand W ntl4 (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 o f chondrogenic differentiation (Hartmann and Tabin, 2001). The presence o f 

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-P-catenin signalling in mesenchymal 

progenitor cells was later shown to play an essential role in determining chondrogenic or 

osteogenic commitment, with inactivation o f (3-catenin resulting in ectopic formation o f 

chondrocytes at the expense o f osteoblast differentiation, and high level o f 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 o f 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 Wnt5h appear to regulate the rate o f 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-W est, 2002; Hartmann and Tabin, 

2000; Yang et al., 2003). Expression o f 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 o f 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 (Wls) conditional mutant has been a useful tool to study bone 

development (Maruyama et al., 2013; Zhong et al., 2012). Wntless or G prl77 is a trafficking 

protein that is essential for the secretion o f both canonical and non-canonical Wnt proteins 

(Banziger et al., 2006). Loss o f wnt signalling through inactivation o f Wls in chondrocytes 

and the perichondrium {Col2al positive cells) resulted in delayed chondrocyte differentiation, 

disorganised chondrocyte arrangement and impaired endochondral bone formation (Lu et al., 

2013), supporting the idea o f multiple Wnt functions during skeletogenesis. Loss o f wnt 

signalling in the Wls conditional mutant showed features that mimic the defects that were 

seen in mice with inactivation o f (3-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 {Wnt14 in the chick) have been associated with joint development. 

During early joint development, both o f 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 Wnt 14 {Wnt9a in the mouse) is involved 

in the initial steps o f  joint formation, as ectopic over-expression o f Wnt 14 in pre- 

chondrogenic regions resulted in these regions becoming morphologically and histologically 

distinct and taking on histological and molecular properties typical o f the early joint interzone 

(Hartmann and Tabin, 2001). Expression o f 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 o f other wnt genes Wnt4 and 

W ntl6. Analysis o f Wnt9a''\Wnl4'^' double mutant mice also show multiple joint fusions, 

although results o f marker genes Col2a 1, and Gdf5 indicate that joints form, fusion occurs 

secondarily due to the absence o f Wn(9a and Wnt4, suggesting these genes are needed for 

long-term joint integrity not induction (Spater et al., 2006). Ectopic expression o f 

constitutively active Wnt9a and P-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 o f either Wnt9a or P-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 W ntl6  expression in the presumptive joint results in the 

up-regulation o f P-catenin protein levels and inhibition o f Sox9, that leads to interzone 

formation by reversing or inhibiting chondrocyte differentiation and inducing GdfS expression 

(Guo et al., 2004). More recent studies agree that wnt signalling is needed for the long term 

integrity o f joints, as cellular organisation and cellular morphology was altered in limbs with 

conditionally silenced P-cateinn under the Col2al and Gdf5 promoters (Koyama et al., 2008).

In summary the Wnt signalling pathway has been shown to be involved in early and late 

phases o f skeletal development, for chondrogenesis, hypertrophy o f the cartilage template and 

joint specification and integrity. Low levels o f wnt signalling are actively maintained early in 

mesenchymal condensations to permit chondrogenesis, and then temporally controlled 

expression o f specific wnts in specific locations allows the correct hypertrophy o f 

chondrocytes prior to ossification and specification o f  jo in t cells.
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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 

invoh ed in chondrocyte maturation. As chondrocytes form they express different components 

o f  the Fgf signalling pathway components, including signalling ligands and receptors. The 

territories o f the developing forelimb where expression has been reported include, the low 

proliferating chondrocytes (resting zone) {FgfrI, Fgfr2, FgfS), the high proliferating columnar 

chondrocytes {Fgfr3) the hypertrophic chondrocytes {Fgfrl),  the perichondrium/ periosteum 

{Fgf'rl, Fgfr2, Fgf2, FgfB, fgf l8)  and the osteoblasts {Fgfrl)  (Minina et al., 2005). 

Characterisation o f 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 o f Fg/ri-deficent mice show 

expansion o f proliferating and hypertrophic chondrocytes, resulting in progressive outgrowth 

o f  the long bones (Deng et al., 1996). Exogenous application o f  FGF2 to mouse limb explants 

caused a shortening o f skeletal elements and reduced chondrocyte proliferation, but with 

larger regions o f expression o f osteopontin (Sppl),  a terminal differentiation marker present in 

the collagenous matrix o f mineralised tissues, indicating an acceleration in terminal 

differentiation (Minina et al., 2002). Co-treatment o f 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 o f 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 o f chondrocytes for bone formation. It is interesting to note that both 

Fgf2 and Bmp2 are also expressed in the joint line (Roddy et al., 201 lb).

1.3.5 Other signalling molecules involved in Joint Morphogenesis

Down regulation o f expression o f the master chondrogenic transcription factor Sox9 is 

indicative o f joint line specification but jo in t morphogenesis has been shown to rely on Sox5 

and Sox6, as severe interzone, joint and growth plate defects are seen in double mutants (Sox5~ 

\S o x 6 "  ) (Dy et al., 2010). The transcription factor S o x l l  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 o f S o x l l  in non-joint regions, did not result in Gdf5 

expression, indicating that Soxl 1 expression alone is not enough to drive Gdf5 expression in 

ectopic locations (Kan et al., 2013). O srl and Osr2 (odd-skipped related 1 and 2) are 

examples o f two other transcription factors that when absent result in joint fusion, their 

expression has been shown to be required for the expression o f signalling molecules critical 

for joint formation, including Gdf5, Wnt4 and Wnt9h (Gao et al., 2011). More recent studies 

have used laser-capture microdissection as a means o f 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 jo in t differentiation prior to cavitation (Jenner et al., 2014; 

Longobardi et al., 2012).

The intrinsic cyclic nature o f  gene expression, which in turn can promote or prevent signalling 

cascade activation in a spatially and temporally controlled manner, determines the correct 

development o f all organ systems during embryonic development. More recently, 

accumulating evidence on the impact o f 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 M echanosensory 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 o f 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 o f 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 o f 

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 o f  chondrocytes and have been shown to enhance cell proliferation 

(Chowdhury et al., 2004). Removal o f  loading in this system has resulted in the down- 

regulation o f cell-adhesion associated integrins and cadherins, supporting the suggestion that 

they are involved in surface reception o f mechanical stimuli.

1.4 M echanical Influences on Developmental Processes

The pioneering work o f Wilhelm His, Julius W olff and Wilhelm Roux in the 18'^ and 19'*’ 

centuries demonstrated the importance o f mechanical stimulation for functional adaptation of
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the structure and mass o f bone at a tissue level (reviewed in Chen et al., 2009; Nowlan et al., 

2010b; Rubin et al., 2006). The ability o f the skeleton to adapt to its loading environment is 

reflected in an increase in thickness o f cortices in the humeri o f the dominant arm o f 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 o f 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 o f  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 o f 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 o f  tissue differentiation has more recently been studied in a variety 

o f 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 o f gene expression and cell differentiation (Mammoto et al., 2011). 

Mechanical cues have been shown to be involved in development o f multiple organ systems, 

including angiogenesis o f  vasculature (M ammoto 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 o f 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). Muhiple 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 M echanical influence on Skeletal Development

Although the effect o f mechanical stimulation on the formation o f 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 o f 

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 o f a spectrum o f 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 o f 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 o f the importance o f 

movement as a regulatory tool in sculpting skeletal development. In animal models the 

mechanical environment can be altered in a number o f ways including in vivo immobilisation 

o f the musculature or the use o f 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 o f mechanical stimulation on embryonic skeletal development, due to 

their similarities with human musculoskeletal development. A schematic summary o f 

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

1.5.1 Analysis of In Ovo Immobilisation

An advantage o f 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 o f 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 o f 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 o f 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 E l2.5 onwards,
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indicating that the early period o f incubation programmed the later bone development 

(Hammond et al., 2007).

Immobilisation can be achieved in the developing chick embryo either surgically, by 

extirpation o f  the spinal nerves, or by application o f 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 o f ossification (Nowlan et al., 2008b) and several aspects o f joint formation 

leading to jo int fusions in extreme cases, but also loss o f associated structures such as 

articular surfaces, menisci and patella (Drachman, 1966; Murray and Drachman, 1969; 

Osborne et al., 2002; Persson, 1983; Roddy et al., 201 lb).

1.5.1.1 In ovo Immobilisation: Analysis of Ossification and sl^eletal rudiment length

Immobilisation o f the embryonic chick has been used to study the effect o f muscle 

contractions on bone development. Multiple studies have reported defects in growth of 

skeletal rudiments following immobilisation o f  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 o f paralysis on 

individual skeletal elements during development and showed that while there was variation 

from site to site, the growth rates o f 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 o f the calcified diaphyses suggesting that a reduction in 

cellular proliferation was the cause (Hosseini and Hogg, 1991a). Further histogenic analysis 

o f the immobilised tibia showed that there was a reduction in the spread o f cartilage 

resorption in the marrow cavity (Hosseini and Hogg, 1991b). A reduction in the width o f 

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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m ineralised bone (Osborne et al., 2002). Paralysis o f  zebrafish exhibited a reduction in the 

size o f  all pharyngeal cartilage; establishing m uscle loading in this m odel as a regulator o f  

chondrocyte intercalation (Shw artz et al., 2012).

Now lan and colleagues showed a significant decrease in bone length in the tibiotarsus by 

embryonic day 11 follow ing im m obilisation. Using finite elem ent (FE) analysis to m odel the 

effect o f  m echanical forces due to m uscle contractions it was show n that as normal 

developm ent proceeds in the tibiotarsus o f  the chick the patterns o f  stress, strain, hydrostatic 

pressure and fluid velocity stim uli change, with peak stim uli experienced by cells that 

undergo hypertrophy and initiate ossification some hours later- i.e. the peak stimuli spread 

from the m id-diaphysis, m oving proxim ally and distally in advance o f  the wave o f 

ossification (Nowlan et al., 2008a). It was therefore hypothesised that the spatial and tem poral 

pattern o f  peak stimuli is required for the later initiation and progression o f  ossification. This 

was tested by im m obilisation, which w ould rem ove the spatial and tem poral pattern o f 

stimuli, and was supported by the finding o f  reduced ossification as well as reduction in the 

expression o f  the m olecular m arkers type ten Collagen in the hypertrophic zone and the 

perichondrium , and Indian H edgehog 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 rudim ents follow ing im m obilisation described above, 

there is also a change to the cellular organisation and definition o f  tissue territories and 

corresponding regulatory gene expression in the developing jo in t (Roddy et al., 201 lb). Early 

experim ental m anipulations o f  the chick em bryo showed that jo in ts  are affected; as early as 

1958 Lelkes grew  m esenchym al condensations in in vitro  explant cultures and showed that 

application o f  m ovem ent induced the form ation o f  w ell-form ed articular surfaces and even 

articular cavity form ation, com pared to unm oved control explants that showed cartilaginous
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fusion and irregular proliferation (Lelkes, 1958). Removal o f all mechanical stimulation was 

shown to result in the absence o f nearly all o f 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 o f the capsule, ligaments and 

the meniscus (Persson, 1983). Several studies have reported that immobilisation causes a 

failure o f 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 o f the condyles on the 

rudiment termini (Roddy et al., 2011b) (Figure 1.5c). They again used FE modelling to 

predict patterns o f mechanical forces generated during avian embryo knee joint flexion- 

extension contraction and showed specific dynamic patterns in the emerging tissues o f the 

joint. Modelling the state o f rigid paralysis, predicted a change in biophysical stimuli, from 

tension and compression to largely compression in immobilisation (Roddy et al., 2011b). 

Increased levels o f cell proliferation were reported in femoral condyles that had the highest 

level o f biophysical stimuli in control knee joints, indicating mechanical loading to have a 

stimulatory effect on outgrowth o f condyles (Roddy et al., 2011a). The expression o f genes 

encoding the signalling molecules Bmp2 and Fgf2 were lost following immobilisation o f the 

chick knee joint, as well as genes involved in hyaluronan synthesis (Has2) and reception 

(Cd44) implicated in the cavitation process (Roddy et al., 201 lb ) (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 o f  genes that are disregulated upon alteration o f mechanical stimulation are thus 

termed mechanosensitive genes and were revealed as potential key mediators o f mechanical
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s:timulation in joint development (Roddy et al., 2011b). Following these findings o f the 

alteration in tissue organisation observed in the knee joint region it was proposed that the 

c orrect spatial patterning o f 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 o f 

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 o f 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 E l2.5 in the mouse (Suzue, 1996). 

Genetic manipulation has produced mouse models that can be used to study the effect o f 

mechanical stimulation from movement on skeletal development; they include mice with 

reduced { M y f : M y o D  ~ {Kudmckx et al., 1993)) or immobile (Mdg'^' (Pai, 1965), Dockl'^' 

(our unpublished results)), or absent {Splotch (Franz et al., 1993; Tajbakhsh et al., 1997), 

Splotch-delayed  (Franz. 1993; Vogan et al., 1993), (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 o f the scapula, the tibia and the femur, and in the shape o f the
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femur at E l 8.5 (Rot-Nikcevic et al., 2006), and significant differences in the dimensions o f 

the diameter o f  the humerus, the humeral head and condyles, the total length o f the ulna and 

the deltoid tuberosity at E l 8 (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 o f 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 o f hypertrophy shown in the humerus in the primary ossification 

center (Nowlan et al., 2010a) (Figure 1.5a). So although ossification proceeds, the altered 

pattern o f initiation and progression shows that this process is not normal. Sharir et al (2011) 

used microCT o f late stage long bone from non-contractile muscle mutants 

(Cacnas'"‘*®/Cacnas"’‘̂®) to show that the normal pattern o f mineral deposition specific to each 

bone is lost in the absence o f contractions, thus compromising the mechanical properties o f 

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 o f ossification, for 

normal local bone growth and bone strength. Analysis o f expression patterns o f  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 CollO  at each time- 

point examined, with a suggested lagging behind o f expression in mutants compared to stage- 

matched controls (Nowlan et al., 2012). Examination o f the Ihh 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 o f  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 o f 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 o f 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 o f muscle contractions 

alone could not explain the more severe effect seen in the humerus than the femur. The 

application o f displacement, that mimics passive movement o f 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 o f the hindlimb compared to the 

forelimb (Nowlan et al., 2012) suggesting that stimuli generated by passive movement o f  the 

hindlimb might compensate for the loss o f muscle contractions.

1.5.2,2 Analysis o f  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 o f 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 o f limb musculature examination o f the joint 

specific marker Gdf5 was performed over developmental time, with expression present in 

muscle-less elbow joints at E12.5 and E13.5 but an absence o f expression by E14.5 in parallel 

with an absence o f jo in t cavitation, as shown by expression o f cartilage markers in the joint 

region (Kahn et al., 2009). To understand the potential mechanistic basis o f 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 o f the rudiment 

territories in conjunction with a complete loss o f cellular organisation o f 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^^7MyoD‘̂ ‘ 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 o f both chick and mouse embryos are similar 

(summarised in Figure 1.5).

Since a range o f mouse mutants where muscle is immobile, reduced or absent (as described 

above) have similar skeletal phenotypes, alteration o f the mechanical environment, rather than 

other aspects o f the physical absence o f 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 o f 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 o f muscle, definitively separate paracrine and 

mechanical influences. Integrating these findings allows us to draw general conclusions about 

the specific aspects o f 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 o f mechanical stimulation from muscle contractions impacts several aspects 
o f 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 c serve as examples o f the evidence of 
impact on each process, (a) mid-diaphysis o f the mouse humerus at TS23 (E l4.5) in control 
and Sp muscle-less, stage matched embryos, showing reduction in the hypertrophic zone by 
safranin-o staining, (b) In the knee joint o f immobilised chick embryos, lack o f definition of 
jo in t territories is shown by histology (note the absence o f  organised cell layers within the 
presumptive joint) and gene expression patterns (as indicated) which normally define the 
territories o f the forming joint, the cartilaginous rudiment {Collal) ,  the peri-articular cartilage 
o f the rudiment (PthrP), the intermediate layer o f the interzone (Bmp2). The schematic in box 
b summaries effects o f immobilisation on the knee joint, p; patella, pai; peri-articular, m; 
meniscus, il; indermediate layer, cl; chondrogenous layer, JF: joint fusion, (c) The effect on 
rudiment morphogenesis is exemplified by the change in shape o f the distal femur; the 
diagram represents outlines o f 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 o f stem cell therapies for skeletal disorders 

is defining the conditions required for priming stable differentiation o f progenitor cells into 

the appropriate tissues required for repair and regeneration. The differentiation o f transient 

cartilage that undergoes hypertrophy and is replaced by bone in the developing skeletal 

rudiments is distinct from the differentiation o f mature chondrocytes that are housed at the
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rudiment termini to form permanent articular cartilage, as previously described. Each o f these 

distinct processes are highly regulated through the coupling o f biochemical and 

biomechanical factors that the cells experience in vivo. Bioengineering approaches use in vitro 

culture systems that allow for the preliminary screening o f 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 o f the entire 

skeletal system. In culture, chondrocytes derived from cartilage tissue can provide a limited 

source o f progenitor cells for cartilage therapies. However the existence o f 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 o f 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 o f progenitor cells can be 

described as either; (1) totipotent- capable o f giving rise to all cell types o f the embryo as well 

as the embryonic component o f the placenta; (2) pluripotent- can give rise to all cell types o f 

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 o f  embryonic stem cells, much work has been

34



performed over the past 20 years on multipotent, aduh 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 o f 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 o f 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 o f 

stem cells isolated from adult sources (reviewed in Kelly and Jacobs, 2010; Responte et al., 

2012). These studies demonstrate the importance o f 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 o f stem cells to date. The computational model generated by Prendergast et al 

(1997) proposed that a balance o f fluid flow and shear strain determines the spatial and
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temporal pattern o f 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 o f 

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 

o f HP stimuli are important in the response (Elder et al., 2005; Ikenoue et al., 2003; Miyanishi 

et al., 2006a). Application o f HP has recently been shown to increase the functional properties 

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

Cyclic tensile strain is prominent in the superficial region o f 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 o f stem cells. Tensile strain applied in a two-dimensional culture 

caused a switch in cell fate from adipogenic to osteogenic differentiation via up-regulation o f 

canonical Wnt responsive genes (Sen et al., 2008). Wnt signalling (through p-catenin) was 

also implicated in the osteogenic differentiation o f 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 o f 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 

(A m sdorf et al., 2009a; A m sdorf et al., 2009b; Sharp et al., 2009) through RhoA/ROCK2 and 

enhanced tension in the actin cytoskeleton (A m sdorf et al., 2009b). In a similar study
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oscillatory fluid-flow  induced [3-catenin nuclear translocation and up-regulation o f  Wnt 

associated proteins, W ntSa and Ror2, which are both involved in RhoA activation (A m sdorf 

et al., 2009a) and ultim ately Runx2 expression (A rnsdorf et al., 2009b).

1.6 Identification of Mechanosensitive Genes during embryonic skeletal development

The m olecular response following alterations in the m echanical environm ent have been 

previously reported in various in vivo and in vitro  studies in an attem pt to understand in more 

detail the m eans by which m echanical stim uli m odulate the cellular response during 

differentiation. Gene expression profiling has the potential to uncover hundreds o f  genes that 

respond to m echanical stimuli sim ultaneously, term ed m echanosensitive genes. A non- 

exhaustive list o f  studies that have identified potential m echanosensitive genes using both in 

vivo  and in vitro experim ental regim es follow ing alterations in the m echanical environm ent is 

presented in Table 1:1. Gene expression profiling to identify genom e w ide changes under 

altered m echanical environm ents has been carried out using in vitro  culture system s in 

conjunction with m icroarray technology, including osteoblast cell-lines subjected to 

w eightlessness or m icrogravity conditions (Patel et al., 2007), chondrocyte-laden constructs 

and m urine cartilage explants to which dynam ic com pression was applied (Bougault et al., 

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

Previously m entioned studies that have altered the m echanical environm ent in vivo  have 

investigated candidate genes for altered expression, in order to assess the m olecular response 

to alterations in biophysical stimuli (K avanagh et al., 2006; N ow lan et al., 2012; N ow lan et 

al., 2008b; Roddy et al., 2011b). A pplication o f  various form s o f  m echanical stim ulation 

during in vitro culture regim es is a m ajor goal o f  bioengineering techniques in order to create 

tissue suitable for regeneration applications. Revealing m olecular responses to m echanical 

stim ulation is useful to aid in our understanding o f  the m olecular responses at a cellular level.
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Table 1:1: Identification o f mechanosensitive genes using various in vivo and in vitro 
experimental regimes. __________________________________________ ____________________
Gene/Protein 
showing altered 
expression

Experimental approach Reference

Co/70, Fgfr3, Ihh, Runx2 In vivo, muscle-less murine models, humerus 
and elbow joint

(Nowlan et al., 2012)

325 candidate genes (FC 
>1.4< p<0.01)

In vito; primary mouse chondrocytes subjected 
to short-term dynamic compression

(Bougault et al., 
2012)

Cd44, Pthlp, CoI2al, 
Fgf2, Bmp2, Has2 In ovo immobilisation o f  chick, knee joint (Roddy et al., 201 lb)

Gdf5, Noggin In vivo, muscle-less murine models, elbow joint (Kahn et al., 2009)

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

(Adamo et al., 2009)

Col 10, Ihh In ovo immobilisation, chick tibiotarsus
(Nowlan et al., 
2008b)

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

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

(Patel et al., 2007)

Fgfi-3, Fgfrl, Fgfi-4, 
F g fl

Four point bending to create fluid shear and 
strain forces in an osteoblast cell line

(Jackson et al., 2006)

Itgbpl, Cox2, Ig fl, 
HyaI2

In vitro Steady fluid shear stimulation o f  C3H 
and B6 murine osteoblasts

(Lau et al., 2006)

Runx2, Opn, Col 10, 
Col2

Ex vivo: Cyclic compression o f  whole rabbit 
femoral condyle explant

(Sundaramurthy and 
Mao, 2006)

E rgl, 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 ai., 2002)

Ig fl, Tgfpi, Fgf2, IL6 In vitro mechanical cyclic tensile stretch on 
human osteoblast-like cells

(Cillo et al., 2000)

Cd44. Has2 In vitro: application o f  mechanical strain to 
chick fibrocartilage

(Dowthwaite et al., 
1999)

II Ih In vitro: compression o f  micromass cultures
(Takahashi et al., 
1998)

W F  Tgfp, cfos, Opn, 
Ocn, Alp Ex vivo: Four point bending o f  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 Tgf]3 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 Tgfpi was increased following mechanical 

stretch on an osteoblast cell line (Cillo et al., 2000). Components o f the Wnt signalling 

pathway were previously linked to mechanosensitivity including a down-regulation o f  Wnt9a 

in the elbow joint in muscle-less mice (Kahn et al., 2009), a down-regulation o f the antagonist
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Sfrp2 was identified in microgravity conditions (Patel et al., 2007), a down-regulation o f the 

receptor frizzled 10 (FzdlO) following compression o f agarose-embedded chondrocytes 

(Bougault et al., 2008) and an up-regulation o f WntSb and a concurrent down-regulation o f 

the Fzd7 gene following dynamic tension o f human BM MSCs (Haudenschild et al., 2009). 

An alteration of components o f the Fgf pathway have similarly been identified to be altered 

following alteration o f mechanical stimulation (shown Table 1:1), and that may be due to its 

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

1.3.4.

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 o f tissues. This project used a combination o f 

embryonic animal models, transcriptome profiling, molecular analysis, gene function analysis 

and differentiation o f 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 o f mechanical stimulation as a regulator o f 

cartilaginous and skeletal development is important not only because it aids our knowledge o f 

a complex developmental process and the fundamentals o f cellular regulation but also because 

o f its implication for regenerative therapies. The ability to guide the process o f cellular 

differentiation through exogenous application o f biochemical cues combined with mechanical 

stimulation may aid the in vitro recreation o f 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 

o f tissues in vitro, a greater understanding o f the complex signalling pathways and stimuli that 

control normal growth and development are required.
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Central Hypothesis: That mechanical stimulation o f progenitor cells in the embryonic 

skeletal system influences tissue patterning and cell differentiation through altering the 

activity o f 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 o f 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 o f S p d /S p d ' 

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 o f selected genes that are differentially expressed in 

developing humeri o f 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 o f altering Wnt signalling on limb skeletal patterning as a 

candidate integration point for mechanical cues.

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

using mis-expression o f pathway activators and repressors. Building on the findings o f
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Chapters 3 and 4 which impHcated Wnt signaUing as a key point o f integration for mechanical 

cues, the initial objective was to assess whether manipulation o f the Wnt pathway 

phenocopies what is seen following the removal o f mechanical stimulation.

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

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

Chapter 6 reports that application o f hydrostatic pressure on embryonic and adult derived 

stem cells show similar responses in gene expression that are indicative o f a maintenance o f a 

stable cartilage phenotype. This tests the hypothesis that the correct combination o f 

mechanical and biochemical signalling is required to direct appropriate differentiation and 

maintenance o f  stable cartilage, preventing maturation and hypertrophy.
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Chapter 2

2. Methods

General m ethods used throughout the project are reported here. Additional m ethods specific  

to the work presented in each subsequent chapter, as w ell as experim ental design for chapter 

specific experim ents, are presented in the relevant chapter..

2.1 Embry o Collection

M ale and fem ale heterozygote C57BL/Pax3'^'^'^’ m ice were purchased from the Jackson  

Laboratory (Strain Name: C57BL/6J-/*c/xi''^'‘̂ /J, Stock Num ber 0 00565) and w ere housed in 

the B ioresources Unit TCD, w ere mated over-night and vaginal plugs were checked the 

fo llow ing morning. The morning o f  finding a vaginal plug, indicating mating had taken place, 

w as designated em bryonic day (E) 0.5 (0.5 days post coitum  (dpc)). Embryonic material w as 

collected  from timed pregnancies o f  heterozygote dams on the afternoon o f  E l4.5. The 

pregnant fem ales were hum anely sacrificed by CO2 intoxication and fo llow ed  by cervical 

dislocation and the maternal uteri containing the em bryonic material w ere d issected and 

placed in ice cold Phosphate buffered saline (P B S). Individual em bryos w ere dissected from  

each decidua using RN ase-free equipment. Each individual em bryo w as accurately staged, 

according to Theiler staging criteria (Theiler. K, 1972) and any visib le  phenotype was 

recorded (spina bifida; exencephaly; thin, m uscle-less lim bs). G enom ic D N A  from each  

em bryo was obtained from the head tissue, using standard protocols (Sam brook & R ussell 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; IxlOmin, 100% methanol; 

2xl0min) 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 Ĉ ^̂ ), 44 Ĉ '̂) and 38 SpdlSpd'' humeri (sections 

3.2.3).

2.2 Genotyping of Embryos

Embryonic head tissue was obtained from each individual embryo, digested overnight with 

proteinase K (100|xg/ml) in extraction buffer containing lOOmM 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 lOmM 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 500|iM. 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 (-/-)(]50bp) 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

44



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 
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 - - - - 71
-/- 3 9 6 - - - - 18
Total 4 6 28 66 - - - - 104
Splotch-delayed: Spd  Genotype
+/+ 1 26 158 3 1 4 2 195
+/- - 46 339 14 1 3 3 406
- / - 1 14 152 14 2 183
Total 5 1 86 649 31 2 9 5 788

2.3 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 lOmin washes of 75%, 50% and 25% methanol/PBT followed 

by a lOmin wash in PBS. The forelimbs were then dissected off the body cavity and were 

dehydrated through serial washes o f ethanol (EtOH): twice for 15mins in 50% EtOH, twice in 

70% EtOH, first for 15mins and the second for 30mins, then Ihr in 90% EtOH and twice in 

100% EtOH for Ihr. De-calcification was performed on TS24 limbs in 10%
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Ethylenediam inetetraacetic acid (EDTA ) over two nights prior to dehydration in EtOH. All 

steps were perform ed at room  tem perature (RT). The limbs were then placed in H istoclear at 

RT over night in glass jars. The lim bs were then w ashed in 50%  histoclear: 50% paraffin wax 

for Ih  at 60°C; follow ed by two Ih r w ashes in 100% paraffin wax at 60°C. The lim bs were 

then aligned to be sectioned longitudinally and em bedded in 100% wax that was left to harden 

over night on a cold plate. The hardened wax block was then serially sectioned using a 

m icrotom e (Leica RM 2255) at a thickness o f  5-10|xm. Consecutive serial sections o f  the 

regions o f  interests w ere floated over ddHaO at 50°C in a pre-w arm ed w ater-bath (Leica 

HI1210) and collected on a m icroscope slide and allow ed to dry at RT prior to staining. De- 

w axing and re-hydration o f  the slides was perform ed prior to staining w ith 3m in washes in 

H istoclear and serial w ashes 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%  H aem otoxylin solution (Equal 

Parts H aem atoxylin: Ferric chloride solution; Ig  W eight’s Iron H aem atoxlin Solution in 

100ml o f  95% Ethanol; 4ml 29%  Ferric chloride + 1ml HCL in 95m l ddH 20) (40sec) and then 

w ashed with running tap w ater before being incubated w ith 0.001%  Fast Green Solution 

(5m ins) (0.01 g o f  Fast green (FCF, C.l. 42053) in 1000ml o f  ddH iO ). The slides were then 

quickly w ashed in ] %  acetic acid (15secs) (1ml o f  glacial acetic acid in 99ml ddH 20) and 

then counterstained w ith 0.1%  Safranin-O  Solution (O.lg Safranin-O  (C.l. 50240) in 100ml o f  

ddH 20), the duration o f  counterstaining w as dependent on the stage o f  the tissue (<TS23 

5m ins, >TS24 2m ins). The slides were then dehydrated in serial w ashes o f  EtOH for 2mins 

each (70% , 90% , 100%) follow ed by a final w ash in 100% histoclear (5m ins) prior to being 

m ounted using DPX synthetic resin. The Safranin-O  stains the hyalurnoic acid com ponents 

contained in cartilage and m ucins orange, the hem atoxylin stains the nuclei purple, fast green 

stains m ast cells green and the background cytoplasm  o f  other cells grey green.
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2.4 Embedding and Sectioning of embryonic tissue for in situ  hybridisation

Preparation o f sections for in situ hybridisation staining followed the same initial re-hydration 

and dissection protocols. The upper body o f the embryo that had been fixed in 4% PFA and 

stored at -20°C in 100% methanol were rehydrated by a series o f lOmin washes o f 75%, 50% 

and 25% methanol/PBT followed by a lOmin 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- 

lOO^im using a Vibratome) and thin (10-30|jm 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. 60nm. SO^im and lOOum sections were cut in PBS with a vibrating 

microtome (Leica™, VTIOOOS) 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 o f the cryostat (Leica CM1860) using OCT (optical 

cutting temperature compound), orientation o f the limb on the mount was adjusted and 10- 

30|im 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 Ihr, 100% twice for Ihr each. Ethanol dilutions were prepared using 

absolute ethanol (100%) and ddHiO. 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 Ihr, followed by two pure wax washes for Ihr 

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 5-10|im were obtained on a slide series, with 

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

HI1210).

2.5 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 ddH20) 

supplemented with 100|ag/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 100|ig/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 o f the correct gene and to identify the size and exact identity o f 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 

l|ag linearised plasmid DNA using T7, T3 and SP6 RNA polymerase binding sites in the 

relevant plasmid vector (all reaction components from Roche) in a 20|j,l volume at 37°C for 

3hrs. Other components included DigRNA labelling mix (Roche), RNase inhibitor (Roche), 

lOx Transcription Buffer (Roche) and 0.2M DTT (DL-Dithiothreitol). RNA production and 

integrity was checked by running ]|il 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 l)il o f 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 

o f hybridisation solution (2% blocking reagent (Boehringei), 50% deionised formamide, 5x 

Saline-sodium citrate (SSC) (Sigma), 0.5% [(3-Cholamidopropyl-[(3-Cholamidopropyl) 

dim ethylammonio]-l-propanesulfonate (CHAPS), 50ng/ml Heparin, lOO^g/ml yeast RNA, 

0.1% Trition and 5mM EDTA (ethylenediamine tetra-acetic acid)).

2.5.2 Fixation and pre-treatment of floating tissue sections

For testing probes and preliminary analysis o f expression patterns within the developing 

forelimb, vibratome sections o f thickness 60-100|im were prepared, as described above 

(section 2.4.1). After two lOmin washes in PBT the free floating sections were treated with 

proteinase K (10|ig/ml in Tris-HCL, 5mM EDTA pH7.5) for 5 mins at RT. Sections were
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then washed twice in PBT (lOmins) at 4°C and fixed in 4% PFA/0.2% Glutaraldehyde for 

20mins at 4°C. Following fixation, 3 x 5min 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 o f Frozen and Paraffin sections

Following selection o f slides, paraffin was removed with histoclear and rehydrated through a 

series o f ETOH washes, opposite to those described in section 2.4.3; two lOmin washes in 

PBS was performed in a glass trough with slides facing back to back. Sections were then 

treated with proteinase K (10|ig/ml in Tris-HCL, 5mM EDTA pH7.5) 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 5min 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 ddH20, pH8.0 and Acetic Anhydride (Sigma 

Aldrich, Ireland. Cat no: 242845) (1:400) with constant stirring for lOmins 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 1 |ig/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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o f l|j,g/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 5mins in post-hybridisation 

wash (PHW) solution (50% formamide, 5x SSC and 0.5% CHAPS), then three serial 30min 

washes in decreasing concentrations o f formamide, SSC and CHAPS and increasing 

concentrations o f Wash 1 (W l) solution containing (2x SSC and 0.1% CHAPS), (75% 

PHW/25% W l, 50% PHW/50% W l, 25% PHW /75% W l). This was followed by two 30min 

washes in W l 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 (lOOmM Tris-HCL pH7.5, 

150mM NaCl, 0.1% Trition X-lOO) at RT. After washing, the sections were then blocked in 

Maleic Acid buffer (lOOmM 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 o f 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 5mins washes followed by 3x Ihr washes then a 16hr fresh TNT wash at 4°C. 

Following this the sections were washed 3x 15mins in NM T (100ml Tris-HCL pH9.5, 50mM 

MgCli, lOOmM NaCl) as this provides the optimal pH for staining. The chromogenic reaction 

was carried out in half strength stain in NM T 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 (Ih r to 

overnight) before mounting o f the free-floating sections on slides with Aqua-polymount 

(Polysciences, Inc) and coverslips.

51



2.6 RNA Preparation for gene expression analysis

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

from control and mutant embryos at stage TS23. Pooling o f rudiment tissue from

multiple embryos o f 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 o f 8.2-9.6 

were used for M icroarray and RNA-seq analysis.

2.7 Quantitative Gene Expression

Quantitative real-time reverse transcription-polymerase chain reaction (qRT-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 TaqMan® 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 o f total RNA was reverse 

transcribed (generally lOOng) into cDNA using iScript™ cDNA synthesis kit (BioRad, UK) 

as per m anufacturer’s instructions. Samples were assayed in triplicate in one run (40- 

45cycles), which was composed o f  three stages, 95°C for 10 min, 95°C for ISsecs 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 o f
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gene expression was calculated by subtracting the averaged C‘ values (C’ is the threshold 

cycle) for Gapdh from those o f the gene o f interest. The relative expression was calculated as 

the difference (AAC’) between the C‘ o f the test sample (mutant) and that o f the control 

sample. The relative expression o f genes o f interest were calculated and expressed as 

Relative quantification values are presented as fold changes plus/minus the standard error o f 

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

2.8 Microarray

Four independent pooled sets o f samples were used for microarray (n=4 biological replicates) 

analysis. All microarrays were processed at IMGM* Laboratories (Martinsried, Germany). 

lOOng o f 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 o f the mouse genome 

(outlined in Figure 3 .IB). A one-colour based hybridisation protocol was performed at 65°C 

for 17 hrs on separate mouse GE v2 microarray platforms. M icroarrays 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 o f probe signal intensities for each array (Bolstad et al., 2003), thus adjusting 

them to a uniform level that can allow for comparable downstream analysis. W elch’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 o f the False Discovery Rate 

(FDR). A fold change (FC) o f > 2 and FDR-adjusted p-value o f <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 o f samples were used for RNA-seq (n=3 biological replicates) 

analysis. The DNase-treated RNA (3|ig) was used to prepare RNA-Seq libraries with the 

TruSeq RNA Sample Prep kit. A total o f six cDNA libraries were constructed, representing 

triplicate biological replicates for each group. 40bp single end reads were obtained from an 

Illumina 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 o f Benjamini and Hochberg to control the 

type I error rate, and a cut off o f p<0.05, and a fold change o f > 2 were used as a threshold to 

define differential expression.

2.10 Immunohistochemistry

Immunohistochemistry was performed on 5pim longitudinal paraffin TS23 control and mutant 

sections. Slides were washed three times in PBS prior to blocking in 5% goat serum in PBT 

for Ihr at RT. Incubation with Primary antibody in 5% blocking solution was performed in a 

humid chamber 0 /N  at 4°C. Three 15mins post-antibody washes were performed in PBS at
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FIT. Incubation with secondary antibody was performed in 5% blocking solution for Ihr at RT 

im the dark. Post secondary antibody washes, 3 x 1 Omins in PBS were performed in the dark. 

F’rimanry and secondary antibody dection concentrations are listed in each relevant chapter.

M ounting o f fluorescent samples was performed using DAPI counter-stain (DAPI Prolong 

Anti-fade Mounting Medium, P-36931, Invitrogen) and colourometrically stained samples 

w ith Aquapolymount (Polysciences Inc).

2.11 Laser capture Micro-dissection

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

forelimb samples from homozygous 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 o f 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 h was sectioned on a Leica 

CM 1860 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. lO^m longitudinal sections were cut through the humerus, 

elbow joint and radius and ulna o f the forelimb. Sections were mounted on PEN membrane 

coated slides (Applied Biosystems® LCM0522), with two slides used for each limb, 

increasing the number o f sections on a slide allowed for capturing o f more tissue o f interest 

during LCM. Slides were dehydrated through a series o f 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 o f the tissue using cresyl violet was tested in order to assess whether the tissue 

required added visualisation during LCM. Results showed no additional benefit o f staining
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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 o f the cap, resulting in extension o f the film directly on the area o f 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 o f 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 o f interest were located and the cap was loaded on the tissue area o f 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 o f  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 o f interest following marked lines, while 

the UV laser promotes adherence o f the tissue to the film on the cap with circular rings. 

Moving o f the cap to another region on the slide allows pooling o f  multiple sections o f the 

same territory on to one cap. Approximately 12-15 lO^im sections o f the regions o f interest 

were pooled on the same cap for downstream transcript analysis. Following completion o f an 

area o f  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 

ddHiO, 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 o f 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 o f 400 projected images o f the specimen. At least two scans were 

performed for each specimen using visible light and UV light with either a GFPl 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 o f 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 o f the section to ensure consistent comparisons between EP and non-EP 

limbs.
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Chapter 3

3 . IdentiHcation of Mechanosensitive genes during 
Skeletal Development^

'M ost o f 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 o f Mechanosensitive genes during skeletal development: 
alteration o f 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 o f the mouse 
E l4.5 (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 o f the data, with the exception o f 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 o f 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 o f different strains o f 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 o f ossification, loss 

o f definition o f 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., 201 la), as outlined in section 1.5.2. It has been shown that mechanical stimuli 

thus impact a variety o f 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 o f Kahn et al
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(2009) who have shown that canonical Wnt signalling is altered in the elbow joint o f Splotch- 

delayed  embryos. Several regulatory genes have been shown to have dramatically altered 

expression patterns in reduced mechanical stimuli including, Ihh and CollO al at the site o f 

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 o f these genes is directly 

affected by the mechanical stimuli or as a more indirect consequence o f  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 o f genes that respond to mechanical stimuli simultaneously 

(mechanosensitive genes); however no direct analyses o f in vivo changes in gene expression 

during skeletal development following alteration o f the mechanical environment have been 

performed. This is required to begin to assemble a picture o f  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 o f 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 Splotch 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 o f control TS23 humerus and associated joints through the 

use o f 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 o f 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 o f mechanical stimulation. A genome wide analysis o f altered transcript levels is 

required to indicate the principal molecular mechanisms disturbed and the most likely 

candidates for direct regulation.
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3.2 Methods 

3.2.1 Embyro Collection

Heterozygous C57BL/Pax3‘̂ ^̂  ’ (Vogan et al., 1993) mice were time-mated to produce 

homozygous 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 

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

was extracted as described in section 2.6.

3.2.4 Microarray

Four independent pooled sets o f samples were used for microarray (n=4 biological replicates) 

analysis. All microarrays were processed at IMGM® Laboratories (Martinsried, Germany). 

The preparation o f 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 o f the mouse genome (outlined in Figure 3. IB).
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3.2.5 RNA-sequencing: Alignment and Differential expression analysis

Three independent pooled sets o f samples were used for RNA-seq (n=3 biological replicates) 

analysis. The processing o f 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 .IB).

B
Control

Microarray

m uta nt

RNA-sequencing

Hybridisation to Agilent M ouse GE 
v2  Microarrays (4x44K  format)\

S eq u en cin g  using lllumina 
G enom e Analyser II

I
Fluorescent signal 
intensity scanning

S e q u e n c e  R ead s

Normalisation for 
e a c h  replicate

Alignment to re ference  
m o u s e  genom e

Expression level of 
transcripts

E xpression  of 
transcripts (R ead count)

^  Statistical Analysis ^  

Differentially Expressed Transcripts

Figure 3.1: Overview o f gene expression profiling approach used. (A) Images o f 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 o f 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) W ork­
flow o f 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; Fgf4, Cilp, Rxrg, D ill, Sppl Vstm2a, 

Figf, FgflO and Sfrp2 (primer sequences detailed in Table 3:1). All primers were designed 

using Primer Express Software®, version 3.0, under default settings for TaqMan® 

quantification and purchased through Sigma (Sigma-Aldrich, UK). Primers sets were 

designed with a primer Tm range o f 58°-60°C, an optimal length o f 20bp and an amplicon 

range o f 50-150bp. Total RNA was reverse transcribed (lOOng) 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. 5|il o f cDNA preparation 

was diluted 1:5 with RNase free water, 10|al o f 2x QuantiTect SYBR green PCR master mix, 

0.5ul (10|iM) o f each primer and 4ul RNase free water. Samples were assayed in triplicate in 

one run (40cycles), which was composed o f three stages, 95°C for 10 min, 95°C for 15sec 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 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 o f groups o f 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.ncifcrfgov/) 

(Huang da et al., 2009), and GOstat (http://gostat.wehi.edu.au/) software. Analysis o f 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 o f the enrichment o f any GO term-associated gene set is 

reflected in the calculated p-values, comparing the proportion o f genes in the data-set and the 

proportion o f 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 o f  differentially expressed genes.

Gene RefSeq Primer Sequence
Amplicon

length

Fgf4 NM_0I0202 Fwd CCGACGAGTGTAAATTCAAAGAAA 97Rv TTCTTACTGAGGGCCATGAACA

d ip NM_173385 Fwd AAAAAGACGGCTTTCCAAATCA 78Rv GGCATAGATAGGCCCATTGC

Rxrg NM_009107 Fwd CGTTGAGTGGGCCAAACG 75Rv CCTGCCCGGAGTAGAATGAC

D ill NM_007865 Fwd GACCGCCGCTTCCTAATAGG 74Rv GCCCAGATGTTCAGCTTAATTCC

Cd44 NM_00985I Fwd CCCCCCTACCCCAAGTGA 92Rv TCTGTGTTGTTATTCTTTGACTTGGAT

Vstm2a N M J45967 Fwd GTGGAGCTCTTACCCGACAGA 73Rv CATTGCCTTGGACTTTCACTGTAC

PcdhS NM_02I543 Fwd GATACAGCACGTTCGAAGAGGAT 122Rv CAGAGAGCTGTTGAATTGCTTC

Figf NM 010216 Fwd GGTTGCCTGAAACAGAGTAGTAGGT 71Rv AGCATTGCCCTTGGACTTTG

FgflO NM 008002 Fwd GGGCTGCTGTTGCTGCTT 94Rv GGCCTCCTGTGACACCATGT

Sfrp2 NM 009144 Fwd CAGAGAGAGTTCAAGCGCATCTC 68Rv GCCACCCCACTGGGAAAC

SppI NM_ 001204201 Fwd CCCTCGATGTCATCCCTGTT 69Rv TGCCCTTTCCGTTGTTGTC

Sox5 N MOl  1444.3 Fwd GACGGCAAGAAACTGCGTATC 79
Rv CGTTGAAGTACTGTCGCATTTCC

Wnt4 NM_ 009523.2 Fwd GGTCAGGATGCCTCGGACAA 65Rv CCGGACGTCCACAAAGGA

3.2.8 Chromosome position of Differentially Expressed genes

Freely available software (available at http://www.ncrna.ora/idioarahica/') was used to 

generate idiograms to visualise the genome localisation o f  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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3.3 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 Splotch mutant embryos (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 TS23 TS24

Figure 3.2: Elbow joint line reduction and loss o f interzone layer organisation in Spd/Spd"  
muscle-less mutants. The joint line o f the humero-ulnar (a-b, e-f, i-j) and humero-radial (c-d, 
g-h, k-l) 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 I compared to stage-matched litter-mates. 
Histological sections stained with Safranin-O/Fast green. Scale bars 100|j.m.

TS22 TS23 TS24

Figure 3.3: Loss o f cellular organisation, and shoulder joint line reduction in Spd/Spd~  
muscle-less mutants. Developmental stage as indicated; TS22 (a-b), TS23 (c-d) and TS24 (e- 
f). Histological sections stained with Safranin-O/Fast green. Scale bars 100|im.
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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-0 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, 1, o). 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 S pd /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-o). 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: i, 1, o) 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 lOOjim.

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 o f 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 

(>5,000 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 o f 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 Ihh (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. Bm pl 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.iax.ora/).
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Figure 3.5: Transcriptome Profiling o f the developing humerus at TS23 by RNA-seq. The 
number o f genes (y-axis) with increasing relative expression levels represented by transcript 
read counts (x-axis) as indicated.

The relative expression levels o f 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 o f previously unreported Wnt gene expression in the humerus (e.g. 

Wnl2 and Wnl2h) 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 (l,285reads), Sppl (8,155 

reads) and M m pl3  (1,103 reads).
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Figure 3.6: Transcriptome Profiling o f the developing humerus at TS23 by RNA-seq. The 
relative expression o f selected genes represented by read counts (LoglO) (y-axis). Collagen 
genes and signalling pathways genes are grouped: TGPP (including TGPp, BMP and GDP 
ligands, receptors and agonists), PGP (ligands and receptors), HH (ligands, receptors and 
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and nuclear components (Tcf, Lef)) and a selection o f ‘other’ genes associated w ith  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 o f RNA extracted from control and muscle-less humeri (n=4

biological replicates) detected expression o f a similar proportion o f 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 o f 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). O f 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 .l, 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 >5 read counts) in muscle-less humeri, compared to 15.214 in control tissue (data 

submitted to EMBL-EBI ArrayExpress repository: ref E-M TAB-1746). To determine 

differential expression, the same cut off points o f 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. O f 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 o f 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 
expressed transcripts

374 1,037 1,132

Down-
regulated

Up-
regulated

Down-
regulated

Up-
regulated

Down-
regulated

Up-
regulated

Independent named 
genes 282 87 618 419 680 452

Putative
uncharacterized/ 
unknown genes

2 3 - - - -

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. O f the 374 genes identified by 

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

Microarray RNA -S equenc ing

62 220 398

33 54 365o>

Figure 3.7: Venn diagrams representing the overlap o f 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.

76



RNA-seq detected a greater total number o f 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 

o f <0.08, then the number o f 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 o f change showed 

that the spread o f fold change values was similar across platforms although there were 

differences in the number o f 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 o f the sets o f samples 

(Table 3:3). The up-regulated genes from both microarray and RNA-seq showed a reduced 

degree o f alteration compared to down-regulated genes, as indicated by fold change levels. In 

each o f the categories between 50 and 5 fold change, there is a similar proportion o f total 

differentially expressed genes with both platforms, however this is disturbed in the lowest 

fold change category o f 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 o f 

differential expression are relaxed for the microarray data; using a corrected p-value o f <0.08 

and fold change > 2, as shown in (B) and (B ') in Table 3:4, the total number o f 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 o f 

p-value <0.05, for example fold change o f  <1.5 and >1.5, then the total number o f 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 o f 

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.

Platform
Fold Change

# Not 
determined >100 100<50 50<25 25<10 10<5 5<2

Up-regulated
Microarray 0 0 0 0 7 83

RNA-seq 2 0 0 2 7 35 373

Down-regulated
Microarray 2 16 32 59 67 108

RNA-seq 23 17 57 59 80 84 298

Total
differentially 
expressed genes

Microarray 2 16 32 59 74 192

RNA-seq 42" 57 61 87 119 671

#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

Microarray Platform
Fold change distribution

>100 100<50 50<25 25<10 10<5
5<2 Total 

no of 
genes5<1.5

U n ­
regulated

(A ) Fold Change >2,p<0.05 0 0 0 0 7 83 90
(B ) Fold Change >2, p<0.08 0 0 0 0 9 153 162
(C ) Fold Change >1.5, p<0.05 0 0 0 1 28 1135 1164

Down-
regulated

(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
(O ') Fold Change <1.5, p<0.05 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 Fgf'4, d ip ,  Rxrg, D ill, Spp], 

Vstm2a, F ig f Fgfl 0 and Sfrpl 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 o f selected differentially 
expressed genes revealed by microarray and RNA-seq. White bars show control and black 
bars show mutant expression. Fgf4, d i p ,  Rxrg, D ill, Sppl  are down-regulated genes (<0.5). 
and Vslm2a, Figf, FgflO  and Sfrp2 represent up-regulated genes (>2). All data is normalised 
to the endogenous control gene Gapdh. ***p<0.00l, **p<0.01, *p<0.05 indicates significance 
o f differential expression.

Table 3:5: Verification o f fold change expression levels o f  selected genes in
mutant humeri compared to control humeri revealed by Microarray, RNA seq and qRT-PCR.

Gene
Symbol Gene Name Regulation

status
Microarray
(Fold Change)

RNA-seq
(Fold change)

qRT-PCR
(Fold change)

Fgf4 Fibroblast growth factor 4 Down-regulated 41.05 # N o  n u m e r ic a l  
v a lu e

35.24*"

d i p
Cartilage intermediate layer 
protein Down-regulated 9.73 9.76 11.3***

Rxrg Retinoid X receptor gamma Down-regulated 7.05 12.29 5.25**
D ill Delta-like 1 Down-regulated 2.21 3.16 1.78*
S p p l Secreted phospoprotein 1 Down-regulated 5.23'"*’ 2.9 2.59*

Vstm2a
V-set and transm em brane 
domain containing 2A Up-regulated 8.56 3.09 8.52**

FiRf c-fos induced growth factor Up-regulated 3.52 3.17 4.06’*
F sflO Fibroblast growth factor 10 Up-regulated 2.48 2.14 3.28

Sfrp2
Secreted frizzled-related 
protein 2 Up-regulated 2.62 2.09 3.38*

#No num erical value for fold change as no transcripts detected in the m utant 
*** p<0.001. **p<O.OI. *p<0.05 indicates significance o f  differential expression from qRT-PCR.

p<0.05 for all m icroarray and RNA -seq differences except S p p l  in the M icroarray (ns)
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3.3.5 Biological Interpretation of Differentially expressed genes.

To reveal any enrichment o f 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 o f 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 o f the enrichment is indicated by the calculated p-value. Independent analysis o f data 

sets from both the microarray and RNA-seq showed the same enriched groups so analysis o f 

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 o f 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 o f the down-regulated gene set (Table 3:6) indicated that genes associated with 

Development and Differentiation are most highly enriched (total o f 155/680 with p-values 

down to 2.73 xlO''^). The gene ontology groups that are included in the development and 

differentiation category include; for example, organ development (G 0:0048513), 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 FzdlO and Rxrg from the 

Wnt and Retinoic acid pathways respectively. 28 o f  these genes encode TFs including; Barx2, 

Sex, Hes6, Pitx2, Pitx3 and Tead4. The down-regulation o f such signalling pathway 

component genes also underlines the enrichment o f ontology groups related to Cell Signalling 

(Table 3:6: p-value down to 4.78 xlO'*’).
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There were 110 independent genes associated with the Cytoskeleton that were down-regulated 

in 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. A ctal, 

Ablim2, Pdlim3), 13 with microtubules (e.g. RassfS, 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, ltga4 and Pdgfa).
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Table 3:6: Enrichment o f 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 Ontology Term Gene count 
in study Enrichment'

Development/ Differentiation 1155] 2.73 xlO ** to 
0.0084

0 0 :0048856 : anatom ical structure development 134 2.73 xIO '^
0 0 :0032502 : developmental process 155 1.52 xlO’’''
0 0 :0048513 : organ development 107 4.23 xlO‘‘̂
0 0 :0007275 : m ulticellular organism al development 142 4 .9 2 x 1 0 - ''
00 :0048731 : system development 122 5 .57x10 ''^
00 :0009888 : tissue development 58 8.37x10-'^
00 :0030154 : cell differentiation 94 8 .8 6 x l0 ‘‘“
00 :0048869 : cellular developmental process 96 1 .67x10’''
00 :0048468 : cell development 45 2 .6 6 x 1 0 ’’
00 :0009887 : organ m orphogenesis 38 6.12 xlO'^
0 0 :0001756 : somitogenesis 8 2.61 xIO’"*
0 0 :0035282 : segmentation 9 2.66x1 O’''
0 0 :0009952 : anterior/posterior pattern formation 13 0.0033
0 0 :0009790 : em bryonic development 34 0.0074
0 0 :0043009 : chordate embryonic developm ent 24 0.0075
0 0 :0009792 : em bryonic developm ent ending in birth 24 0.0084

Cytoskeleton 11101 5.30 xlO ' '̂to 
0.0995

B
io

lo
gi

ca
l

pr
oc

es
s

0 0 :0030029 :actin  filament-based process 25 1.45 xlO ’**
00 :0030036 :actin  cytoskeleton organization 23 1.08 x l O’*
00 :0 0 0 7 0 1 0 : cytoskeleton organization 31 1.50 xIO’'
00 :0 0 0 7 0 1 5 : actin filament organization 5 0.0995
00 :0 0 1 5 6 2 9 : actin cytoskeleton 39 5.30x10’"'

C
el

lu
la

r
co

m
po

ne
tn

et 0 0 :0 0 0 5 8 5 6 : cytoskeleton 86 2.20 xlO ''*
00 :0 0 1 6 4 5 9 : myosin complex 21 1.26x10 '*
00 :0 0 3 2 9 8 2 : myosin filament 11 2.32 xIO '^
00 :0 0 4 4 4 3 0 : cytoskeletal part 51 1.16x10’’’
00 :0 0 0 5 8 8 4 : actin filament 5 0.0134

Cell Signalling [52] 4.78x10'^ to 
0.0899

0 0 :0007154 : cell communication 32 4 .7 8 x 1 0 ’̂
0 0 :0007267 : cell-cell signalling 23 1.33 xIO’"*
0 0 :0007169 : transm em brane protein tyrosine kinase signalling 17 3.85 xlO ’''
00 :0 0 0 7 1 6 7 : enzyme linked receptor protein signalling pathway 20 0.0011
00 :0 0 0 8 5 4 3 : fibroblast growth factor recp signalling pathway 5 0.0139
00 :0045168 : cell-cell signalling involved in cell fate 4 0.0271
00 :0 0 4 0 0 3 6 : regulation o f  fibroblast growth factor signalling 3 0.0451
0 0 :0043409 : negative regulation o f  M APKKK cascade 3 0.0614
0 0 :0007219 : Notch signalling pathway 5 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 o f 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 o f 50/447 genes, with p-values down to 1.99 xlO ''°). The genes 

identified in this category include ECM glycoproteins {Lsamp, Svepl),  ECM structural 

constituents {ColSal, Col8a2, Frem3), cell-adhesion molecules {Cntnl, Cntn4, CntnS) and 

calcium-dependent cell adhesion protems {PcdhS, Pcdhhl, Pcdhgal). This grouping in 

addition included genes involved in signalling pathways which overlap with the next most 

enriched terms; cell signalling (G 0;0007154) and cell-cell communication (00:0007267). 

The signalling pathway components identified in this category include: Hedgehog (Hhip, 

Ptchl). fibroblast growth factor {FgflO, Fgf2), transforming growth factor {Frem2, Bmp3), 

Notch {Ctnl, Nrg])  and Wnt signalling {Dkk2, Cpz Rspo2, RspoS, Sfrp2, Wnt2, Wnt2h. Wnt4 

and Wnt 16) and others, including receptors {EphaS, Epha4, EphaS, Grm2a, 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 (Igfl). The 

gene lists in the next most enriched set, Development and Differentiation, similarly show 

large overlap due again to the presence o f the signalling pathway genes mentioned above, and 

also transcription factors Foxc2, FoxoS, Lmxla, Lmxlh.

Under the sub-ontology Cellular Component there was also striking enrichment of 

extracellular (total 81/447; with p-values down to 2.34 xlO’'**) and membrane associated gene 

products (total 227/447 p-values down to 2.46 xlO*'^), including cell adhesion molecules 

{Cadm2, Cntnl), receptors {Fat2, Fat4, Grin2a, Grm4, Gfra2, Pdgfra, Roho2, Sores 1, Sstr4), 

cell surface molecules (Cd83, Cd96), cadherins {Cdh20. CdhS), trans-membrane proteins
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{Tmem26, Tmem28), voltage gated channels {Kcnal, Kcna2, Kcnc2) and cell adhesion and 

extracellular components: Alcam, Cntn4, Epha4, ColSal, 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 o f gene groups up-regulated in muscle-less humeri based on GO terms 
under sub-ontologies Biological process and cellular component.

G ene O ntology:Biological Process
G ene Count 

in study
Enrichm ent'

Adhesion/ Extracellular Matrix [501
1.99 xlO '"to 

0.0842
00 :0007155 : cell adhesion 41 I.99E-10
00 :0022610 : biological adhesion 41 2.12E-10
00 :0007156 : homophilic cell adhesion 15 4.95 xlO'^
00 :0016337 : cell-cell adhesion 19 9 .3 8 x 1 0 ''’
00 :0043062 : extracellular structure organization 9 0.0223
00 :0030198 : extracellular matrix organisation 6 0.0842

Cell Signalling 1119]
3.45 xlO ’ to 

0.0148
00 :0007267 : cell-cell signalling 27 3.45 xlO ’̂ '
00 :0007154 : cell communication 33 2.05 xIO’"
00 :0007223 : Wnt receptor signalling pathway, calcium modulated 7 0.0092
00 :0016055 : Wnt receptor signalling pathway 4 0.0104
0 0 :0 008589 : regulation o f  smoothened signalling pathway 9 0.0105
00 :0010648 : negative regulation o f smoothened signalling 4 0.0135
00 :0048010 : vascular endothelial growth factor receptor signal 10 0.0288

00 :0007169 : transm embrane receptor protein tyrosine kinase sig 3 0.0402

00 :0007167 : enzyme linked receptor protein signalling pathway 12 0.0051
00 :0007165 : signal transduction 80 0.0148

Development/ Differentiation [93] 4.38 xlO-^to 
0.0083

00 :0048731 : system development 78 4.38x10-'’
00 :0048856 : anatomical structure development 81 8 .42x10 ''’
00 :0007275 : multicellular organismal development 87 6.80 xIO'^
00 :0048468 : cell development 31 8 .1 7 x 1 0 '’
0 0 :0032502 : developmental process 91 1.82x10-''
00 :0048869 : cellular developmental process 59 5.41 xIO"*
00 :0030154 : cell differentiation 57 5.74x10-"
00 :0048513 : organ development 56 0,0036
00 :0045595 : regulation o f  cell differentiation 18 0.0083

G ene Ontolog>’: C ellu lar C om ponent
G ene count 

in study
Enrichm ent'

Extracellular Region [81[
2.34 xl0-*%o 

0.022
00 :0005576 : extracellular region 81 2 .3 4 x 1 0 '“
00 :0044421 : extracellular region part 43 2 .70x10-'
00 :0031012 : extracellular matrix 22 1.16x10-'
00 :0005578 : proteinaceous extracellular matrix 21 2 .14x10-'
00 :0005615 : extracellular space 24 0.0020
00 :0044420 : extracellular matrix part 7 0.0202

Membrane Association [227[
2.46 xlO'*‘ to 

1.01 xlO '■
00 :0005886 : plasma membrane 134 2.46 xlO"'*’
00 :0031224 : intrinsic to membrane 191 1.07x10-*
0 0 :0044425 : membrane part 215 2.08 xIO-*
0 0 :0016020 : membrane 226 7.80 xIO-**
0 0 :0031224 : intrinsic to membrane 178 1.01 xIO-*”

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 o f all DE genes with fold change o f 2 and p-value <0.05 were 

analysed using an ideogram; a diagrammatic view o f the chromosomes with DE gene 

locations indicated according to cytogenetic banding positions (Kin and Ono, 2007). 

Ideograms are useful to reveal genomic clustering o f 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% o f total genes). Two regions that are relatively enriched for 

DE genes are highlighted in Figure 3.9.

The data sets supporting the results o f 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-M TAB-1744], the differential expressed data set from the 

RNA-sequencing [ref: E-MTAB-1746] and for the transcriptome [ref: E-M TAB-1745]. Lists 

o f  differentially expressed genes are available in Appendix Table A .3 and Appendix Table 

A.4.
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3.4 Discussion

Here I describe the spectrum o f genes expressed in the developing humerus at TS23, early in 

the process o f ossification and when territories o f 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 o f 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 o f 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 o f 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 understand 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 o f 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 o f 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 El 1.5 to E13.5 (Cameron et al., 2009), 

ossification o f metatarsals (Sugars et al., 2006), in different zones o f the growth plate in 2 

week old mice (Belluoccio et al., 2008) and in Runx2‘̂ ‘ mutant mice (Hecht et al., 2007). 

Earlier stages o f limb development, although not specific to skeletal development, are 

informed by whole limb bud profiles between E9.5 and E l 1.5 (Taher et al., 2011). Another 

important resource that has recently become available examines the spatial expression 

patterns o f 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.or^/ee/intro.html) 

that can be used to examine spatial analysis o f specific genes, exploring possible functional 

associations. Combining these resources gives information on quantitative and spatial 

expression o f individual genes providing the basis to explore regulatory networks active 

during the development o f skeletal rudiments.

Several o f the findings o f 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 Ig f l  and Igfl  and their associated 

receptors lfg2r and Ig f lr  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, TGFp (including BMP) and Wnt; a complete list o f components of 

these pathways expressed in the humerus as TS23 was extracted (Figure 3.6) indicating the 

potential role players in each o f these pathways at this specific stage. The importance of 

Indian hedgehog (Ihh) expression in the early prehypertrophic and hypertrophic chondrocytes 

o f 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 GUI, GU2, and 

GH3. In addition to Ihh, 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 (>3 

fold) in E l3.5 fibual and tibual cartilage (Cameron et al., 2009). Dhh has not previously been 

functionally linked to skeletogenesis but this opens the possibility o f regulatory contribution, 

perhaps co-operating with Ihh. No expression o f Shh was detected.

Similarly, novel components o f the FGF. TGBP 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 o f 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 (M inina et al., 2002; Peters et al., 1992). The higher expression level o f fibroblast 

growth factor receptor encoding genes relative to corresponding ligands might be related to a 

generally more restricted expression pattern o f ligand encoding genes and more widespread 

expression o f  Fgf receptor genes, as was seen in spatial studies at E l4.5 and E l6.5 (Minina et 

al., 2005). The most highly expressed Fgf ligand encoding gene identified was Fgfl8,  also 

identified as up-regulated in E l3.5 compared to E l 1.5 cartilage tissue (Cameron et al., 2009); 

expression is in the perichodrium and joints o f 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 o f Fgf signalling in chondocytes, impairment o f cell 

proliferation and dwarfism (Naski et al., 1996). The detection o f other FGF genes is novel; 

F g f 10, the second most highly expressed ligand, was not detected in a previous study at E l4.5 

and E l6.5 (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 3 (TGF(3) 

family o f signalling molecules also includes bone morphogenetic proteins (BMPs) and growth 

differentiation factors (GDFs), functionally implicated in various aspects o f skeletogenesis. 

The large number o f components o f 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 Tgf6r2, with limited 

previous expression data linked to skeletogenesis. All TGF(3 ligands detected were previously 

reported to be expressed in skeletal elements at E l4.5; TgfpS in the perichodrium and in 

distinct stripes o f early hypertrophic chondrocytes and Tgfji2 and Tgfjil in early hypertrophic 

chondrocytes (Minina et al., 2005).

Bmp] 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 o f Bmp5 expression in the humerus 

at TS23 is corroborated in the Eurexpress database. Other components o f the BMP pathway 

have been well characterised during skeletal development (M inina et al., 2005), with 

expression o f several o f the components associated with positive regulation o f 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 proHferating chondrocytes (Minina et 

al., 2005). However there are no previous reports o f skeletal expression o f Smad2,4, 6, 7 and 

8; Smad6 in particular can bind type 1 BMP receptors and prevent the activation o f 

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 o f 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 o f function experiments (Guo et al., 2004; Spater et al., 2006). The key intracellular 

mediator o f canonical Wnt signalling, P-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 Wnt5a, 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, WntSh, W ntll, and Wnt4. WntSh and Wntl I 

expression has been shown in the pre-hypertrophic chondrocytes and Wnt4, Wnt9 and W ntl6  

in the developing joints (Church et al., 2002; Guo et al., 2004; Hartmann and Tabin, 2000; 

Hartmann and Tabin. 2001). High expression o f Wnt9a could be due to its role in the temporal 

and spatial regulation o f Ihh (Spater et al., 2006).

Numerous extracellular modulators o f the pathway were detected; all five secreted frizzled 

related protein {Sfrp) genes, D ickoff {Dkk) 1, 2 and 3 genes and four R-spondins {Rspos), 

indicating a huge potential for pathway modulation. The most highly expressed antagonist 

modulators o f the pathway were DkkS and Sfrp2 both o f with are detected in joint cells at 

E l3.5 and E l5.5 (Witte et al., 2009). The most highly expressed R-spondin agonist o f the 

pathway was RspoS, previously detected in phalanges (Nam et al., 2007).
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3.4.2 Identification of M echanoresponsive genes

The identification o f differentially expressed genes between humeri from control and muscle- 

less embryonic limbs allows an investigation o f the biological processes and the 

developmental regulatory signalling pathways that are affected by the removal o f 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 o f 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 o f 1,132 independent genes as 

differentially expressed: with approximately 60% down-regulated and 40% up-regulated. The 

finding o f 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 o f 

cells, as observed in the ossification phenotype (Nowlan et al., 2010a), and for the 

maintenance o f  tissue patterning, as seen in the developing joint (Roddy et al., 201 lb).

To identify biological functional enrichment o f these genes 1 used gene ontology (GO) 

annotation analysis to identify specific biological processes that are affected when mechanical 

stimuli are removed. This type o f 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 o f 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 o f  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 o f 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 o f the 

cytoplasm (IdowTi 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 o f  the actin cytoskeleton in cartilage chondrocyte mechanotransduction via 

manipulation o f  the actin accessory proteins (Campbell et al., 2007; Knight et al., 2006), but 

there are few reports on the affect o f 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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(Cfl2); 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, Itga7, Itgh6) and cadherins {Cdh4, Cdhl5, CdhrS) 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 (Acini)', 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., 201 lb). 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 o f DE genes revealed dispersal o f genes across the genome 

with no predominance o f individual chromosomes or regions, there is evidence for finer scale 

gene clustering, for example at the lower end o f chromosome 3 (24 genes) and on 

chromosome 4 (12 genes) (Figure 3.9). These represent regions worthy o f further analysis 

since each included a DE Wnt pathway component gene (Sfrp2 and Wnt4) and identify 

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

3.4.3 Limitation of Approach

An important limitation in this work is the possibility that a proportion o f the down-regulated 

genes may be due to contamination o f 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 o f the 

dissected control humeri by neighbouring muscle. To inform this we also sequenced the 

transcriptome o f mesenchyme adjacent to the humerus o f control embryos at TS23 and 

compared it to the transcriptome o f 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 o f 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 o f our subsequent exploration o f 

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 o f 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 o f 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 o f the statistical analysis to p<0.08, which increased the number o f 

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 o f genes active at a key stage o f 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 o f 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 o f 

appropriate mechanical stimulation generated by embryo movement on skeletal development 

I 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 o f 

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 o f 

progenitor cells for regenerative therapies. This work is an early step in unravelling the 

mechanistic basis o f biophysical regulation o f skeletal development and provides a focus for 

future studies.
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Chapter 4

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

Immobilisation o f both mouse and chick embryos showed that movement is required for 

muhiple aspects o f skeletal development; for endochondral ossification, for morphogenesis o f 

the cartilage rudiment and for definition o f 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 o f 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 o f revealing the molecular mechanisms involved in 

sensing and transducing such mechanical signals. This list o f differentially expressed genes 

generated by transcriptome profiling was analysed to reveal enrichment o f particular 

categories o f  genes and showed strong enrichment o f 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 o f mechanical control o f skeletal 

development.

Previous mechano-modulatory studies have identified components o f multiple signalling 

pathways to be mechanosensitive, including BMP signalling in an immobilisation study 

focusing on jo in t development (Roddy et al., 201 lb), the FGF signalling in an immobilisation 

study (Roddy et al., 201 lb), in an in vitro four point bending study o f 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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w ith alteration o f  cell signalling com ponents, including the W nt signalling pathw ay and the 

BM P pathway (Patel et al., 2007).

W hile the annotation tags on genes in the m ouse genome w ere used to reveal enrichm ent o f 

signalling pathw ay genes, such annotations are not detailed or com plete enough to reliably 

reveal associations with specific signalling pathw ays. O ne o f  the objectives o f  the current 

chapter is to exam ine differentially expressed genes for any know n association with specific 

signalling pathways.

A developing skeletal rudim ent at any particular point in developm ent is m ade up o f  cells 

undergoing different developm ental processes related to ossification and jo in t definition at the 

rudim ent term ini. In particular, endochondral ossification is spatially dynam ic with cells in 

different positions along the length o f  the rudim ent undergoing different phases o f  the process 

(Figure 1.2). In chapter 3 the transcriptorne o f  the developing hum erus and associated jo in ts at 

stage TS23 was analysed. The genes expressed reflect the m olecular activities o f the 

constituent cells and the differentially expressed genes reflect the m olecular processes 

im pacted by m ovem ent. How ever this is a com plex set o f  developing tissues m ade up o f 

chondrogeneic cells undergoing different phases o f  endochondral ossification, as well as jo in t 

tissue patterning. Transcriptorne profiling for the whole tissue sam ple does not identify which 

cell type or developm ental process a given gene is involved in. Therefore to be able to further 

interpret the differential expression data, it is im portant to reveal w here in the developing 

hum erus and jo in ts a differentially expressed gene is active and precisely how  it is disturbed 

in the m uscle-less mutant.

In situ  hybridisation (ISH) is a powerful technique that allow s individual gene expression 

visualisation in particular tissues o f  interest; it is w idely used to piece together inform ation 

about where particular m RN A s are located, and therefore which cells are expressing a 

particular gene in a com plex tissue context. This inform ation, com bined with inform ation
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about the type o f molecule it encodes and changes that take place in those cells, can give 

valuable clues to functional possibilities for that gene and the proposal o f testable hypotheses 

to give insight into cellular differentiation and morphogenesis. It is particularly valuable in the 

temporally and spatially dynamic context o f 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 o f gene expression per cell is required for 

detection, i.e. if there is a very low number o f transcripts per cell, it will not be detected.

Another method o f distinguishing which tissue territories within the developing humerus 

express a specific gene is Laser Capture M icrodissection (LCM), coupled with detection of 

gene transcripts. LCM enables selective harvesting o f 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 o f 

applications (reviewed in Liu. 2010). Recent studies have used LCM technology to analyse 

the molecular profiles o f 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 o f tissue territories and the 

downstream analysis o f transcript expression, it is possible to use LCM to quantify small 

expression changes in distinct cellular regions o f interest. Laser-capture micro-dissection has 

the potential to be a more high through-put approach, analysing more genes and with a higher 

level o f sensitivity than ISH.

Given the importance o f 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 o f differentially expressed genes in the muscle-less humerus and associated joints in 

two respects:

1. To identify any associations o f DE genes with specific signalling pathways, using 

literature to manually annotate genes. This was then used to gauge the level o f 

disturbance o f known developmentally important signalling pathways.

2. To use gene expression analysis to establish if  differentially expressed genes are 

disturbed in particular cell populations within the developing rudiment, giving an 

indication o f the developmental processes disturbed. In situ hybridisation was used to 

assess the spatial distribution o f expressing cells while Laser Capture Microdissection 

coupled with quantitative RT-PCR gave added information on relative levels o f 

expression and was tested as a more high-throughput means o f 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.ncifcrf gov/). The GO terms used included 

G 0:0030509 (BMP signalling), 00 :0008543  (FGF signalling), G0:0016055 (Wnt 

signalling), G 0:0035329 (Hippo signalling), G 0:0007219 (Notch signalling) and 

G 0:0007224 (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/grouD/nusselab/cgi-bin/wnt/; a repository o f data on components and 

targets o f 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.iax.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 o f heterozygous C57BL/Pax3'^^‘̂  mice to produce 

homozygous 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 o f 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 o f 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 o f one initial post-hybridisation wash to remove coverslips in 

50%formamide/5x SSC, then two 30min washes in 50% formamide/2x SSC, three lOmin 

washes in 2x SSC, three lOmins 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 o f 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 o f the primary antibody pSMAD 1/5/8 (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 o f fluorescent samples was performed using 

DAPI counter-stain (DAPl Prolong Anti-fade Mounting Medium, P-36931, Invitrogen) and 

colourometrically stained samples with Aquapolymount (Polysciences Inc).

■ N oggin  Im munohistociiemistry was performed by Pratit; Singii, Indian Insitute o f  T echnology, Kanpur on 
S pd/S pd  tissue provided by me; for a collaborative project investigating the role o f  BM P signalling in 
mechanical regulation o f  articuair cartilage developm ent.
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Table 4:1: Details o f cDNA clones used to generate RNA in situ probes.

Gene
Genebank Ref 
Sequence

Alignment on 
reference Source

Barx2 NM 013800.2 Nucleotide 833 to 1560 l.M.A.G.E EST Library
Bmp2 NM 007553.2 Nucleotide 53 to 1215 Prof RE Hill
Bmp4 NM 007554,2 Nucleotide 6-1181 Prof Si Jen Lee
Cd44 NM 00103915.1 Nucleotide 222 to 3020 l.M.A.G.E EST Library
Chrdl2 NM 133709 Nucleotide 36 to 1520 l.M.A.G.E EST Library
Cilp NM 173385 Nucleotide 3353 to 4153 l.M.A.G.E EST Library
CollOal NM 009925.3 Nucleotide 915 to 2729 l.M.A.G.E EST clone
ColSal NM 007739.2 Nucleotide 1189 to 2468 l.M.A.G.E EST Library
Col20al NM 028518.1 Nucleotide 3389 to 3721 l.M.A.G.E EST Library
Co!26al NM 024474.2 Nucleotide 1070 to 2705 l.M.A.G.E EST Library
Crapbl NM 013496.2 Nucleotide 13 to 741 l.M.A.G.E EST Library
Dill NM 007865.3 Nucleotide 2664 to 3444 l.M.A.G.E EST Library
Enpp2 NM 001136077.1 Nucleotide 1 to 2745 l.M.A.G.E EST Library
Epha4 NM 007936.3 Nucleotide 2697 to 3622 l.M.A.G.E EST Library
FgfS See Ref: Mahmood et ai. 1995 Prof RE Hill
FgflO NM 008002.4 Nucleotide 686-1315 Dr. R. Kelly
Fgfr4 NM 008011.2 Nucleotide 2180 to 3127 l.M.A.G.E EST clone
FzdIO NM 175284.3 Nucleotide 1829 to 2988 LM.A.G.E EST clone
Gdf5 NM 008109.2 Nucleotide 304 to 2010 Dr. C. Tabin
Hhatl NM 029095.2 Nucleotide 142 to 1314 l.M.A.G.E EST Library
Hhip NM 020259.4 Nucleotide 2241 to 3050 l.M.A.G.E EST Library
Ihh NM 010544.2 Nucleotide 663 to 2459 Prof RE Hill
Itgb 1 bp2 NM 013712.2 Nucleotide 1 to 1308 l.M.A.G.E EST Library
Lrml NM 008516.4 Nucleotide 2115 to 3742 l.M.A.G.E EST Library
Noggin NM 008711.2 Nucleotide 291 to 1285 Dr. Richard Harland
Parml NM 145562.2 Nucleotide 1 to 2100 l.M.A.G.E EST Library
PcdhS NM 001042726.3 Nucleotide 2882 to 3700 l.M.A.G.E EST Library
PcdhlO NM 001098172.1 Nucleotide 3181 to 4658 l.M.A.G.E EST Library
Pdgfa NM 008808.3 Nucleotide Ito 1019 l.M.A.G.E EST Library
Pdgfra NM 001083316.1 Nucleotide 2602 to 4220 l.M.A.G.E EST Library
Prrxl NM 175686.3 Nucleotide 4498 to 4983 l.M.A.G.E EST Library
Runx2 NM 009820.2 Nucleotide 262 to 3442 l.M.A.G.E EST clone
Sex NM 198885.2 Nucleotide 657 to 1059 Prof RE Hill
Sfip2 U88567.1 Nucleotide 82 to 852 Dr A. Rattner
Sox5 NM 0111444.3 Nucleotide 1757 to 2250 Dr. V. Lefebvre
Sppl NM 001204201 Nucleotide 27 to 1472 l.M.A.G.E EST Library
Spryi NM 011896.2 Nucleotide 1793 to 2488 l.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
W ntl6 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 o f  fresh 

forelimb samples from homozygous 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 m utant forelim bs included the 

elbow  jo in t (EJ), the hum erus pre-hypertrophic zone (pre-hz) and the hypertrophic zone (HZ).

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

Directly follow ing m icro-dissection the territories o f  interest were im m ediately processed. 

O ptim isation o f  rem oval o f  the m icro-dissected tissue from  the therm oplastic film was 

perform ed using variations on previous descriptions (M cG inley et al., 2010). In brief, the 

0.5ml m icro-centrifuge tubes containing the film on the cap, were inverted and placed in an 

inverted heafing block at 42°C for 30m ins, the tubes were then centrifuged to collect the cell 

extract in the RNA extraction buffer. Flushing o f  the film surface w ith the extraction agent 

and scraping o f  cells o ff o f  the therm oplastic film was also perform ed, to aid further cellular 

dissociation. Total cellular RNA was extracted using the SV Total RNA Isolation System 

(Prom ega) as per m anufacturer’s instructions. Total RN A 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 

o f  m ultiple genes from a single sam ple, by qRT-PC R . as planned. RNA was am plified using 

the TargetAmp™ 1-Round aRN A A m plification kit (Epicentre, Illum ina), which is based on 

the linear T7 am plification that was originally developed in the Eberw ine Lab in 1990 (Van 

Gelder et al., 1990). Step 1 com prises the reverse transcription and incorporation o f  a T7 

RNA polym erase to a RNA sam ple to m ake cDNA. A second strand cDN A synthesis is then 

perform ed in step 2, follow ing the fragm entation o f  the first cDNA: RN A hybrid produced in 

the initial reverse transcription, to yield cDNA containing the T7 transcription prom oter. Step 

3 involves in vitro transcription o f  aRN A (am plified RNA) utilising the double stranded 

cDNA in step 2. This aRN A was then quantified and total am plification on average increased 

the RNA yield by 5.8 fold, in com parison to the am plificafion o f  control RNA from  Hela cells 

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

To quantify mRNA expression, lOOng o f 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, Sox5, Sppl, D ill, Wnt4, FgflO  

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 TaqMan® 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.
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4.3 Results

4.3.1 Signalling pathway analysis of differentially expressed genes

Given the strong enrichm ent o f  genes associated with cell Signalling Pathways and 

D evelopm ent and D ifferentiation functions, identified and described in chapter 3 (Table 3:6 

and Table 3:7) 1 sorted the DE genes according to participation in m ajor developm ental 

regulatory pathw ays (Table 4:2 and Table 4:3). I did this by utilising the GO term s associated 

w ith each gene to construct a table show ing how  each o f  the different pathw ay com ponents 

are affected by a reduction in m echanical stim ulation. In addition, literature searches and 

utilisation o f  databases such as Array Express (h ttp://w w w .ebi.ac.uk/arravexpress/) were used 

to m ake additional functional links betw een DE genes and signalling pathw ays- m anually 

annotating the genes. The indicated role o f  the gene product in the signalling pathw ay and the 

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

The pathw ays identified include the BM P signalling pathw ay, the H edgehog signalling 

pathw ay, the Fibroblast growth factor signalling pathway, the H ippo, the N otch signalling 

pathw ays (Table 4:2) and the W nt signalling pathway (Table 4:3). The identification o f  these 

signalling pathw ays as potential m echanoregulators o f  bone and jo in t form ation is o f  

particular interest as these pathw ays were previously shown to be key regulators o f  bone 

form ation 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

RNA seq
M icro-
array

Gene
Sym bol

Gene Name
Role in 
Pathway

Reference

Bone Morphogenetic Protein Signalling Pathway

87.94 50.88 Hfe2 hem ochrom atosis type 2
Negative
regulator

(Babitt et al., 2006)

5.25 Fgf8 fibroblast growth factor 8 T (H eym erand  Ruther, 1999)
4.36 4.9 Grem2 Gremlin2 Ant (Zuniga et al., 2011)
2.44 Sex scleraxis T (Blitz et al., 2009)
2.17 Egr2 early growth response 2 T (Leclerc et al., 2004)
2.03 Bmp3 bone m orphogenetic protein 3 L (Yamaji et al., 1994)

Hedgehog Signalling Pathway

14.55 4.59 Hhatl hedgehog acyltransferase-like
Negative
regulator

(Abe et al., 2008)

3.35 Glis3 GLIS family zinc finger 3 TF (Kim et al., 2003)
2.70 Ptchdl patched domain containing 1 R

2.27 Hhip hedgehog interacting protein Ant + T
(Chuang and M cM ahon, 
1999)

2.14 Ptchl patched 1 R + T (Bellusci et al., 1997)
Fibroblast Growth Factor Signalling Pathway

# Fgf4 fibroblast growth factor 4 L
# Fgf6 fibroblast growth factor 5 L

5.25 FgfS fibroblast growth factor 8 L
5.10 Fgf5 fibroblast growth factor 5 L
4.54 3.23 Fgfr4 fibroblast growth factor receptor4 R
3.24 Spryl sprouty hom olog 1 Ant -t- T (Gross et al., 2001)
3.22 Spry 4 sprouty hom olog 4 Ant +T
2.75 Spry2 sprouty hom olog 2 Ant + T (Gross et al., 2001)
2.39 Fgf2 fibroblast growth factor 2 L

2.134 2.48 FgflO fibroblast growth factor 10 L

Hippo Signalling Pathway
98.29 49.05 Vgll2 vestigial like 2 hom olog (D ro so p h ila ) Co-TF (Johnson et al., 2011)
97.73 75.14 A nkrdl Ankyrin repeat domain 1 T (Dupont et al., 2011)
3.86 4.38 Tead4 TEA domain family m em ber 4 Co-TF (Chen et al., 2010a)
2.96 Fat4 Fat tum or suppressor hom olog 4 R

(Katoh, 2012)
2.43 Fat2 Fat tum or suppressor hom olog 2 R

Notch Signalling pathway

5.64 Dner
delta/notch-like EGF-related 
receptor

R (Eiraku et al., 2005)

3.16 2.21 Dill delta-like 1 (Drosophila) L (Shim izu et al., 2000)
2.69 Hes6 hairy and enhancer o f  split 6 T

(Fior and Henrique, 2005)
2.54 Dtx4 deltex hom olog 4 T
2.09 Jag2 jagged 2 R (Shim izu et al., 2000)
3.25 2.87 N rgl neuregulin 1 T (Zhang et al., 2012)
2.36 2.09 Foxc2 forkhead box C2 U p stream -

ac tiv a to r (Kume et al., 2001)

2.27 2.29 Cntnl contactin 1 PL (Bizzoca et al., 2012)
# No numerical value for fold change as no transcripts detected in the M utant 

T -T arget. L -L igand, L-acI- L igand activator. R -R eceptor. A nt -A ntagonist. C o-TF- -C o-T ranscrip tion  Factor. PL -P o ten tia l L igand
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Table 4:3: Differentially expressed Wnt signalling pathway genes

D own-Regulated

Up-Regulated

Fold C h ange G ene
Sym bol

G ene N am e Role in 
Pathway R eference

NA seq Micro
-array

Wnt Signalling Pathway
# 41.05 Fgf4 fibroblast grow th factor 4 T (K ratochw iI el ai., 2002)

# Snai3 snail h om olog  3 P T (ten Berge el al.. 2008)

90.87 32.06 C acngl
calcium channel, voltage-dependent,  
gam m a subunit 1

T (W isniew ska el al.. 2010)

42.86 18.77 Pitx3
paired-like hom eodom ain  
transcription factor 3

P T (K ioussi et al,. 2002)

37.43 17.22 Kremen2
kringle contain ing transm em brane  
protein2

Co-Ant (M ao el al.. 2002)

29.52 Ccnb3 Cyclin  B3 P T (Shtutm an et al . 1999)

12.29 7.05 Rxrg retinoid X receptor gam m a P T (M cG rew  et al.. 1999)

5.95 5.20 lslr2
im m unoglobulin  superfamily 
contain ing leucine-rich repeat 2

P I (T ice el al.. 2002)

4.87 Pitx2
paired-like hom eodom ain  
transcription factor 2

T (K ioussi et al.. 2002)

3.58 FzdlO frizzled ho m olog  10 R (K aw akam i el al.. 2000)

3.16 2.21 Dill Delta-like 1 T (H ofm ann et al.. 2004)

3.05 Prg4 Lubricin T (K oyam a et a l . 2008)

2.81 2.57 Lrm 1 leucine rich repeat protein 1, neuronal T (H asenpusch-T heil et a l . 2012)

2.52 Salll sal-like 1 P T (B ohm  et al.. 2006)

2.47 Tnik TRA F2 and N C K  interacting kinase T F -a c t (M ahm oudi et al . 2009)

2.32 T cfl  5 transcription factor 15 I

2.32 Met m et proto-oncogette T (B oon et al.. 2002)

2.18 2.28 C d44 C D 44 antigen T (W ielenga el al.. 1999)

2.09 Jag2 Jagged2 P T (E strach  et al . 2006)

4.36 4.91 G rem2 Gremlin T (Im el al.. 2007)

3.96 Wnt2 wingless-related M M T V  integration site 2 L
3.50 W nt2b wingless-related M M T V  integration site2b L
3.07 W nt 16 wingless-related M M T V  integration site 16 L

2.85 2.90 Kcnd2
potassium voltage-gated channel, 
shal-related family, m em ber  2

T
(H asenpusch-T heil el al.. 2012)

2.73 C ldnl claudin-1 T (M iw a el al.. 2001)

2.44 Dkk2 D ickkopf Ant (H asenpusch-T heil el al.. 2012; Li 
el al.. 2005)

2.43 3.08 Rspo2 R-spondin 2 L / T
(A bed el al.. 201 L H asenpusch- 
Theil el al.. 2012; Nam  el al.. 
2007)

2.37 Epha4 Eph receptor A4 T (H asenpusch-T heil et al . 2012)

2.11 Elavl2
ELA V  (em bryonic  lethal, abnorm al 
vision, Drosophila)-like 2

T (H asenpusch-T heil el al., 2012)

2.10 Cpz Carboxypeptidase  Z Co-act (W ang et al.. 2009)

2.09 2.62 Sftp2 secreted Frizzled related protein  2 A n t / T (L escher et a l . 1998)

2.03 Wnt4 w ingless-related M M T V  integration site 4 L

2.02 Rspo3 R-spondin 3 L / T
(H asenpusch-T heil el al . 2012; 
N am  el a l . 2006)

2.41 E330013P04R ik  cD N A  E 330013P 04  
gene

T (H asenpusch-T heil el al.. 2012)

# N o num erical value for fold change as no 
T -Target. PT -Potential Target. R -R eceptor. TF-acl -T ranscrip tion  factor aclivator. I. -L igand. Am

transcrip ts delected  in the M utant 
-A ntagonist. C o-act -C o-activator
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4.3.2 Expression analysis of signalling pathway component genes and proteins on 

tissue sections

Expression o f 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 o f muscle-less tissue. Gene expression databases 

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

Genes were selected for analysis based on a number o f 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 o f the pathway under analysis. This was undertaken since it is possible that 

the spatial pattern o f expression might be altered in an informative way without the 

quantitative level being altered significantly, at least above the cut o ff criteria. This group also 

includes protein markers o f 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 o f the genes were discontinued following the first level o f analysis because a clear 

spatial pattern o f expression was not revealed by ISH. This may be due to the expression level 

o f the individual transcripts (reflected in the read count values from RNA seq analysis) being 

below the level o f 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 .l: . The regions o f 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 o f 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 o f the pathway, is implicated in repressesing osteogenic 

BMPs such as Bmp2, possibly through stimulating the TGF(3 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 o f the facial skeleton (Zuniga et al.. 2011). 

Two known direct targets genes o f BMP signalling are down-regulated (Egr2; 2.17 fold and 

Fgf8; 5.25 fold). The Sex transcription factor is not known to respond to BMP signalling but 

is positively regulated by TGF3 signalling (Maeda et al., 2011) and is reported to up-regulate 

expression o f 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 o f 

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). O f the 5 

genes identified as differentially expressed by RNAseq, only Sex 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 Prrxl target genes (Table 4:4). Crahpl, 

Grem2, 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 M orphogenetic Protein S ignalling Pathway

Gene
DE
(fold)

Role in 
Pathway

Read 
count in 
Control

Spatial Expression

Control Muscle-less mutant

Ossification site
Bmp2 0.8 Ligand 530 reads HZ and PC (Figure 4.1 a) reduced HZ

Bmp3 2.03

Ligatid- but
negatively
regulates
osteogenic
BM Ps

385 reads
PC and hypertrophic 
chondrocytes (M inina et al., 
2005)

NA

Egr2 2.17 Target gene 102 reads W eak in HZ (Levi et al., 1996) NA

FgfS 5.25 Target gene 16 reads

W eak in Proliferating 
chondrocytes & hypertrophic 
chondrocytes (M inina et al., 
2005)

NA

Nog 0.95 Antagonist 513 reads preHZ (Figure 4.1g) Reduced in preHZ

Runx2 1.8
Target and co­
transcription 
factor

1285
reads

PC and preHZ (Figure 4.1 k)
Reduced territory but More 
intense in PC

Prrxl 2.32 Potential Target
5621
reads

No localised expression 
detected

Up-regulated in the outer PC 
(Figure 4.1r)

Joint
Bmp2 0.8 Ligand 530 reads Joint line (Figure 4.1c, e) A bsent joint line, reduced HZ
Nog 0.95 Antagonist 513 reads Joint line and periarticular Not restricted in joint line

Sex 2.44
Upstream
regulator 971 reads

Tendons. PC, condyles 
(Figure 4.1m-p)

Absent tendons 
No apparent change 
elsewhere

GdfS 1 Ligand 727 reads Joint line
Reduced in EJ, SJ & some 
carpal join ts but digits 
normal

Emid2 1.16 T arget
4871
reads

Flanking anterior and 
posterior to joint. Joint line

Down in jo in t line but normal 
in anterior and posterior o f  
joint

Other

Hfe2 88
Upstream
regulator

1069
reads

Highly expressed in muscle 
(Schm idtm er and Engelkamp, 
2004)

NA

N A ; not ap plicab le , PC; perichondrium . HZ; hypertrop h ic zo n e . preH Z; p re-hypertrophic zo n e . EJ; e lb o w  joint, SJ; sh ou ld er joint
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Detection o f Bmp2 was noted in the control perichondrium and HZ o f the humerus (Figure 

4.1a) with a reduction shown in both territories in the mutant (Figure 4.1b). Expression o f 

Bmp2 was also detected in the joint line o f the EJ (Figure 4.1c) and in the peripheral cells at 

the anterior and posterior margins o f the SJ (Figure 4.1e), this expression was altered (Figure 

4 .Id) or absent (Figure 4 .If), as indicated by the white arrows for the comparable regions in 

the muscle-less mutants. Analysis o f the transcript expression o f 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 o f 

expression shown in the proliferating chondrocytes/ the periarticular region at the distal end o f 

the humerus and the distal end o f the ulna (Figure 4.1i). Expression o f noggin transcript was 

also detected in the pre-hypertrophic cells that are spreading in the mid-diaphyseal region o f 

the humerus (Figure 4.1g), this pattern was absent in the mutant; rather low levels o f 

expression were detected in the midline o f the humerus (Figure 4.1h), consistent with delayed 

ossification. While the extent o f the domain o f expression o f the target gene Runx2 in the 

perichondrium and the HZ o f the mutant (Figure 4.11) was reduced, consistent with a reduced 

ossification site, expression within the perichondrium was elevated.

Expression o f  the potential upstream activator Scleraxis (5cx) was detected broadly in the 

perichondrium o f 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 o f the potential target gene P rrxl (paired related homeobox 1) was not 

detected in a localised pattern in the control rudiment but an increased line o f expression at 

the outer edge o f the perichondrium surrounding the humerus was revealed in the mutant 

(Figure 4.1r). The expression o f the ligand encoding gene GJfS  in the joint line was absent in 

the muscle-less elbow (Figure 4 .It) and shoulder joints (Figure 4.1v), and reduced in carpal 

joints but normal in digit joints (data not shown). The expression o f the target gene Emid2

115



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 fi-om RNAseq (Chapter 3) and expression data from the MGI 

database (Table 4:4; Figure 4.11).

An assimilation o f 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 o f two key 

components o f the pathway were analysed to reveal pathway activity in the muscle-less 

mutant (Figure 4.2). Analysis o f 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 4.2c, g), ulna (Figure 4.2c) and radius (Figure 4.2g) and across the joint 

line in the muscle-less mutant, indicating a more widespread territory o f antagonism o f 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 o f Noggin in the control 

perichondium was apparently unaltered in the mutant. An overall expansion o f the noggin 

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

4.2k).
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Antibody detection o f the downstream effectors o f canonical BMP signalling, the 

phosphorylated versions o f SMAD proteins 1, 5 and 8, referred to as pSMAD 1/5/8 protein, is 

a standard means o f assessing BMP pathway activation. pSMAD 1/5/8 was detected in the 

proliferating chondrocytes at the distal end o f the humerus and the proximal end o f the ulna 

(Figure 4.2m-p) and in the hypertrophic zone (Figure 4.2q, r) o f control and muscle-less 

mutant tissue. An increase in the extentof pSMAD 1/5/8 positive cells in the terminal end o f 

the ulna in the mutant (Figure 4.2p) can be seen compared to control (Figure 4.2n), while a 

similar distribution o f positive cells in the humerus was shown. pSM AD l/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 o f positive cells in the mid- 

diaphysis in the mutant, yet there was still a level o f 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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4.3.2.2 Hedgehog signalling pathway

Five components o f the Hedgehog signalHng pathway (00 :0007224  smoothened signalling 

pathway) were identified as differentially expressed. Hhatl (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 o f the pathway but also encodes pathway components Hhip (2.3 fold up) 

encodes an antagonist o f Hedgehog signalling (Chuang and McMahon, 1999). P tchl (2 fold 

up) product also acts as a receptor and a feedback negative regulator, Ptchdl 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 o f the hedgehog signalling pathway were analysed by ISH; Hhip, H hatl, 

both shown to be differentially expressed by RNAseq (Table 4:2) and Ihh. Although Ihh did 

not show differential expression by RNAseq, its expression was previously shown to be 

disturbed in immobilised chick embryos (Nowlan et a l ,  2008b). Similarly, analysis o f Ihh in 

the muscle-less mutant reveals that expression detected in the control in two bands o f pre- 

hypertrophic/ hypertrophic chondrocytes is reduced to a single band in the mutant (Figure 4.3 

f, h). Hhip is a target o f 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, c), with 

expression more extensive in the mutant in the cells in the mid-diaphysis o f  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 o f the pathway.

TS23 Control TS23 Mutant TS23 Control TS23 Mutant

a b  e f

Figure 4.3: Analysis o f the Hedgehog signalling pathway components Hhip and Ihh in the 
TS23 control (a, c, e, g) and TS23 muscle-less humeri (b, d, f, h). White arrows indicate 
regions described in the text. All scale bars are 100|im.

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 o f the pathway (Figure 4.4, Table 4:3). From the diagrammatic representation 

o f pathway components shown in Figure 4.4, it is apparent that the encoded products o f DE 

genes act either at the cell surface in Wnt signal generation/ modulation/ interpretation or are 

targets o f the pathway. The genes listed in Table 4:3 include known targets o f 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 SalI4 is a known direct 

target o f the pathway (Bohm et al., 2006). Thus Salll is proposed to be a potential target; its 

orthologue is expressed in the mouse limb and Sail 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 o f the pathway are up-regulated, including 

signalling ligands and agonists {Wnt2, Wntlh, Wnt4, Wntl6, Rspo2 and Rspo3), and 

extracellular antagonists {Dkk2, Sfrp2), while down-regulated genes identified are more 

commonly targets o f the pathway (e.g. Fgf4, Cacngl, Pitx2, D ill ,  Prg4, Lrrnl, Met, and 

Cd44). Interestingly nine known Wnt target genes are up-regulated, including Dkk2, Rspo2, 

RspoS, Cldnl, Grem2, Kcndl, Epha4 and Sfrp2, but all encode membrane associated proteins, 

some o f which regulate the Wnt pathway {Dkk2, Sfrp2, Rspo2, RspoS).
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Figure 4.4: Visual representation o f 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 >2, 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. O f 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 o f detecting expression on tissue sections, or were o f 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 o f 

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 
o f the pathway and B lists targets and potential targets o f the pathway that were screened
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Joint O ssification Site

Control M utant Control M utant

(A) Components of Wnt signalling pathway

F z d lO 3.58 94 26 Undetectable Undetectable
Extensive in 
p reH Z and 
grow th plate

Undetectable

W n t  16 3.07 19 59
Future jo in t  site: 
2"“ digit

Increase at 
future joint 
site:2"‘* digit

Undetectable Undetectable

W n t2 3.96 42 167 Undetectable Undetectable

W n t4 2.03 135 274
Ventral surface 
o f E J  and SJ

U p-regualted 
in jo in t  line o f  
EJ and SJ

preH Z two 
separated bands

Reduced 
separation but 
level normal

S f rp 2 2.09 2888 6041

Low level in 
jo in t  in terzone 
and periphery o f  
jo in t

Up-regulated 
in jo in t  and 
periphery

W n t 2 b 3.50 53 184 Undetectable

R s p o 2 2.43 331 802 Undetectable clavicle
R sp o 3 2.02 784 1586 Undetectable clavicle

(B) Targets/ Potential Targets of the Wnt signalling pathway
F g f r4 41.1 1459 321 Undetectable Undetectable muscle Undetectable
D i l l 3.16 262 83 H Z &  PC R educed in both

C d 4 4 2.18 2273 1041
Joint in terzone 
in EJ &  SJ

Absence  in 
both

Undetectable Undetectable

E p h a 4 2.37 1545 3657 T endon, digit PC
L r r n l 2.81 2234 794 muscle
G rem 2 4.36 117 509 rudiment

R x rg 12.3 455 37
Interdigital 
(Visel et al., 
2004)

Too low to 
detect

Limb
muscula ture  
(Dolle, 2009)

Too low to 
detect

P i tx 2 4.9 320 6 6
Too low to 
detect

Possible tendon 
and PC (Diez- 
Roux et al.,
2011)

Too low to 
detect

EJ: elbow joint. S.I; shou lder joint. preH Z; pre-hypertroph ic  zone, HZ; hypertrophic  zone, PC; perichondrium
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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 o f the joint. W ntl6  is up-regulated at the site o f future digit 

joints (Figure 4.5ag-ah) but is not clearly detected in mutant or control proximal joints; it is 

possible that the level o f 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 o f 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 

FzdlO  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 o f Wnt signalling (W ielenga 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 jo in t line restricted expression in controls (Figure 4.5 y, aa, 

ac). Another Wnt target gene is D ill, encoding a Notch signalling receptor. D ill 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 jo in t 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 (c-d, i- 
j, o-p, aa-ab), the shoulder joint (e-f, k-1, q-r, ac-ad), the carpal joint (u-v) and the digit 
joints (w-x, ag-ah). Expression o f gene Col2al is shown (a-f) to demonstrate the phenotypic 
differences seen in the muscle-less joints. Expression of signalling ligands Wnt4 (g-1), Wntl6 
(ag-ah), the antagonist Sfrpl (m-r, u-x), the receptor FzdlO (s-t), a target gene Cd44 (y-ad), 
and a potential target gene D ill (ae-af) are shown. White arrows indicate regions described in 
the text. All scale bars are 100(im.

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 CollOal demonstrate the altered ossification phenotype in the 

muscle-less mutant, as shown by absent separation of Col2al (Figure 4.6 b, d), an absence of 

Sppl expression in the HZ (Figure 4.6 f, h) and a reduction in CollOal expression in the
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ossification site (Figure 4.6 j, 1) compared to normal control expression. FzdlO  is expressed at 

a low level through most o f 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 o f 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 o f the target gene D ill  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 o f FGF signalling Fgfr4 is a target o f Wnt signalling and as 

such a particularly interesting gene to examine. However, while it showed high levels o f 

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, Wnt2h, Wntl6, Rspo2, RspoS, Lrrnl, Rxrg, Pitx2) or no discernible 

alteration in the mutant (Appendix Figure B.2 (C)).
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Figure 4.6: Spatial analysis o f 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, q-r, u-v). Expression o f C o lla l  (a-d), Sppl (e-h) and CoIlOal (i-1) are shown to 
demonstrate the phenotypic reduction in the muscle-less ossification site. Expression o f the 
receptor FzdlO  (m-n), signalling ligand Wnl4 (o-r), and target genes D ill (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 100|im.
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4.3.2.4 Other Signalling pathways identified as differentially expressed.

Ten components o f the fibroblast growth factor signalling pathway (00 :0008543) were 

identified to be differentially expressed; 6 ligand-encoding genes {Fgf4, Fgf6, FgfB, Fgf5, 

Fg/2 and FgflO), one FOF receptor gene (Fgfr4) and 3 potential antagonists o f the pathway 

{Spryl, Spry4 and Spry2) as differentially expressed. Eight o f the identified genes were down- 

regulated and two were up-regulated {Fgf2, Fgfl 0). Spatial expression o f four members {FgfB, 

FgflO, Fgfr4 and Spryl)  o f 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 FgfB and Spryl, (Appendix Figure B.2 (D)) and 

detection o f FgflO  was only found in the distal regions o f the digits (Appendix Figure B.2). 

No further analysis was done on the FOF 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 {Vgll2, Tead4), two cadherins 

that act as receptors for the pathway that were up-regulated (Fat2, Fat4) and one target gene 

o f YAP/TAZ activity Ankrcll{Tah\e 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). Oenes annotated to be involved in the Notch 

signalling pathway (00:0007219) were also identified to be DE, these included 6 signalling 

molecules (Dner, Dill, Dtx4, Jag2, N rgl  and Cntnl)  and 2 transcription factors {Hes6, 

Foxc2), o f these 5 were down-regulated {Dner, Dill, Hes6. Dtx4 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 o f 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 o f extracted mRNA. If 

successful, this method would allow a high-throughput screen o f 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= l) in triplicate, expression o f 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 o f mechanically 
regulated genes in distinct territories o f the developing humerus, (a) A schematic of the 
micro-dissection approach, (b) three images depicting the stages o f the approach for micro­
dissection of the HZ, pre-LCM, post-LCM and the sections transferred onto the cap. (c) 
Histograms representing the expression of Wnt4, D ill, Sfrp2, Rxrg, FgflO 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=l for each territory.

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 D ill in the pre-hz relative to the EJ, but with a distinctly greater 

expression o f 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 D ill, again, entirely consistent with the in situ  

hybridisation findings (Figure 4.6c). Analysis o f 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 FgflO, and no difference was observed in the HZ relative to the EJ. All o f 

these genes thus potentially have roles within the rudiment, either within the pre-hz or the HZ 

to regulate differentiation.

One o f the genes analysed, Sox5, SRY-box 5, showed a reduction in the expression levels in 

the cells o f the rudiment, pre-hz (2.6 fold) and HZ (20.8 fold) comparative to EJ expression, 

this is one o f  the master chondrogenic transcription factors that have previously been 

implicated in jo int morphogenesis (Dy et al., 2010). Visualisation o f these spatial differences 

in Sox5 expression levels are demonstrated in Figure 4.9, with a higher level o f detection 

found in the elbow joints (Figure 4.9c, e), and also in the shoulder and carpal joints (Figure 

4.9g and i, k, respectively) compared to the pre-hypertrophic and the hypertrophic zones o f 

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 o f 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=l biological 

replicate), the pre-hypertrophic zone (Figure 4.8c) (n=l biological replicate) and the



hypertrophic zone (Figure 4.8b) (n=2 biological replicates). The LCM q-PCR approach 

showed a down-regulation of Sppl 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 o i 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 D ill (2.1 fold) were down-regulated, specifically in the 

Elbow joint and Hypertrophic zone respectively, consistent to what was observed previously 

for Dill (Figure 4.8 k & 1, Figure 4.6 s-v).
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Elbow Joint Hypertrophic Zone Pre-hypertrophic Zone

Figure 4.8: Quantitative analysis o f  differentially expressed genes from Laser-capture Micro­
dissection o f distinct territories o f the developing TS23 control and mutant humerus. The 
territories analysed include the Elbow Joint (EJ) (a, d, g, i, k) (n= l), the Hypertrophic zone 
(HZ) (b, e, h, j, I) (n=2) and the pre-hypertrophic zone (preHZ) (c, f) (n=l). Relative 
expression is shown for Sppl (a-c), Sox5 (d-f), Wn(4 (g-h), Sfrp2  (i-j), Rxrg  (k) and D ill (1). 
Error bars show Standard deviation. Grey bar is control. Black bar is mutant.
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TS23 Control TS23 Mutant TS23 Control TS23 Mutant

Figure 4.9: Spatial analysis o f Sox5 in the control (a, c, 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 jo int (c-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 100|xm
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4.4 Discussion

Establishing precisely which pathways are disturbed and to what extent, potentially helps to 

reveal the mechanistic basis o f mechanical control o f 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 o f disturbance o f each o f 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 

o f 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 o f 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 o f distinct cell types with a higher level o f 

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 o f  several target genes (Figure 4.10), for example Hhip in the mid- 

diaphysis (Figure 4.3). However since this and several o f the target genes also encode 

negative regulators o f the pathway it also suggests that the pathway feeds back negatively.
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Over-expression o f Hhip results in severe skeletal detects, including shortened limbs with a 

reduction in the zones o f undifferentiated chondrocytes (Chuang and McMahon, 1999). The 

identification o f the GlisS 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 o f GlisS 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 o f the negative regulator o f 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 Ptch] and P tchdl encode 

necessary co-receptors but are also targets o f the pathway, and feedback negatively indicating 

complex regulation; Ptchl is expressed in the perichondrium and digit joints, and Ptchdl only 

in the perichondium (Diez-Roux et al., 2011). Up-regulation o f these genes also support the 

suggestion o f  activation o f 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 o f the 

developing knee joint, on the surface o f the rudiment, than the intermediate inner layer o f 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 o f Glis3 (Kim et 

al., 2003) and Hhip described in the digit joints (Chuang and McMahon, 1999) and the joint 

phenotype in Ihh mutants (St-Jacques et al., 1999) A major signalling ligand o f 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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Hhip Hhatl
2.3  fold 14 fold

1" R c h i I ' R chd1
2 7  fold2.1 fold

X
t  Glis3
3.25  fold

Ptch1 2.1 fold (up) 
Hhip 2.3 fold (up) 

P tchdl 2.7 fold (up)

Figure 4.10: Schematic o f 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-reguiation and grey and yellow boxes pathway components.

4.4.2 Reduced BM P signalling in the Joint line and Ossification Site

Six BMP pathway components were identified to be DE. Following spatial screening o f 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 o f muscle-less mutants 

(Figure 4.11). Two BMP extracellular associated components were identified to be up- 

regulated, Grem2 an antagonist o f the BMP pathway, and Bmp3 a pathway ligand but with a 

previously reported negative effect on the pathway. The BMP antagonist Grem2 has 

previously been shown to block BMP activity during the patterning o f 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 locaUsed 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 o f 

Bmp2 expression in the perichondrium and the hypertropic chondrocytes (Figure 4.6, 

schematic Figure 4.1 IB) we propose that an up-regulation o f Bmp3 is occurring at these sites 

thus resulting in decreased overall SMAD mediated BMP signalling resulting in the down- 

regulation o f target genes Erg2 in the hypertrophic chondrocytes, Fgf8 in the hypertrophic 

chondrocytes and proliferating chondrocytes. A down-regulation o f BMP in the ossification 

site agrees with the phenotypic disturbances seen in the mutant, displaying reduced 

hypertrophic chondrocytes evident through down-regulation o f Col 10aI and Spp l expression 

(Figure 4.6) and an absent proximal distal separation o f C ol2al (Figure 4.6).

Alteration in the balance o f BMP signalling is also evident in the muscle-less mutant joints, as 

shown by a down-regulation o f Bmp2 and Gdf5 and an up-regulation at both the transcript and 

protein level o f the antagonist Noggin (Figure 4.1 and Figure 4.2, illustrated in schematic in 

Figure 4.11C). Increased activity o f the pathway is however occurring at the proximal end of 

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

Two BMP pathway components identified to be DE have previously been reported to be 

differentially expressed following alterations o f the mechanical environment. Application o f 

dynamic compression on primary chondrocytes in vitro resulted in an up-regulation o f the 

transcription factor Egr2, early growth response 2 (Bougault et al., 2012), in agreement with 

the results o f a down-regulation following removal o f 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 o f gene expression in response to removal o f 

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 o f loading BMP3 was strongly expressed in the unloaded controls 

compared to the loaded cartilage; implying that with loading the down-regulation o f the 

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

A

>1. Hfe2
88 fold

'rGrem2
4.7 fold

Bmp3
03 fold

Target G enes

Fgf8 5.25 fo ld  (down) 
Egr2 2.17 fo ld  (down) 

Prrx1 2.32 fo ld  (up)

Perichondrium R unx2 -V

N oggin 4,

Bnfip3 1'

Prrx1

Bm p2 4̂ Jo in t

N oggin I '

R u n x 2  J .  4. Fgf8 4̂
GdfBO'

Pre-hypertrophic Hypertrophic
chondrocy tes chondrocy tes

Figure 4.11: Schematic o f BMP pathway including components showing differential 
expression in the muscle-less embryos, revealed by transcriptomic analysis, (A). Changes in 
localised expression o f 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 o f  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 o f 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 o f mesenchymal condensations (section 1.3.3.1), regulation of 

chondrocyte hypertrophy (section 1.3.3.2) and maintenance o f joint integrity (section 1.3.3.3), 

and reported to be disturbed in the joints o f muscle-less mouse embryos (Kahn et al., 2009). 

This suggests that Wnt signalling may be a main mediator o f 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 o f articular cartilage (Dell'Accio et al., 2006).

The alteration o f Wnt signalling occurs predominantly at two levels; extra-cellularly through 

the alteration o f Wnt ligands, agonists and antagonists, and at the nuclear level through the 

down and up-regulation o f 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 o f Wtit4 I 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 o f 

positive and negative regulation o f  the pathway within the joint is suggestive o f 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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Figure 4.12: Schematic o f 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 o f Wnt4 and W ntl6  in the joint would suggest activation o f the pathway; 

however this simplistic proposal is not consistent with the status o f regulation o f many o f  the 

target genes, thus suggestive o f multiple levels o f regulation o f the pathway being affected. 

The majority o f the Wnt target genes are down-regulated (Figure 4.4), this perhaps is due to 

increase expression o f the negative regulators Sfrp2  and Dkk2 and down-regulation o f the 

FzdlO  and K rem enl receptors. The down-regulation in target gene expression in particular; 

Cd44 and D ill specifically in the joint, support that negative regulation hypothesis o f Wnt 

signalling in the muscle-less joint.

The expression o f the ligand-encoding gene Wnt4 was still present in two distinct territories in 

the mid-diaphysis o f the rudiment, yet the proximal to distal extent o f expression was reduced 

compared to control expression (Figure 4.6). The expression o f D ill in hypertrophic 

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

humeri, in agreement with the reduction in hypertrophy demonstrated.

Figure 4.13; Schematic o f 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 o f mechanical stimulation, yet the complexity o f this deregulation is difficult to 

assess due to the up-regulation o f pathway agonists and antagonists and the variable 

regulation status o f down-stream pathway targets. Pathway response is complicated by the up- 

regulation o f both positive and negative regulators o f the pathway and may include feedback 

loops in response to deregulation. Negative feedback o f the pathway in the jo int region may 

help to explain the down-regulation o f wnt target genes, but due to the complex nature o f the 

pathway and the involvement o f  target genes in other pathways, it may be the case that 

regulation is through different means. A maintained but reduced extent o f wnt signalling is 

suggested in the ossification site, but once again this may be due to the com plex 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). Hasl is down-regulated 

(2.36 fold) in the microarray comparing control and muscle-less humeri. Embryonic 

expression of Has encoding genes are variable, with H asl 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 1(3 (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 //a^i-deficient limbs of 

El 6.5 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 Hasl 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.

Gene Name and Role Fold
change

Ctl
Read Spatial Expression

Hasl hyaluronan 
synthase 1

Synthesises HA

2.36* 11

N o expression shown (V isel et al., 2004).
Low regional expression in hindlimb rudiment 
(D iez-R oux et al., 2011). Variable expression in 
cultured chondrocytes

Has2 hyaluronan
synthase2

0.78 1132
Joint, chondrogenous layer in chick knee joint 
(Roddy et al., 201 lb). Articular cartilage 
expression

Has3 hyaluronan
synthase3

0 .74 52
Articular chondocytes and hypertrophic 
chondrocytes

Hyall

hyaluronoglucosam inidase 1: 
HA degradation enzym e, role 
to rem ove HA from 
intercellualr space

2 .25 79

N o regional expression shown (V isel et al., 2004) 
H om ozygous null m ice display a progressive OA  
associated with bony outgrowths, early loss o f  
articular cartilage proteoglycans and accumulation  
o f  HA in the cartilage o f  knee joints.

Hyal2 hyaluronogluc 
osam inidase 2 HA

degradation

0.98 1268 Low levels in limb (D iez-R oux et al., 201 1)

Hyal3 hyaluronogluc 
osam inidase 3:

1.69 1 C NS and PNS (V isel et al., 2004)

Cd44

C d44 antigen: Hyaluronan 
receptor, involved in binding 
HA to decrease intercellular 
HA content

2 .18 2273 Joint line that is absent in m uscle-less mutants

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 o f Cd44 and H asl 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 o f Hyaluronan (HA) Biosynthesis for the regulation o f 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.

4.4.5 Quantitative spatial detection o f differentially expressed genes.

Laser capture M icro-dissection was utilised in the exploration o f 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 o f multiple tissue types, 

accordingly the objective o f 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 o f
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RNA obtained from distinct territories, deeming the high through-put screen o f multiple DE 

genes not possible. Attempts were made to increase the screening capacity, firstly by 

increasing the number o f 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 o f RNA amplification technologies to increase the yield o f 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 o f ISH showing restricted patterns o f certain genes. For example 

the down-regulation o f Spp l /Tigure 4.8b) and DUl (Figure 4.81) in the muscle-less 

hypertrophic zone; and the up-regulation Sfrp2 (Figure 4.8i) in the muscle-less elbow joint 

is consistent with previous findings. The use o f LCM technology added quantitative spatial 

information about genes in the muscle-less mutant, for example the analysis o f .SoxJ revealed 

a higher level o f expression in the control elbow joint relative to the pre-hypertrophic and 

hypertrophic regions o f 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 Sox5 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 o f appropriate mechanical stimulation generated by embryo movement 

on skeletal development I identified that an absence o f movement results in deregulation of 

multiple signalling pathway components that are known to be essential for normal skeletal 

development. This chapter reports analysis o f 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 lo 

functionally test the mechanisms linking mechanical stimulation with Wnt signalling. This 

work provides sets o f 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 o f how conditions can be effectively recreated in vitro to guide stem cell 

differentiation.

148



Chapter 5:

5 . 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 o f multiple cell-cell signalling events during 

vertebrate development. It is known to be pivotal in the regulation o f mesenchymal 

condensations during the initiation o f 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 

o f 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 o f canonical 

Wnt signalling, P-catenin (Ctnnhl)  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 o f integration of 

mechanical and biochemical positional information. In chapter 4, analysis o f Wnt pathway 

component gene expression showed restricted expression w'ithin the developing humerus and 

joints with altered expression o f specific components in different territories in muscle-less 

mutants.

Further indications o f 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 o f P-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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m ajority o f  W nt target genes identified were dow n-regulated (Figure 4.4), perhaps due to 

increased expression o f  the negative regulators Sfrp2  and D kk2  and dow n-regulation o f  the 

FzdlO  and Krem en2  receptors. As ligands and agonists Rspo2  and Rspo3  o f  the pathw ay are 

up-regulated, as are some target genes, this indicates that m ultiple levels o f  regulation o f  the 

pathw ay m ust be affected, including possible feedback m echanism s that attem pt to re-stabilise 

the system. It is interesting to note that a num ber o f  the up-regulated target genes encode 

negative regulators o f  the pathw ay, for exam ple Dkk2  and Sfrp2.

U nderstanding how m echanical stim uli influence the W nt signalling pathw ay would be a 

m ajor step forward in understanding how  m echanical cues w ork together w ith classical 

m olecular positional inform ation to guide spatially appropriate tissue differentiation. 

H ow ever, evidence to date suggests a com plex balance o f  signalling via m ultiple W nts, 

through m ultiple pathw ays that vary in different cell populations w ithin the form ing skeleton. 

This m akes it difficult to test specific aspects o f  W nt pathw ay 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 W nt signalling and observe the effects 

on skeletal developm ent. It can then be asked i f  altering W nt signalling directly produces 

phenotypic effects that overlap w ith the effects o f  altering the m echanical environm ent.

A powerful approach for unravelling the m olecular m echanism s involved in developm ental 

processes is to ectopically express a gene or signalling pathw ay o f  interest and exam ine the 

effect. The avian em bryo offers m any advantages for developm ental studies over m am m alian 

em bryos, due to the ease o f  access for in ovo m anipulations. D ifferent types o f  m anipulations 

can be perform ed in ovo including surgical m anipulations and as previously discussed, 

chem ically induced im m obilisation (Kavanagh et al., 2006; N ow lan et al., 2008b; Roddy et 

al., 2011b). Retroviral transm ission has been used very successfully to deliver genes into 

tissue locations in chick em bryos (review ed 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 o f the electroporation technique relies on the transient generation o f 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- o f function electroporation studies 

involving DNA, RNAi, 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 o f the DNA construct o f 

interest into the targeted tissue was selected as the method o f choice in this study as it is 

minimally invasive and allows for continued development in vivo. Variations o f the 

electroporation method have been reported in order to try to improve precision and efficiency 

o f DNA site specific uptake (Momose et al., 1999), as the viability o f electroporated embryos 

was reported to be low because o f the toxicity o f high electric currents on the embryo. 

Traditionally electroporation was used to transfer DNA into cells in suspension using high 

voltages and short durations o f 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 

o f 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 H H ll-2 2  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 o f development, younger than Hamburger and Hamilton stage 20 (HH20/ -E 3.5) 

(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 o f development problems arise 

associated with tearing o f the membranes and vasculature. In the research reported here, early 

attempts to target the limb bud after HH20 revealed an extra difficulty o f 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 (EI-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 o f 

elbow joint formation (approx HH24-HH25/ -E 4.5) 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 o f 

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

Given the importance o f Wnt signalling during embryonic skeletal development, I postulated 

that altering the balance o f Wnt signalling in the developing limb would impact 

chondrogenesis and/or joint formation. The response to canonical Wnt signalling involves 

accumulation o f stabilised P-catenin through inhibition o f phosphorylation at sites toward the 

COOH end o f P-catenin, binding o f P-catenin to TCF/Lef transcription factors in the nucleus 

which in turn bind to the regulatory regions o f target genes via the TCF/Lef DNA binding
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domain. Regulation o f gene expression is achieved through the activation domain o f P- 

catenin. Constitutive up-regulation o f the canonical pathway was achieved by expressing a P- 

catenin-Tcf fusion protein which lacks P-catenin phosphorylation sites so is constitutively 

stabilised, and provides the DNA binding domain and activation domain in one fusion protein 

(Figure 5.1a).

Suppression o f canonical signalling was performed by expressing the Wnt extracellular 

antagonist; Sfrp3 (Figure 5.1b). The CRD domains o f Sfrp proteins share sequence homology 

with the extracellular Wnt binding portion o f the Wnt receptor Frizzled (FZ), so can bind 

specifically to Wnt. Since Sfrps are secreted proteins they are widely considered to antagonise 

W nt-receptor interaction (Kawano and Kypta, 2003).

(a) p-catenin-Tcf Fusion Protein

FLAG tag 

^^Nde1 EcoRV
I

P-catenin
Activation

Domain

polylinl<er

Tcf DNA Binding 
Domain

-COOH

(b) Sfrp3 Protein structure

Signal
peptide

HA epitope

NH, t
Cysteine-rich 
domain (CRD)

Netrin-like 
domain (NTN)

COOH

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

This chapter reports analysis o f skeletal development following the activation and blocking o f 

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

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

2. To optimise an electroporation regime using the ex ovo cultivation system; with the 

main objective to sustain the viability o f specimens at least 24 hours post 

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

3. To investigate the phenotypic effects o f expressing a constitutively active form o f p- 

catenin in the limb bud during skeletal formation, mimicking activation o f the 

canonical Wnt pathway.

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

blocking Wnt signalling.

The overall objective was to assess whether manipulation o f the Wnt pathway could mimic 

aspects o f the skeletal phenotype in muscle-less mutant embryos, testing the hypothesis that 

disturbances to Wnt signalling contribute to the effects o f when the mechanical environment 

is altered.
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5.2 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 

3/4oz. 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), 50^1 of Antibiotic- 

Antimycotic (lOOX: 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, (c) 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 o f the embryo. Embryos were then washed twice in 95% 

ethanol and cleared using 1 % potassium hydroxide at RT for 2-5hours, or until the tissue was 

sufficiently cleared and background stain removed and then fixed in 4% PFA in PBS 

overnight.

5.2.3 Ex Ovo electroporation Experimental Design

An overview o f the methodological approach to the introduction and analysis o f foreign DNA 

into the developing chick forelimb is shown in Figure 5.3. Each step in the process involved a 

number o f phases that are described in detail in following sections. The construct o f 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 o f the targeted gene constructs was assayed by in situ  

hybridisation and immunohistochemistry o f fusion protein tags (FLAG tag on the P-catenin 

fusion protein and HA epitope tag on the Sfrp3 construct) (Figure 5.3C). Resulting 

phenotypes in skeletal elements were assessed via C ol2al expression (marker o f the skeletal 

rudiments) by whole-mount in situ hybridisation (ISH) and Optical Projection Tomography 

(OPT) 3D scanning (Sharpe et al 2002; Summerhurst et al 2008) to compare electroporated 

(EP) and non-electroporated (non-EP) limbs (Figure 5.3D). Downstream effects were further 

assessed by analysis o f the known Wnt target gene Sfrp2 (Lescher et al., 1998) using 

wholemount ISH, as this gene was previously shown to be joint specific and up-regulated 

following the removal o f mechanical stimulation (Figure 4.5).
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Figure 5.3 Summary of the experimental design and analysis pipeline used to manipulate the 
Wnt signalling pathway in the developing chick forelimb. (A) Electroporation setup with 
positive (+) and negative (-) electrodes placed on the ventral and dorsal side of the limb, a; 
anterior, p; posterior. (B) Whole embryo GFP analysis 24hrs post-electroporation. (C) 
Construct transgene expression analysis of electroporated limbs using In situ hybridisation 
and Immunohistochemistry to detect transcript and fusion protein tags (FLAG and HA). (D) 
Phenotyoic analysis of skeletal elements using Col2al wholemount ISH and 3D imaging by 
OPT of electroporated (EP) and non-electroporated (non-EP) limbs. (E) Sfrp2 target gene 
analysis of EP and non-EP limbs.

p -ca ten m  GFP H A -tag-A P

D -P I Col2a1

5.2.3.1 Ex Ovo electroporation

Ex ovo electroporation was carried out on the forelimb of day 4-4.5, HH24-HH26 embryos. 

The vitelline membrane was carefully opened above the visible forelimb to allow access to
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the embryo. Parallel electrodes were positioned on either side o f the limb, ensuring not to 

touch the tissue, approximately 3-4mm apart.

DNA for electroporation was prepared by Qiagen plasmid extraction kit at a concentration o f 

at least 1 (ig/ml (good purity and high concentration are important requirements). DNA was 

sequence verified and mixtures o f plasmid DNA were prepared as follows: (1) GFP (pEGFP- 

C1 map in Appendix Figure C.3) (l|j,g/|j,l) l |il volume + 0.5|il o f 0.05% fast-green dye, (2) (3- 

catenin (pCDNA3.1-PcatATcf, map in Appendix Figure C .l)  (l|j,g/|j,l), lu l + lp.1 GFP (0.5- 

l^g/jxl) + 0.5|il o f 0.05% dye, (3) Sfrp3 (pCS2mFRZB-HA, map in Appendix Figure C.2) 

(l|j,g/|xl), lul + l^ l GFP (0.5-1 (j,g/|il) + 0.5|il o f 0.05% dye. Plasmids were injected, via a 

mouth-pipette. The targeted site o f injection was midway along the proximal/distal and 

anterior/posterior axes, approximately at the site o f the o f  the prospective elbow' joint region, 

as indicated in Figure 5.3A, however there was inevitable variation from embryo to embryo. 

Immediately following injection, embryos were electroporated using an Electro Square 

Porator™ ECM (Genetronics Inc.). Multiple parameters were tested for electroporation 

optimisation including varying the voltage, the number o f pulses applied and volume o f 

construct injected. The parameters optimised for electroporation consisted o f six 60ms pulses 

o f 25Volts (V), at an interval o f 100ms. 5ml o f fresh DMEM culture medium, 50|il o f 

Antibiotic-Antimycotic and ground eggshell were added. Specimens were re-incubated and 

harvested 24hours post electroporation. Viability o f the embryo and stage o f development 

were assessed for the embryo and for each limb (electroporated and contra-lateral non­

electroporated limb) using Hamburger and Hamilton criteria (Hamburger and Hamilton. 

1992). Specimens were either fixed in 95% ethanol (for alcian blue staining), or 4% DEPC 

treated 4% PFA in PBS overnight.
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S.2.3.2 Expression Vectors

Details o f each expression vector used can be found in Table 5:1. Sham electroporation was 

also performed on limbs using PBS, GFP and dye, to act a technical control.

The P-catenin-Tcf fusion protein encoding plasmid (pCDNA3.1-PcatATcf) contained a FLAG 

tag that has the specific protein sequence (MDYKDDDDK), and the Sfrp3/Frzb 

(pCS2mFRZB-HA) sequence was altered to encode the epitope Hemagglutinin (HA) tag that 

has the protein sequence (YPYDVPDYA) within the encoded protein (plasmid maps are 

shown in Appendix C).

Table 5:1: Details o f Plasmid Expression vectors used in Electroporation.

Construct Backbone Protein encoded
Special 
features 
within Vector

Function of 
expression vector

p C D N A 3 .1 -
P c a tA T c f

pCD N A 3.1(+)
T cO - binding domain, 
C tn n b l-  Activation (p- 
ca ten in-Tcf domain)

FLAG Tag
Constitutively 
activate canonical 
W nt signalling

p C S 2 m F R Z B -
H A

pCS2
(6.36kb)

Sfrp3/ FRZB
Hemagglutinin 
tag (HA)

Block canonical 
Wnt signalling

p E G F P - C l
pECFP-Cl
(4.7kb)

GFP N/A

5.2.3.3 Analysis of transgenic embryos

Using an Olympus SZX12 microscope with UV lamp and an appropriate GFP filter. Green 

Fluorescent Protein (GFP) expression was analysed and imaged in whole embryos following 

immediate harvesting o f each specimen. Visualisation o f GFP expression indicated the cells 

that had taken up and expressed DNA (the plasmid mix) during electroporation.

5.2.3.4 Sectioning of electroporated specimens

Electroporated and contra-lateral non-electroporated limbs were processed for cryosectioning 

and wax sectioning (section 2.4.2, 2.4.3). lO^im longitudinal sections were obtained for 

immunohistochemistry and in situ  hybridisation analysis.
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5.2.3.5 Imtnunohistocheinistr>'

Details of the primary and secondary antibodies used are listed in Table 5:2. Frozen sections 

were thawed at RT (at least 30mins) and washed in PBS; paraffin sections were de-waxed and 

re-hydrated prior to blocking. Slides were blocked in 5% goat serum in PBTT (PBS +0.1% 

Triton +0.1% Tween) for 1 hour in a humid chamber at RT then incubated in Primary 

Antibody (Ab) (aGFP (1:500), aPLAG (1:200), aHA (1:200)) in 5% goat serum in PBTT in a 

humid chamber overnight at 4°C. Post antibody washes were performed in PBS, 3 times for 

15mins on a rocker at RT. Incubation with secondary Ab was performed at 1:200 and 1:500 

for Ihour at RT in the dark. Post secondary antibody washes were carried out 3 times in PBS 

and counterstained with DAPI mounting medium to stain the nuclei. Colourimetric staining 

involved 3 washes in NMT and staining with half strength NBT/BCIP staining solution (as 

previously described in section 2.5.4).

Table 5:2 Summary of Antibodies used.

Antibody
name

Supplier
C at# Species Dilution Secondary Antibody Excitation/

Emission

aFLAG Sigma-Aldrich
F4042

Mouse. MS- 
monoclonal 1:200 Donkey anti-mouse 

AlexaFluor 568 (1:200)
578/603nm

aHA. 11 BioLegend®
mm s-IOlbp

Mouse,
monoclonal 1:200

Donkey anti-mouse 
AlexaFluor 568 (1:200)

578/603nm

Goat anti-mouse IgG-AP  
(1:300)

colourometric

aGFP
Molecular 
Probes® A-  
11122

Rabbit,
polyclonal 1:500 Goat anti-rabbit AlexaFluor  

488 (1:500) A - 1 1008
4 8 8 /5 19nm

S.2.3.6 In Situ Hybridisation

Digoxigenin (dig) labelled antisense RNA probes for chick Col2al and Sfrp2 were produced 

from cEST clones, detailed in Table 5:3, as previously described (section 2.5.1), with the 

following adaptations for working with chick embryos: Proteinase K treatment 20ng/ml for 

Imin per HH stage. Post hybridisation whole-mount washes consi.sted o f 2xSSC, 2xSSC/0.1% 

CHAPS, 0.2X SSC/0.1%, CHAPS. Anti-DIG antibody was used a 1:1000. mRNA for mouse 

P-catenin and Sfrp3, encoded in the electroporated mouse DNA, were detected using ISH on
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sections (as previously described; section 2.5.3). Double ISH and Immunohistochemistry 

(IHC) was performed in some cases, with ISH performed up to the point o f DIG detection 

first, then co-incubation with anti-DIG antibody and the primary antibody for IHC; in most 

cases to detect GFP using fluorescently labelled secondary antibody. ISH colourimetric 

staining was then performed in the dark.

Table 5:3: Summary o f cDNA clones used to generate RNA in situ probes

Gene Genebank Ref sequence Alignment of cDNA 
on Ref sequence Source

cCol2al N M _ 20 44 26 . i Nucleotide to 3887-4689
ChEST 179115, BBSRC*  
ChickEST database

cSfrp2 AF2 18056 Nucleotide 520-1317
ChEST 2 9 6 f l3 ,  BBSRC*  
ChickEST database

m|3catenin N M O O  1165902.1 Nucleotide 2069-2496 Dr. U Borello

mSfrp3 N M  011356.4 Nucleotide 1866-2328 I.M.A.G.E clone 805986

*Biotechnology and Biological Sciences Research Council (BBSRC ) ChickEST Database

5.2.3.7 Optical Projection Tomography

In situ hybridised embryos were prepared and processed for OPT as described in section 2.12.
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5.3 Results

5.3.1 Ex ovo-cultivated chick embryos display normal morphological development and 

chondrogenesis

The development rate and morphology o f ex ovo-cultivated embryos were compared to in ovo 

incubated embryos using morphological criteria as described by Hamburger and Hamilton 

(Hamburger and Hamilton, 1951). Embryos placed in ex-ovo culture at E3 were monitored 

over the following 5 days in culture (to E8) demonstrating normal development (Figure 

5.4A). During incubation the yolk spread on the support hammock and the vasculature 

network spread smoothly over the yolk. With the exception o f a number o f embryos that were 

damaged during transfer (20.6%), 60.7% o f embryos survive in ex ovo culture up to at least 

E8. To assess the rate o f development over time, specimens cultured ex ovo and in ovo were 

sacrificed every 12 hrs from E4.5 to E6 and then every 24 hrs from E6 to E8. For all time 

points analysed no difference was observed in the stages o f the embryos based on external 

morphological features (Figure 5.4B). A subset o f embryos (n= 2 for each stage) were further 

stained with Alcian blue to assess the progress o f chondrogenesis and stage match more 

precisely. At E5/ HH26 detection o f cartilage was only visible in the developing vertebra 

(Data not shown), at E5.5/ HH28 individual cartilage elements were visible in the forelimbs 

(Figure 5.4D E5.5) and hindlimbs (data not shown). No visible differences were seen in the 

alcian blue staining pattern o f the developing forelimb between in ovo and ex ovo specimens 

across E5.5, E6, E7 or E8 (Figure 5.4D). A clear region, in the mid-diaphysis o f the humerus 

at E8/ HH34 in both the in ovo and ex ovo specimens represents the beginning o f ossification, 

indicating that the ex ovo cultivation set-up is not restricting development up until 

endochondral ossification at least (Figure 5.4E).
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Figure 5.4: Ex ovo cultivated chick embryos show normal development over time. (A) 
Morphological development o f  the embryo shown in situ  within the ex ovo cultivation set-up 
from E4.5 to E8. (B) Time-line o f the stages identified at each time-point (E4.5-E8, n= l). (C) 
Whole embryo Alcian Blue cartilage staining (E5.5 to E8) shows the same pattern for in ovo 
and ex ovo cultivated specimens, with specific focus o f the whole forelimb from E5.5 to E8 
(D) and the humerus (E) at E7 and E8, red box indicates ossification site.

5.3.2 Viability o f Electroporated chick embryos

Ex ovo chick embryos were electroporated (n=321) at various time-points between E4-E5, 

consisting o f embryos at 6 independent stages: HH22 to HH27. Eighty-nine percent o f the
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embryos electroporated were at stages HH24, HH25 and HH26 (Table 5:4A). This window of 

development was chosen as it represents early stages o f mesenchymal condensation that 

prefigures chondrogenesis o f the humerus, radius and ulna o f the forelimb (Wezeman, 1998), 

and as the Wnt signalling pathway has been previously shown to be critical for joint 

formation, it is within the window where the joint regions are being defined.

Table 5:4: Overview o f survival and development rate following electroporation

(A) Number o f specimens electroporated at each stage Total # o f specimens 
electroporatedStage HH22 HH23 HH24 HH25 HH26 HH27

Embryo # 4 14 71 107 110 15 321
N u m b e r s  
su rv iv in g  
a n d  s tages  
re a c h e d  + 
2 4  h o u rs

2:HH25
4:HII28

1:HH25 
4; HH26 
11:HH27 
6:HH28 
1:HH29

l:HH26
4:H}127

32:HH28
4:HH29

2:HH27
32:HH28
8:HH29
6:HH30

1:HH28
3:1IH29
2:HH30

(B) Viable electroporated em 
viable after 24 hours

5ryos: Stage and total numbers Total # o f viable 
electroporated 

embryosStage HH25 HH26 HH27 HH28 HH29 HH30
Embryo # 3 5 17 75 16 8 124

Across 24 experiments, 38.63% o f electroporated embryos (124/321) were viable 24 hours 

later. Viable embryos had healthy vasculature and an obvious heartbeat. These embryos were 

analysed for the efficiency o f electroporation via visualisation o f GFP expression (section 

5.3.3). In general embryos that were not alive 24 hours post electroporation had advanced in 

development by at least one or two stages suggesting that DNA uptake may have occurred so 

these embryos were also assessed for GFP expression, but none were used for further 

phenotypic analysis.

5.3.3 Tissue Distribution of electroporated cells assessed through GFP transgene 

expression

Co-electroporation with an expression construct for GFP was used as a convenient means to 

quickly assess successful uptake and expression o f microinjected DNA. O f the 124 viable 

embryos 24 hours post-electroporation, (Table 5;4B), 96 (77.4%) showed GFP positive cells 

within limb bud mesenchyme across 6 stages (Table 5:5); others showed GFP expression 

restricted to ectoderm. The majority o f the GFP positive embryos were at stage HH28
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(63.5%), following electroporation at stages HH25 and HH26. In addition, of the 197 non- 

viable embryos harvested 24hours post-electroporation, 80 (40.6%) were also GFP positive in 

mesenchyme o f the electroporated limb. The focal plane of GFP positive cells indicated 

whether they were within limb mesenchyme or restricted to surface ectoderm.

Table 5:5 Number and stage of viable embryos with GFP positive cells in limb bud 
mesenchyme 24 hours post-electroporation.

GFP expression in e ectroporated embryos Total # of embyros 
GFP positiveStage HH25 HH26 HH27 HH28 HH29 HH30

Embryo # 2 3 15 61 10 5 96

Location and intensity of GFP expression was analysed to determine consistency in the 

position and extent of DNA uptake (Figure 5.5). Figure 5.5 shows representative examples of 

the variations seen across electroporated embryos. An example of a viable limb that was 

termed GFP negative is shown in Figure 5.5a-a', since GFP is restricted to the anterior 

ectoderm. The specimen shown in Figure 5.5b-b' similarly shows GFP expression on the 

anterior surface, but also within cells in the distal interior portion of the limb, indicated by the 

white arrow. Expression shown in specimens c-f and h indicates GFP positive cells 

throughout the whole limb, but variations in the extent and intensity of GFP. For example 

there is ectoderm expression in c, d and h, yet in e and f  there is no surface expression. Some 

specimens showed GFP positive cells in an extensive territory along the proximo-distal axis 

(c, d, e, f  and h), although positive cells in specimen h are restricted to the anterior limb. 

Specimens g, i and j show GFP restricted to more proximal territories, excluded from the 

distal handplate, whereas positive cells in specimen k are restricted to the handplate. The 

expression in i and j is more restricted to the region of the elbow joint. The wound site where 

the capillary pierced the surface ectoderm during microinjection of DNA is visible on some 

specimens (d ', e ', h ', i', j ',  and k ', all indicated by yellow arrows). Given the variation seen in 

the position and extent of GFP positive cells across specimens, the GFP pattern in each 

numbered specimen was recorded for later reference.
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Figure 5.5: V ariability in GFP expression (location and intensity) in forelim bs 24 hours post-electroporation, (a-k) GFP expression in dark field view s, 
( al ,  c l ,  e l - j l )  GFP m erged with bright field im ages, (bl ,  d l ,  k l )  show bright field alone. W hite arrow s indicate GFP expression; Y ellow  arrow s 
indicate capillary insertion point. O rientation is the same for b-d and f-k. A; anterior, P; posterior, p; proxim al, d; distal.
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5.3.4 The developing Cartilaginous Skeleton

In order to assess any phenotypic changes following transgene activity, Col2al gene 

expression was chosen as a good marker for chondrogenesis, using 3D imaging to assess any 

alterations in the pattern of forming rudiments. In order to facilitate this, a detailed data set for 

normal patterning was required. The development of cartilaginous elements in the avian 

embryo were observed and recorded in 3D using OPT across stages HH26-HH30 following 

detection of Col2al expression by in situ hybridisation (Figure 5.6). The whole cartilaginous 

structure develops substantially over the five stages analysed, corresponding to a window of 2 

embryonic days. At HH26, the expression of Col2al is strong in the developing vertebral 

column, with proximal rudiments visible in both fore- and hindlimbs. The 3D data can be 

visualised as external views following either “volume rendition” (Figure 5.6 upper panel; 

expressing tissues shown in white/grey (a-e, k-o)) or “surface rendition” (lower panel; 

expressing tissues shown in yellow (f-k, p-t). Because this is true 3D data, it can also be 

viewed by cutting virtual sections in any plane through the specimen (as demonstrated later). 

The limb cartilaginous elements appear in a proximal to distal order. At HH26 expression of 

Col2al is present in the future scapula (s) and humerus (h), with very faint expression in the 

future ulna (u) (Figure 5.6k, p). At HH27 the scapula and ulna have increased in size, and the 

future radius (r) is now clearly visible (Figure 5.61, q), but note that it is distinctly shorter than 

the ulna at this stage. By HH28 Col2al expression in the carpal (c) elements is beginning to 

appear as sites o f expression distal to both the radius and ulna, but the carpal joints are not yet 

apparent. The expression territories in the future humerus, radius and ulna have all increased 

in length with the radius and ulna now more similar in length (Figure 5.6m, r). At HH29 the 

expression of Col2al in the humerus is visibly reduced at the mid-diaphysis, corresponding to 

hypertrophy/ the beginning of ossification; red arrows show continued expression at the ends 

of the rudiment. A clearing in the centre of the ulna is also visible (Figure 5.6n), suggesting 

the onset of chondrocyte hypertrophy is also occurring here. The expression of Col2al in the
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future metacarpals (me) can also be seen at this stage, with a demarcation of the carpal joint 

also occurring (Figure 5.6n, s). At HH30 the scapula loses Col2a expression mid rudiment 

(blue arrows indicating persistent expression at the rudiment termini (Figure 5.60, t). Future 

phalanges (p) are evident at HH30 (Figure 5.60, t).

HH27 HH28
. O ’

I  ♦ '■ 0

♦  •
fe

I? 11  ̂ Ip

S P

Figure 5.6: The developing cartilaginous skeleton. 3D analysis of the expression pattern of 
Col2al in whole chick embryos (a-e) and in the developing forelimb (k-o) across stages 
HH26-HH30, Lateral views of volume rendered 3D reconstructions of the data following OPT 
scanning (expressing tissues appear white/grey), (f-j, p-t) Matching lateral views of surface 
rendered data (expression shown in yellow). Red brackets show separation of C ollal 
expression in the mid-diaphysis of the rudiment at HH30. fl; forelim b , hi; h indlim b , s; scapu la , h; 

hum erus, u; ulna, r; radius, tt; tib iotarsus, fe; fem ur, fb; fibu la .
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5.3.5 Constitutive activation of Wnt signalling in the developing limb

5.3.5.1 Detection of Tcf-P-catenin fusion protein expression in electroporated limbs

Nineteen experiments were carried out to express constitutively active p-catenin in cells o f the 

developing limb bud, producing 63 transgenic embryos. Two methods o f detection o f the 

encoded transgene product were used; (1) visualising the Tcf-p-catenin fusion protein through 

immune detection o f an incorporated FLAG tag epitope (Figure 5 .land Appendix Figure C .l); 

(2) through detecting the RNA transcript using a mouse (3-catenin antisense probe (specific to 

transgene expression). Co-localisation o f GFP positive cells using anti-GFP antibodies was 

used to co-detect both expressed proteins in the same section. Detection o f the FLAG tag can 

be seen in the same cells that express GFP (Figure 5.7 a ', a^, a^, c ', c  ̂ (white arrows)), but 

where GFP is detected throughout the cell, the fusion protein is always nuclear (e.g. a^ distal). 

But not all GFP positive cells are also clearly positive for the FLAG tag (Figure 5.7b'- b^).

Analysis o f transgene expression at the transcript level using ISH with anti-sense mouse p- 

catenin probe, also showed co-localisation with GFP (c' and c^). When GFP, FLAG and P- 

catenin RNA detection was performed on the same sections, co-expression can be seen for the

1 2  3three elements, but with apparently different levels o f expression (c , c and c ). Note very

2 3low levels o f FLAG detection in a cell strongly labelled for P-catenin transcription (c and c , 

yellow arrow) and GFP. This might indicate less sensitive detection with the FLAG antibody 

or may be due to different sub-cellular localisation o f the GFP and fusion proteins, or the 

dampening o f fluorescence by the colourimetric staining. Sections shown in Figure 5.7d 

represent the non-electroporated contra-lateral forelimb o f the same specimen shown in c, no 

GFP, FLAG or p-catenin was detected.
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P-catenin 
>
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Figure 5.7: Detection of transgene expression in electroporated limbs (a-c), compared to a 
non-electroporated controlateral limb (d; same embryo as c). Columns 1-3 show sections 
through the whole limbs shown in column 4. Immunolocalisation of GFP (a‘, b‘, c') the 
FLAG-tag (a“, b̂ , ĉ , d )̂ and in situ hybridisation of P-catenin RNA (c ,̂ d )̂, merge of GFP 
and FLAG (a ,̂b^),. Embryos a and c are stage HH28 and b is HH29. All scale bars lOOnm. A; 
Anterior, P; Posterior, V: Ventral, D; Dorsal, p: proximal, d; distal.

53.5.2 Phenotypic Effects of activating the canonical Wnt pathway on skeletal 

development

To assess the phenotypic effects of forced expression of stabilised P-catenin on skeletal 

patterning, experimental limbs were compared to (a) the contra-lateral non-electroporated 

limb of the same specimen and (b) to sham electroporated embryos where only the GFP 

expressing vector was transferred, using an identical procedure. Seven Tcf-P-catenin fusion 

protein electroporated specimens and 5 sham electroporated specimens were analysed in 

detail using C olla l expression to accurately stage the progression of skeletal development
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and assess any alterations in morphogenesis of the skeletal rudiments. All specimens were 

electroporated between stages HH24-26 (Table 5:6).

Table 5:6: Stages of electroporated (EP) and non-electroporated (non-EP) forelimbs

Sham Electroporated

Specimen Stage when 
electroporated

Stage of EP 
limb

Stage of non- 
EP limb

Based on Col2al expression 
pattern

1 HH25 HH26 HH26
2 HH24 HH26/27 HH27
3 HH26 HH27 HH27

4 HH25 HH27/28 HH28

5 HH26 HH28/29 HH29

Tcf-P-catenin Electroporated
1 HH26 <HH26? HH27
2 HH25 HH27 HH28
3 HH26 HH27 HH28

4 HH24 HH27 HH28

5 HH26 HH27 HH28

6 HH24 HH27 HH28
7 HH26 HH26/27? HH29/30

The effect of electroporation on the rate of development was assessed by comparing the 

Col2al expression patterns in the electroporated limb (sham and activated p-catenin) to the 

contra-lateral limb in that specimen (Table 5:6; Figure 5.8 and Figure 5.9). For sham 

electroporated embryos, the stage of the electroporated limb was similar to the non- 

electroporated limb; for two specimens, the electroporated limb appeared to be slightly less 

advanced, but by less than 1 stage (Figure 5.8; Table 5:6; specimens 2 and 4) while the 

remaining 3 showed no difference. Note that GFP expressing cells are widely distributed in 

the sham electroporated limbs with no correspondence between extent of expression observed 

and slight delay (Figure 5.8a-e). In Tcf-|3-catenin electroporated limbs there was a consistent 

delay of at least 1 stage (Figure 5.9 and Table 5:6), in fact all EP limbs were at most HH27. 

The electroporated limb in specimen 7 was three stages younger (EP; HH26/27 compared to 

non-EP; HH29/30, Table 5:6).
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In terms of morphogenesis of the skeletal rudiments, analyses of Col2al expression revealed 

no alterations, or minimal alterations, in Sham electroporated embryos. The youngest 

specimen analysed was specimen 1, with C olla l expression in both limbs indicating stage 

HH26 (Figure 5.8f, k). No differences in the Col2al pattern were observed in specimens 1, 2 

and 3 (Figure 5.8f-h compared to k-m respectively), despite GFP expression, particularly 

widespread for specimen 3 (Figure 5.8c). Specimens 4 and 5 showed some differences in 

C ollal expression in the future carpal regions (Figure 5.8i - n and j - o). In the EP limb of 

specimen 4, there was a distal truncation of the pattern, (Figure 5.8i, indicated by red arrows). 

Similarly in the EP limb of specimen 5, although there is some Col2al expression distal to the 

radius and ulna, no distinct carpals or phalanges are discernible (Figure 5.8j and o, indicated 

by circle). While the alterations to the specimen 4 pattern are consistent to a delay 

(comparable to HH27 in Figure 5.6), the pattern in specimen 5 is not obviously similar to an 

earlier stage. It is possible that the electroporation process has affected differentiation in the 

distal tip of the limb in specimen 5.
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Specimen 1 Specimen 2 specim ens Specimen 4 specim ens

a b e d  e

Figure 5.8: Three dimensional analysis o f Col2al expression in Sham electroporated (EP) 
forelimbs, (a-j) compared to contra-lateral non-electroporated (non-EP) limbs (k-o). Whole 
limb images o f GFP expression in sham-EP limbs (a-e), lateral views o f 3D reconstructions o f 
the volume rendered data following OPT scanning (expressing tissue appears white/grey) and 
surface representations o f Col2al o f  the patterns (below), are shown. Orange circles indicate 
alteration in Col2al expression. Red arrows indicate regions described in text; scapula, h; 
humerus, u; ulna, r; radius, c; carpal.

In contrast to the minimal effects seen in sham electroporated embryos, expression o f  the Tcf- 

P-catenin fusion protein had more dramatic effects on the pattern o f Col2al expression in the 

forming skeletal rudiments. Each specimen was thoroughly analysed using both 3D external 

views o f the pattern and transverse and medial virtual sections through the 3D reconstructions 

(an example o f virtual section analysis is shown for specimen 4 in Figure 5.10: full analysis o f
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remaining specimens is shown in Appendix Figure C.5). Each limb was visibly reduced in 

size compared to the contra-lateral limb (Appendix Figure C.4; 3D views of Collal 

expression, specimens 1-7).

In specimen 1, there was a complete absence of the ulna and radius in the EP limb compared 

to the contra-lateral non-EP limb (Figure 5.9g, n). In addition the ventral posterior portion of 

the scapula was reduced in size (red arrow heads in g compared to n), while no difference was 

seen in the shape or size of the humerus. Therefore there are effects on a proximal structure 

(scapula) and more distal rudiments.

In specimen 2 the scapula, humerus and radius were visibly shorter in the EP limb compared 

to the non-EP limb (Figure 5.9h and o). Like specimen 1 the scapula has reduced Collal 

expression in the ventral portion, as indicated by the red arrow on the surface representation 

(Figure 5.9h). A more dramatic effect is seen in the region of the radius where CoI2al 

expression is divided into two territories proximally and distally. This appears to be a break or 

interruption in the radius territory based on (1) the relative position (green arrowhead) of the 

break, measured through serial sections of the 3D reconstructions and (2) although carpal 

CoI2al expression normally appears distal to the radius, this occurs after carpal expression 

distal to the ulna and at a more distal position. Carpal region expression is present distal to the 

ulna and not the radius on the contra-lateral limb, indicated by the orange circle. This supports 

the hypothesis that chondrogenesis in the region o f the radius is interrupted in this 

experimental limb. The humerus in the EP limb in specimen 2 is shorter and displays an 

abnormal shape (Appendix Figure C.5 (2b)). The EP limb was deduced to be one stage behind 

the non-EP, however the phenotypic abnormalities cannot be explained by a delay and 

indicate an impact of abnormal canonical Wnt activation on skeletogenesis.
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Figure 5.9: 3D analysis o f Col2al expression in Tcf-P-catenin fusion protein electroporated (EP) forelimbs (a-m) compared to contra-lateral non-electroporated 
(non-EP) limbs (n-t). W hole limb images o f  GPP expression in EP limbs (a-e). Lateral views o f 3D reconstructions o f the volume rendered data following OPT 
scanning (expressing tissue appears white/grey in the reconstructions) and surface representation o f Col2al expression for 7 specimens (yellow denotes expression 
territory). Orange circles indicate absence o f element expression. Red arrows indicate alterations described. Red brackets indicate hypertrophy, s; scapula, h; 
humerus, u; ulna, r; radius, c; carpal, p; phalanges.



Specimen 3 shows largely distal transgene expression and the Col2al expression is 

compatible with a distal truncation in development (i, orange circle, Figure 5.9), corresponding 

to the carpal and metacarpal expression displayed in the non-EP limb (p, orange circle). There 

is less Col2al expression in the radius and the ulna (Figure 5.9i and p, red arrow head), 

supported by transverse sections (Appendix Figure C.5 (3b) i-ii). The shape of the humerus 

appears abnormal in the EP limb, with a higher intensity of Col2al expression in a ridge on 

the surface towards the upper portion of the element ((3b) iv compared to (3a) iv in non-EP).

Specimen 4 had a similar defect to specimen 2 with an interruption in the C olla l radius 

expression territory (Figure 5.9j, green arrow head in surface view of limb). Transverse 

sections through the distal portion of the EP limb show a high level o f expression of Col2al 

in the region of the distal ulna (Figure 5.10 (4b) i), with a shape change visible from the 

posterior (+90degrees) angle view of the limb (Figure 5.10(4b) white arrow). This indicates 

either interrupted expression within the radius and ulna or the distal most expression 

represents carpel territories. If the latter is correct, this suggests severe shortening of the ulna 

and radius elements. The territory of transgene expression in this specimen was captured in 

the UV channel (Figure 5.10 (4b) right, pseudocoloured green) showing spatial correlation 

between transgene expression and localised alterations to the skeletal pattern in the radius 

(green arrows;Figure 5.10).

Specimen 5 showed severe alterations in the distal elements. A complete absence of carpal 

elements (Figure 5.9k, orange circle) was observed in the EP compared to non-EP limb (r). A 

significant decrease in the amount of Col2a 1 expression was observed in the ulna of the EP 

limb, and this was visualised with the surface representative expression comparing EP (k, red 

arrow) to non-EP (r, red arrow), and further analysed with transverse and medial sections 

through the rudiment (Appendix Figure C.5 (5b) i, iv). Transgene expression is localised 

anterior and posterior to where the defects occur in the radius and ulna (Appendix Figure C.5 

(5b) i-ii, iv-v). The absence of carpal expression correlates with GFP/ transgene expression in
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the distal portion of the EP limb as indicated by the green arrows in Appendix Figure C.5 

(5b)(v).

Specimens 6 and 7 show severe cartilaginous defects in the EP limb (Figure 5.91 and m). 

These include a shortening and separation in the scapula, a reduction in the length of the 

humerus and the radius (Figure 5.91, m compared to s, t), a reduction in the length and 

diameter of the ulna (1) and a complete absence of the ulna in specimen 7 (m; all defects 

indicated by red arrows, comparing EP (1, m) to the non-EP limb (s, t). An absence of carpal 

elements is common to both specimen 6 and 7 (1, m). Transgene expression in the EP limb in 

specimen 6 can be visualised in Appendix Figure C.5 (6b) (i, ii, v-viii) with the green arrows. 

The defects in the radius, ulna and carpals correlate with the level of, visible GFP ((6b) i, ii, v- 

viii). In specimen 6 there is a visible curvature of the humerus, seen in detail in the medial 

section ((6b) vii), compared to the non-EP humerus ((6a)iv). In specimen 7 the non-EP limb 

has lower intensity Col2al expression in the central portion of the humerus, (Figure 5.9t red 

brackets, Appendix Figure C.5 (7b)iv), this suggests that hypertrophy is occurring in the 

centre of the element; a lighter expression can also be viewed in the central portion of the EP 

humerus (Figure 5.9m) suggesting that the element is proceeding to ossify in the mid diaphysis 

even though the extent of Col2al is not normal. This was confirmed by transverse and medial 

sections of the EP humerus, with the lighter stain in the centre of the element ((7b) iii, vi) 

compared to the non-EP limb ((7a) iv, vi). It is difficult to assign a stage of development to 

the EP limb in specimen 7 due to the cartilaginous defects displayed.

Taking the observations of all seven activated P-catenin expressing transgenic embryos 

together, suggests that it is not a matter of simply delayed development but that activation of 

the canonical wnt pathway led to alterations including absence of skeletal territories.
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Figure 5.10: Analysis of Col2al and GFP expression in P-catenin electroporated Specimen 4. 
EP limb (4b) compared to contra-lateral non-electroporated (non-EP) limb (4a). External 
views o f volume representation of the same limb following OPT scanning of Col2al 
expression is shown for each specimen, with rotations every 90°. Transverse and longitudinal 
sections were taken through the 3D reconstructions as indicated by red lines, showing C olla l 
and GFP expression. Expressing tissue appears as white/light grey. 4a (non-EP) (i-iv, 
transverse sections; v longitudinal section) 4b (EP) (i-iii, transverse sections; iv-v longitudinal 
sections, Col2al (blue)/GFP (green) pseudocoloured merge shown). Green arrows indicate 
GFP expression, s; scapula, h; humerus, u; ulna, r; radius, c; carpals.

S.3.5.3 Wnt target gene analysis following activation of Wnt signalling

To further assess the impact of expressing Tcf-(3-catenin in the developing limb, the 

expression of a known canonical Wnt pathway target gene; Sfrp2 (Lescher et al., 1998) which 

also encodes an antagonist of the pathway, was performed on two further Tcf-P-catenin EP 

specimens (called specimens 8 and 9). Sfrp2 is expressed early in development in the limb 

mesenchyme surrounding cartilage condensations and then later becomes regionally restricted 

to regions of all synovial joints in the limb (as previous data in the lab, Ikegawa et al., 2008; 

Witte et al., 2009). In addition, this pathway component was identified to be up-regulated in 

the elbow and shoulder joints following the removal o f mechanical stimulation (Figure 4.5). 

Analysis o f the down-regulated Wnt target Cd44 was also attempted using wholemount in situ 

hybridisation in combination with 3D scanning technology, however due to the low levels of 

expression at the stages of development analysed, this analysis was uninformative and was 

not further pursued.
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Normal Sfrp2 expression in the developing limb at HH27 can be seen in Figure 5.1 la  dorsal 

view o f a forelimb in (a) and (b) shows a high level o f intense staining in the proximal portion 

o f the limb including the future shoulder joint (SJ) and the future elbow joint (EJ) regions. 

Volume rendered 3D reconstruction o f the pattern following OPT scanning are shown in 

Figure 5.1 le. A longitudinal section cut through the dorsal plane reveals the two restricted 

regions o f expression in the elbow joint region and the shoulder joint region (Figure 5.1 I f  i).

HH27 Control Sfrp2

I
Figure 5.11: Analysis o f  Sfrp2 expression in the developing chick limb at HH27. Dorsal view 
o f S frp l expression in the forelimb prior to scanning (a), External views o f volume rendered 
3D reconstructions o f the same limb following OPT scanning, with views from different 
angles (b same dorsal view as in a), c (rotated +90°), d (rotated +180°) and e (rotated +270°). 
Red line indicates the plane o f a virtual longitudinal section shown in f  and i; Sfrp2 expression 
is pseudocoloured blue in i. EJ; elbow joint region, SJ; shoulder joint region.

The 2 Tcf-P-catenin electroporated limbs analysed here were shorter than the contra-lateral 

limbs, as previously depicted; specimen 8 was at stage HH27 and specimen 9 at stage HH28. 

In specimen 8 an increase in the extent and intensity o f expression o f Sfrp2 was evident in 

both the elbow (EJ) and shoulder joint (SJ) regions, as shown by longitudinal virtual sections 

through the limb (Figure 5.121 compared to f), and is also much more extensive in the region 

o f  the elbow joint. A reduction in the separation o f expression between the elbow region and 

the future carpal joint (CJ) region was evident in the EP limb (Figure 5.12 1 (CJ) compared to 

f  (CJ)). The Sfrp2 expression pattern in specimen 9 shows an extended expression in the distal 

region o f both limbs, with a distinct increase in expression in the carpal joint region (Figure 

5.12 m and s respectively, CJ). An increase in dorsal expression is evident in the EJ region o f
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the EP limb in comparison to the non-EP hmb (Figure 5.12x compared to r). Expression is 

more regionally restricted in the joint regions o f specimen 9 (HH28) than in the control and 

specimen 8 (both HH27); this may be related to the difference in stage.

Specim en 8

Non-EP

+180° 
d o

+270" Longitudinal Sections '. hole limb
,  SJ GFP

pcat-E P  I

EJ f

/

Specim en 9

Non-EP I

I

I n  o .  SJ p — -  q r ^

"V-’ ' “ • *V  •  Ti •  c j m
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Figure 5.12: Analysis o f Sfrp2  expression in Tcf-P-catenin electroporated forelimbs. Dorsal 
views o f Sfrp2 expression in whole forelimb prior to scanning (a, q, m, s). Specimen 8 
(HH27) non-EP limb (a-f), EP limb (q-l). Specimen 9 (HH28) non-EP (m-r), EP (a-x). 
External views o f volume representation o f the same limb following OPT scanning and 
reconstruction are shown in (b, h, n, t), rotated +90° (c, i, o, u), rotated +180° (d, i, p, v) and 
rotated +270° (e, k, q, w). Red line indicated the plane o f a virtual longitudinal (i) section for 
each limb (f, 1, r, x). Whole limb GFP is shown for EP limbs. Expressing tissue appears as 
white/light grey. SJ; shoulder joint region, EJ; elbow joint region, CJ; carpal joint region.
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5.3.6 The effect of overexpression o f the Wnt antagonist Sfrp3 in the developing limb 

5.3.6.1 Localisation of the electroporated Sfrp3 transgene expression

The mouse Sfrp3 full length cDNA sequence was altered to encode a Haemoglutinin (HA) 

epitope tag fused to the protein product, encoded in the expression vector used in 

electroporations (Appendix Figure C.2). The HA tag could therefore be used to detect 

transgene expression on sections o f electroporated limbs using a HA specific antibody. Co­

expression o f HA and GFP was identified in the same cells, as shown for 3 independent 

specimens in Figure 5.13 (red arrow heads a-a ', b-b ', c-c'). No detection o f  GFP or HA was 

observed in the non-electroporated contra-lateral limbs (Figure 5.13d'). Similarly no HA 

detection was demonstrated in Sham electroporated limbs (Data not shown).
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Figure 5.13: Detection of transgene expression in chick limbs electroporated with GFP and 
Sfrp3 expression vectors in 3 independent specimens (a-c) and in the non-electroporated 
contra-lateral limb of specimen c (d). GFP (a,b,c), HA-tag on the Sfrp3 protein (a', b', c') 
expression were detected by immunolocalisation on wax sections. Embryo a is HH27, b and c 
are HH28. Images o f whole limb GFP expression for the individual electroporated limbs (a^, 
b^, c^). All scale bars 100|im. A; Anterior, P; Posterior, V: Ventral, D; Dorsal, p: proximal, d; 
distal.

5.3.6.2 Phenotypic effect of Sfrp3 ectopic expression on skeletal development

A total of 6 Sfrp3 EP embryos were analysed for phenotypic changes in Col2al cartilaginous 

expression. In all cases the electroporated limb was the right forelimb, and, as previously 

(Section 5.3.5.2) compared to the contra-lateral non-EP limb and to sham electroporated



limbs. Through the use of the normal Col2al expression pattern (Figure 5.6), the Sfrp3 

electroporated specimens were staged (Table 5:7). In 5/6 Sfrp3 electroporated specimens 

development was delayed by 1 stage or less compared to contra-lateral controls. This 

compares to a slight delay in 2/5 specimens for sham controls.

Table 5:7: Stages o f electroporated (EP) and non-electroporated (non-EP) forelimbs

Sham Electroporated

Specimen Stage when 
electroporated

Stage of EP 
limb

Stage of non- 
EP limb

Based on Col2al expression 
pattern

1 HH25 HH26 HH26
2 HH24 HH26/27 HH27
3 HH26 HH27 HH27
4 HH25 HH27/28 HH28
5 HH26 HH28/29 HH29

Sfrp3 Electroporated
1 HH24 HH27 HH27
2 HH24 HH26 HH27
3 HH26 HH27 HH27/28
4 HH26 HH26 HH28
5 HH25 HH26 HH27
6 HH25 HH28 HH29

Each EP limb was altered in size compared to the contra-lateral limb, shown in Appendix 

Figure C.6: with variability in the severity of effect; described in more detail below, for each 

specimen.

Specimen 1: A visible reduction in the intensity of expression of Col2al was apparent in the 

whole EP limb compared to the contra-lateral limb (Figure 5.14g and m). Specifically in he 

humerus (Figure 5.14red arrow) but this may be a consequence of lower level of Col2al 

expression. There is a complete absence of expression in the radius (orange circles). The 

separation o f expression between the humerus and ulna was greater in the EP limb compared 

to the non-EP limb; this could be due to an increase in the joint region, or due to a reduction 

in the extent o f Col2al expression in each element. The whole limb GFP image in Figure 

5.14a, indicates that the localisation o f GFP expression and the phenotypic alterations occur at 

the same position.
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Specimen 2: A severe alteration in the size and shape of all the cartilage elements was 

observed in the electroporated limb in Specimen 2 (Figure 5.14h). A restricted extent of 

expression in the humerus, and ulna was observed (Figure 5.14h compared to n, red arrows) 

and in virtual longitudinal sections through these elements (Appendix Figure C.7 (2b)iii-iv). 

A complete absence of expression in the future radius was observed (indicated by the orange 

circles in Figure 5.14h and n), and the absence of detection in transverse and longitudinal 

sections in Appendix Figure C.7 (2b) (i-iv). The shape of the humerus and ulna appear more 

‘rounded’ in comparison to the normal cylindrical shape displayed in the stage matched 

control limbs and the contra-lateral limb. Longitudinal sections confirm this variation in shape 

(Appendix Figure C.7 (2b)). GFP was detected on the lateral surface of the limb, adjacent to 

the elements that display alterations in morphology.

Specimen 3: The only observable phenotypic alteration was an apparent absence of carpal 

elements in the EP limb (Figure 5.14i). However analysis of transverse and longitudinal 

virtual sections through the EP limb revealed faint expression distal to the ulna (Appendix 

Figure C.7). The whole limb view shows GFP expression is restricted to the base of the limb 

(Figure 5.14c) and no GFP was detected in virtual sections of the EP limb (data not shown), 

supporting the minimal disturbances observed.

Specimens 4 and 5: Severe alterations in the pattern of Col2al expression was observed in 

the electroporated limbs in specimens 4 and 5. For both of these EP limbs GFP detection 

indicates transgene expression throughout the proximal-distal axis o f the limb (Figure 5.14 

white arrow in d, and in e). A reduction in the extent of Col2al expression in the ulna and 

radius for both specimens was observed (Figure 5.14J & k, red arrows). Similarly to 

specimens 1 and 2, the localisation of GFP detected in the transverse and longitudinal 

sections, was adjacent to where the alterations in Col2al expression were observed, in the 

distal portion of the limb (Appendix Figure C.7 (4b) i, ii, v). There was also an absence of 

carpal elements in specimen 4 (orange circle in Figure 5.14j).
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Figure 5.14: 3D analysis of Col2aI expression in SfrpB electroporated (EP) forelimbs (a-1), 
compared to contra-lateral non-electroporated (non-EP) limbs (m-r). Whole limb views of 
GFP expression in the corresponding EP limbs (a-f). Lateral views of 3D reconstructions of 
the expression data following OPT scanning (expressing tissue appears white/grey) and 
surface representation of Col2al expression is shown for 6 specimens (yellow images of 
surface expression). Orange circles indicate absence of element expression. Red arrows 
indicate alterations described. Red brackets indicate hypertrophy, s; scapula, h; humerus, u; 
ulna, r; radius, c; carpal, me; metacarpals

Similar to specimens 1 and 2, the humerus o f specimen 5 has a more ‘rounded’ morphology. 

GFP was detected on the distal and anterior surface of the EP limb, again in the vicinity of the 

effects supporting a proposal that the signalling antagonist is affecting the differentiation of 

adjacent cells and thus altering the pattern of Col2al expression in developing cartilage.

Specimen 6 was the most developed Sfrp3 electroporated specimen analysed; at HH29 

according to the Col2al expression pattern in the non-EP limb (Figure 5.6). The expression of 

GFP was detected only at the proximal base of the limb and at the distal tip of the limb 

(Figure 5.14f). The only observable phenotypic alteration in the EP limb was at the distal end.
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with reduced expression of carpal elements and a reduced separation of Col2al expression 

between the radius and the carpal (Figure 5.141). In both EP and non-EP control limbs, 

C olla l expression in the humerus has started to fade at the mid-diaphysis, indicative of the 

initiation of hypertrophy (red brackets in Figure 5.141). This suggests that hypertrophy and 

ossification of the humerus is not affected in this EP limb and the only effect is restricted to 

the distal extremity where transgene expression is localised.

To summarise, analysis of Sfrp3 electroporated embryos revealed that severe alterations were 

observed in 4 out of the 6 specimens analysed, and the severity of alterations corresponded to 

the extent and approximate location of GFP expression, and thus potential suppression of Wnt 

signalling. The two specimens that displayed minimal alterations (specimen 3 and 6) had the 

lowest quantity of visible GFP in the limb 24hours post electroporation (Figure 5.14c and f). 

The absence and alteration of elements in the most severely affected limbs suggests that it is 

not a delay in development as Table 5:7 might suggest, but it is hypothesised that the 

alterations are due to the alteration in Wnt signalling within these differentiating cells, thus 

affecting cartilage differentiation.

S.3.6.3 Analysis of Wnt target gene expression following Sfrp3 ectopic expression

Two SfrpS electroporated specimens were analysed for expression of the canonical Wnt target 

gene Sfrp2. One of the specimens showed no difference in expression in the EP limb 

compared to the non-EP limb. The intensity and extent of expression was very low in both 

limbs, with the highest level of expression detected in the mesenchyme adjacent to the 

developing vertebral column, indicating a HH26 embryo (Data not shown). The second Sfrp3 

electroporated specimen, specimen 8, showed a general increase in Sfrp2 expression in the EP 

limb compared to the contra-lateral limb. External views of volume representation through 

360degrees of the same limb following OPT scanning and reconstruction and serial coronal 

sections through the whole specimen illustrate this increase in expression (Figure 5.15a-c). 

The difference in expression intensity in the shoulder joint (SJ) region is indicated in section
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(c ii) comparing the non-EP to the EP limb. An increase in Sfrp2 expression is evident in the 

ventral and dorsal regions o f the shoulder in the EP limb, with high level o f expression in 

section (c ii) (ventral) and (c vii) and (c viii) (dorsal). An increase in intensity o f Sfrp2 

expression is also visible in the elbow joint (EJ) region o f the EP limb (c iii) and (c iv). 

However, a restriction in the extent o f expression is detected in the EP limb, expression in the 

non-EP limb is first detected in section (iii) and extents to section (viii), compared to the 

higher intensity o f expression in the EP limb from section (ii) to (v) (Figure 5.15).

No difference in Sfrp2  expression was observed in the limbs o f the Sham electroporated 

specimens (n=2). A low level o f  Sfrp2  was detected in one specimen, correlating to stage 

HH26 (specimen 6), the other specimen showed no difference in expression pattern between 

the EP and non-EP limbs (specimen 7) (Data shown in Appendix Figure C.8).
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Specimen 8
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Figure 5.15: Analysis Sfrp2 expression in specimen 8 electroporated with Sfrp3. External 
views o f  volume representation o f  the same limb following OPT scanning and reconstruction 
are shown in (a-b), rotated +90°, rotated +180° and rotated +270°, (a) non-EP limb and (b) 
EP limb. Red lines indicate the plane o f a virtual longitudinal (i) section for each limb (c). 
Coronal sections o f Sfrp2 expression through the whole specimen (i-viii). Expressing tissue 
appears as white/light grey. SJ; shoulder joint, EJ; elbow joint. CJ; carpal joint, p; proximal, 
d; distal.
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5.4 Discussion

This study developed an approach to ectopically express transgenes in the developing limb 

during early chondrogenesis, designed to either activate or block Wnt signalling. Expression 

o f both a canonical Wnt pathway activator and antagonist led to alterations in the pattern o f 

chondrogenesis o f the emerging skeletal rudiments, including alterations and absences o f 

skeletal territories, as summarised in Table 5:8. This work set out to compare the effects of 

altering the Wnt pathway during limb skeletal development to the effects o f reduced embryo 

movement to test the hypothesis that the alterations to Wnt signalling is a major component of 

the effects o f reduced movement. While some similarities were noted, the comparisons that 

can be made are limited because o f  (a) limitations in the ability to target ectopic expression 

spatially in a precise manner and (b) a limited period o f development following 

electroporation resulting in differences in timing o f the observations and developmental 

events examined.

5.4.1 The challenge of targeting ectopic expression to the developing limb during 

skeletogenesis

To access and manipulate developing limbs at older stages a novel technique was established. 

In ovo electroporation o f older chick specimens highlighted multiple difficulties including; 

poor visibility o f  embryos, lack o f accessibility o f  limb tissue for manipulation, increased 

movement o f older embryos limiting control o f orientation and low viability o f  embryos. 

Comparative analysis o f in ovo and ex ovo cultivation revealed no differences in the 

development o f specimens but provides better access to the embryo. The basis o f ex ovo 

cultivation consists o f pouring the entire egg into a suitable container and taking precautions 

against excessive evaporation or bacterial infection. Shell-less culture systems have been 

described to investigate various developmental events, providing multiple advantages 

including access to the embryo, increased visibility for observations o f morphogenesis and 

growth, and application o f different exogenous agents (Datar and Bhonde, 2005). This proved 

to be a successful cultivation strategy that increased the survival o f embryos and allowed for
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direct targeting o f the developing limb; however, the extent o f cells expressing the transgenes 

and precise spatial control o f targeted cells was limited.

A comparative technique to the one utilised in this study is the use o f retroviral transmission 

to incorporate a particular gene product into cells. In theory once a cell becomes infected by a 

virus, every descendent o f that cell maintains expression o f the virus and inserted genes. 

However integration is limited to the mitotic phase o f the cell cycle; consequently infection 

generally occurs in chicks at early developmental stages, resulting in a larger proportion o f the 

embryo being infected. Use o f retroviral transmission directly into the lateral plate mesoderm 

has allowed the study o f early axis patterning o f the chick limb (Logan and Tabin, 1999). 

Misexpression through viral injection into the lateral plate mesoderm at HHlO-12 can have 

adverse effects on survival and analysis o f later skeletal development, due to the widespread 

infection o f the virus. Targeted viral injection approach at HH21-23 prior to chondrogenic 

condensations has been used to study later skeletal events; for example viral driven Ihh 

expression in the chick limb has been invaluable in the understanding o f chondrocyte biology 

(Vortkamp et al., 1996). Viral infection techniques are very effective but can have broader 

effects than those required, so electroporation was chosen as a means o f potentially targeting 

tissues more precisely, temporally and spatially.

While in ovo electroporation has been used widely to mis-express genes in various territories; 

including the eye, the neural tube and the somites (Islam et al., 2012; Krull, 2004; Miller- 

Delaney et al., 2011), studies targeting the developing limb are limited. All studies targeting 

the developing limb by electroporation have been performed in ovo and at stages earlier to 

this study. The first report o f limb electroporation was performed at HHlO-12 with very low 

voltage regimes (12-16V, l-3tim es with a 90ms duration) (Takeuchi et al., 1999). A study o f 

muscle development performed electroporation on HH13/14 limbs using a higher voltage 

(25V) once for 30ms (Yamamoto and Kuroiwa. 2003). The latest study o f limb targeting 

described used HH 19-22, significantly earlier than stages o f interest here, using a higher
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voltage regime (45V, once for 50ms duration) (Durand et al., 2010; Sabherwal et al., 2007). 

Multiple variations exist for the voltage regimes (15-70V) reported to be applied to different 

developing tissues types (neural tube, limb bud mesencyhme, spinal cord, diencephalor.), 

across various stages (H H 10-22), for multiple durations (30-90ms) and repetitions (1-7) 

(Croteau and Kania, 2011; Krull, 2004; Martinelli and Fan, 2007; Miller-Delaney et al., 2011; 

Misra et al., 2012; Sabherwal et al., 2007; Sharp and Fromherz, 2011; Winning and Krull, 

2011). Following optimisation, the regime found to be most successful included 6 repetitions 

o f 25V for 60ms with 100ms separation.

In this study early attempts to use in ovo electroporation revealed some o f the issues of 

targeting the limb due to poor visibility o f older embryos, the shell reducing accessibility and 

the increase movement displayed by older embryos. The use o f the ex-ovo system overcame 

several o f  these limitations and was reported to support a high viability o f norrr.al 

development with 60.7% of ex ovo cultivated embryos surviving until at least E8; and 38.63% 

o f electroporated embryos surviving 24 later. The method thus allows improved access to 

target the limb and this offers a great advantage for manipulation and analysis o f later skeletal 

development.

5.4.1.1 Tissue distribution of electroporated cells

Following optimisation o f the cultivation method some issues remained that limited control 

over the site and extent o f targeted cells. Co-electroporation o f the GFP construct with our 

Wnt pathway modulator was a valuable resource that aided further analysis o f individual 

specimens. In this study the co-electroporation involved the combination to two constructs 

with a visible green dye that was used to monitor the transfer o f solution from the capillary 

into the limb. To assess the tissue distribution o f electroporated constructs, the first method 

was to examine the extent o f DNA uptake and expression by viewing GFP expression in 

whole limbs. These superficial views indicated variation in the localisation o f  GFP within :he 

limb, with some limbs showing proximal restriction, some showing distal restriction and

192



others with GFP throughout the whole limb, from anterior to posterior and ventral to dorsal. 

The localisation o f GFP was secondly examined in tissue sections o f EP limbs through 

secondary detection. GFP was assessed and in general was found to be located in the 

mesenchyme and ectoderm surrounding areas where Co/2a7expression was disturbed.

To directly identify the electroporated cells that were expressing the Wnt modulator construct, 

two methods were employed, the first examining the RNA transcript for the transgene, and 

secondly through immunolocalisation o f a tag epitope fused to the encoded protein within the 

expression vector. Detection o f the constitutively active P-catenin was identified through both 

methods, but the RNA transcript detection was more sensitive in demonstrating positive cells 

indicating that the FLAG tag has reduced sensitivity although it was faintly visible in the 

nuclei o f ISH positive cells. Detection o f the FLAG tag however gave the important 

advantage o f confirming that the protein product is produced, not just the transcript, and is 

localised to the nucleus. Detection o f the pathw'ay antagonist construct product Sfrp3 was 

successful through immunolocalisation o f the incorporated FIA tag, but this protein product is 

not restricted localised to the nucleus. Similarly to P-catenin detection, individual cells were 

visible through this method, and the parallel detection o f GFP corresponded to co-expression 

o f both electroporated constructs in most cases, with some exceptions. Variations in the extent 

o f expression o f co-electroporated vectors has previously been reported, with the extent o f 

detected GFP expression being more widespread, for example in the developing neural tube 

(Miller-Delaney et al., 2011). Similar but non-identical patterns o f  co-electroporated GFP and 

RFP (red fluorescent protein) constructs were also reported in electroporated chick limb buds 

(Sabherwal et al., 2007). This could be due to differences in the efficiency o f marker 

detection.
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5.4.2 Altering Wnt signalling in the developing limb has profound effects on 
chondrogenesis

Expression of both a canonical Wnt pathway activator and general antagonist led to 

phenotypic alterations in the pattern of chondrogenesis in the emerging skeletal rudiments, 

including alterations, reductions and absences of skeletal territories, as summarised in Table 

5:8.

Table 5:8: Summary of effects on limb skeletal development following Tcf-^-catenin and 
Sfrp3 ectopic expression.

Tcf-p-catenin ectopic expression Sfrp3 ectopic expression

Effect on chondrogenic pattern Transgene
expression Effect on chondrogenic pattern Transgene

expression

Reduction 
or absence 
in

Region Specimen

Localised to 
the affected  
region

Reduction 
or absence 
in

R egion Specim en

Localised to 
the affected  
region

scapula 1, 2,  6 , 7 humerus 2
humerus 2 , 3 , 6 ulna 2 , 4 , 5
ulna 1, 4,  5 , 6 , 7 radius 2, 4 ,5
radius 1, 2,  5, 6, 7 carpal 3 , 4 ,  6
carpal 2 , 3 , 5 ,  6 , 7

Shortened
and
Rounded

humerus 2, 5
Interruption o f  
chondrogenesis within 
the radius

2,4 ulna 2

Up-regulation o f  Sfrp2  
target gene at shoulder 
and elbow  joint

8, 9
Reduced C o U a l  
expression

1 Throughout
limb

5.4.2.1 Electroporation alone causes no changes in C olla l or Sfrp2 expression

Results from sham electroporated embryos are an important component o f this work for the 

correct interpretation of the phenotypic changes as a result of Wnt pathway modulation. All 

sham electroporated specimens analysed (n=7) had expression patterns corresponding to the 

same stages in the EP limb as in the non-EP contra-lateral limb. However a slight delay was 

noted in some cases indicating that the manipulation of the limb involved, may result in a 

slight delay in the development, reflected in the distal-most elements only.

5.4.2.2 Activation of canonical Wnt signalling inhibits chondrogenesis

Forced expression of stabilised P-catenin resulted in multiple malformations (n=9), with 

commonalities including reductions or absence of Col2al expression in skeletal elements and 

interruptions in expression pattern in the radius (n=2). For 5/7 specimens analysed reductions
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in expression were reported in the ulna, radius and carpals, 4/7 specimens displayed reduced 

expression in the scapula and 3/7 in the humerus (Table 5:8). A range o f phenotypic 

alterations were displayed in individual specimens, with specimens 5, 6 and 7 showing the 

most sever phenotypes, and specimen 3 showing mild alterations. This variability in effect 

may be due to the localisation o f the transgene as indicated by GFP in the whole limb; this 

supports the mild alteration shown in specimen 3 corresponding to low GFP levels.

It is important to note that the impact o f expression o f activated p-catenin would result in the 

direct alteration o f canonical Wnt pathway target gene transcription and is cell autonomous in 

its direct effect. How'ever it can also have indirect effects through altering the signalling 

capacity o f that cell. The observed up-regulation o f expression o f the Wnt target gene Sfrp2 

(n=2) suggests that the stabilisation o f P-catenin is resulting in target gene transcription. Sfrp2 

is expressed early in development in the limb mesenchyme surrounding cartilage 

condensations and then later becomes regionally restricted to be expressed within all synovial 

joints in the limb (Ikegawa et al., 2008; Witte et al., 2009). An increase in intensity of 

expression was seen in the elbow joint regions o f both specimens analysed, and this is 

suggested to be due to the up-regulation o f wnt signalling in these areas. Direct up-regulation 

o f the pathway, can then feedback to cause further alteration o f Wnt signalling and on other 

signalling pathways, so also having effects on neighbouring cells indirectly. This indirect 

mechanism o f pathway activation may perhaps be having a broader effect on cells 

surrounding those expressing the transgene.

The forced expression o f P-catenin in prechondrogenic cells in chick limbs was previously 

shown through viral infection, leading to shortened or missing skeletal elements due to an 

acceleration o f chondrogenesis, as shown in Figure 5.16B (Hartmann and Tabin, 2000). This 

could explain the reduction and absence o f cartilage gene expression observed here. The 

formation o f mesenchymal condensation is reported to begin to occur in the developing chick 

limb at F1H22 (Ahrens et al., 1977). The condensation o f the mesenchyme is a very important
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phase of skeletal development, as it acts as the future template for chondrogenesis that 

becomes segmented into individual skeletal elements later in development. The negative 

regulation of wnt signalling has been shown to be important during the condensation of 

mesenchyme, as an inhibition of chondrogenesis has been observed following the ectopic 

over-expression of wnt ligands; WntI, Wnt7a, Wnt5a and Wnt 14 (Hartmann and Tabin, 2001; 

Kawakami et al., 1999; Rudnicki and Brown, 1997). The observed reduction in size of the 

ulna and radius in all of the specimens electroporated with P-catenin, is in correspondence 

with phenotypic observations found following the ectopic over-expression of the Wnt ligand 

Wnt5a, which resulted in a profound reduction in the length of the radius and the ulna 

(Kawakami et al., 1999).

Variability in transgene and GFP uptake and the potential low density of cells expressing the 

construct has to be taken into account when interpreting the phenotypic changes in Col2al 

expression. Detection of GFP in longitudinal sections of EP limbs indicated that uptake and 

expression of the construct was occurring more in marginal cells of the limb and less within 

core condensations. In light of this, a report that describes the removal of the Wnt6 expressing 

dorsal ectoderm resulted in the up-regulation of early chondrogenic genes Sox9 and Col2a]\ 

supporting our results that disturbances of Wnt signalling can have major effects on 

chondrogenesis at a distance (Geetha-Loganathan et al., 2010).

To understand Wnt signalling during correct skeletal development, multiple studies have used 

sophisticated mouse models to remove and over-express wnt signalling components in 

particular cell types to understand in more detail the role of the pathway. Activation o f P- 

catenin through mice that carry a conditional p-catenin allele, upon Cre recombination 

produces a stabilised form of P-catenin (Harada et al., 1999). Embryos expressing stabilised 

P-catenin in the limb mesenchyme displayed limbs with an extreme effect,

that contained only tiny remnants of skeletal elements (Hill et al., 2005) (Figure 5.16C). 

Activation of P-catenin in Col2al expressing cells ; Col2al-Cre) show
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severe skeletal malformations, including reductions in the size of the limbs, specifically the 

size of the ulna (Akiyama et al., 2004) (Figure 5.16D). The phenotypes observed following 

over expression of P-catenin support the proposal that the up-regulation of canonical wnt 

signalling in the limb at this stage of development, negatively affects skeletogeneisis, limiting 

mesenchymal cells from differentiating into skeletal precursors.

(3-catenin ectopic expression

■Col2a1

(3-catenin over-expression

^ _____  RCAS/
ad.
|i-cat»nln

/3-carAex3'’" "
WT Aex3/+

Hartmann & Tabin. 2000

p-catenin '"'°’‘<”‘^>:Col2a1-Cre

E18.0

wt mt

metal. 2005 A kiyam aefa/., 2004

Figure 5.16: Similarities in skeletal phenotypes demonstrated in Chick and Mouse studies that 
have over expressed (3-catenin directly or through ectopic expression. (A) Dorsal Col2al 
expression of non-EP and EP limb (specimen 7) (B). Retroviral over-expression of P-catenin, 
Alcian Blue staining at E9.5, Viral injected right wing on top of the uninjected contra-lateral 
control left wing, P-catenin infected limbs show a severe shortening of the ulna (Hartmann 
and Tabin, 2000). (C) Alizarin red and alcian blue stained skeletal preparations of wild-type 
and P-catAex3Prx/+ mutant embryos at PO, magnification of hindlimb (Hill et al., 2005). (D) 
Severe, generalized chondrodysplasia in P-catenin+/fiox(ex3);Col2al-Cre embryos. Skeletons 
of El 8.0 embryos stained by alcian blue followed by alizarin red (Akiyama et al., 2004). All 
images are adapted from references.

S.4.2.3 Suppression of Wnt signalling interferes with normal rudiment size and shape

Suppression of Wnt signalling demonstrated malformations in the Col2al expression patterns. 

A reduction or absence of Col2al expression was seen in 4/6 specimens, while 2 specimens
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showed shortening and rounded humeri and ulna (specimen 2 and 5). One specimen showed 

an overall reduction in the intensity of expression, which was not seen in any other specimen 

analysed (Table 5:8). To note, over-expression of the pathway antagonist Sfrp3 operates at the 

extracellular level, the effect of incorporation of this construct into few cells in the limb could 

thus have a more widespread effect on multiple surrounding cells; as well have direct effects 

on the cells that express it.

The shape change in the humerus and ulna of specimen 2 and 5 to a shortening and less 

elongated pattern of expression is similar to that previously described in a study that over­

expressed Sfrp3 using viral infection in chick limbs. Infected rudiments displayed a 

shortening and widening of the radius, accompanied by bending of the ulna, and no sign of 

endochondral ossification (Enomoto-Iwamoto et al., 2002). Conditional inactivation of P- 

catenin has been studied in various cells within the developing limb including the ectoderm, 

chondrocyte (Col2al) expressing cells and in mesenchymal progenitor cells. Overall analysis 

of these inactivation models demonstrate multiple limb specific skeletal abnormalities 

indicating the importance of P-catenin mediated Wnt signalling for both joint and bone 

development.

Restricted removal of P-catenin in limb ectodermal cells {Brn4Cre:Pcatenirf°^^°^) resulted in 

variable hindlimb deformations, including truncations of the proximal femur, digenesis’ of the 

tibia and fibia and loss of digits 1-4 (Soshnikova et al., 2003). Inactivation of P-catenin in 

Col2al expressing tissues resulted in variable joint loss and fusions, with more severe joint 

absence found in the distal joints of the ankle and tarsals (Guo et al., 2004). Guo and 

colleagues suggested that the timing of Cre expression in the Catnhyf'^^;Col2al-Cre model 

was the reason for this, as the Col2al promoter is inactivated in the interzone that forms soon 

after chondrocyte differentiation, so the joint interzone cells only briefly express Cre in the 

Col2al-Cre mice, but this might not be enough to inactivate p-catenin to stop joint formation 

early. But as the ankle and tarsal joints form later (at El 5.5) it may be enough time to remove
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P-catenin to disrupt their formation (Guo et al., 2004). To inactivate P-catenin earher the use 

of another Cre system has been used; Catnbyf^‘̂ ;Dermol-Cre inactivating P-catenin in 

mesenchymal progenitor cells, resulted in synovial joint fusions (Guo et al., 2004) and long 

bones that were shorter, thicker and bowed due to abnormal osteoblast and chondrocyte 

differentiation (Day et al., 2005). This shorter and thicker description of the cartilage elements 

is similar to what was observed in the humerus and ulna of specimen 2 and 5 in the EP limbs. 

Inactivation of P-catenin in C olla l expressing chondrogenic cells similarly resulted in long 

bones that were shorter, thicker and bowed (Day et al., 2005). In these shorter limbs, it was 

found that many areas of chondrocyte specific staining was lost including in the ulna, radius 

and humerus; and it was suggested that chondrocytes had lost their characteristic cellular 

phenotypes and may have adopted other cell fates (Guo et al., 2004). Early inactivation of P- 

catenin in the Prxl-Cre line ) showed complete removal of P-catenin in forelimb

mesenchyme at E l0.5 and hindlimb at El 1 (Hill et al., 2005). Appendicular long bones were 

shortened, partially fused and lacked distal structures, with the forelimb more dramatically 

affected than the hindlimb (Hill et al., 2005), corresponding to the onset of Prxl-Cre activity 

(Logan et al., 2002) .

The up-regulation of the Sfrp2 target gene in the EP limb that contains the extracellular 

antagonist cannot be clearly interpreted, as it is data from one specimen. This analysis of the 

target gene needs to be expanded using more specimens as to be able to interpret the results 

seen here in more clearly.

5.4.3 Insight into Mechanoregulation of Skeletogenesis

This study aimed to test the hypothesis that disturbances to Wnt signalling contribute to the 

effects seen when the mechanical environment is altered. To draw conclusions from the work 

presented in this chapter, when the pathway is ectopically activated and when it was 

suppressed, we compared the phenotypic disturbances seen in these two scenarios (Table 5:8)
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to the disturbances seen when the mechanical environment is altered. The most prominent 

disturbances seen when the mechanical environment is altered includes alterations in the 

correct patterning of territories in the developing joint and in the correct pattern of 

ossification. Both phenotypic disturbances demonstrate changes in the molecular landscape, 

as indicated by the identification of genes that are differentially expressed in these distinct 

territories (chapter 3/ chapter 4). Disturbances in the C olla l and Sfrp2 expression pattern 

have been demonstrated in both contexts; however showing different effects. The alteration in 

the Col2al pattern in the TS23muscle-less mutant humerus and associated joints shows no 

reduction in expression, but the pattern is altered compared to control expression, supporting 

the phenotypic disturbances seen. The 3D pattern of CoUal seen following ectopic over­

expression and suppression of canonical wnt signalling does not match those seen in the 

altered mechanical environment, as reductions, complete absence, interruptions and shape 

changes were associated with the phenotypic disturbances seen in these cases.

A similarity in both contexts is the expression pattern of the wnt target gene, Sfrp2. An up- 

regulation of this gene was shown in the elbow and shoulder joints in the muscle-less mutant, 

and in both contexts when canonical wnt signalling was mis-expressed through 

electroporation. The spatial up-regulation of wnt signalling in the developing joint o f muscle- 

less mutants was demonstrated through the up-regulation of the wnt ligand, Wnt4, and the 

alteration of target genes (Sfrp2 and Cd44). The preliminary down-stream analysis of wnt 

targets following electroporation is reported in this chapter, however further analysis of these 

and other targets are required to understand in more detail whether activation or suppression 

of the pathway is affecting the same tissue territories as those in the reduced mechanical 

environment.

It is difficult to draw any conclusions about the relationship of wnt signalling to the 

mechanical environment at this time of analysis, with future work needed on more specimens 

for down-stream target genes and at latter time stages of development. Two concerns that
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need to be addressed following this study are that (1) due to the nature o f the approach, 

limited control over where and how many cells expressed the construct became apparent 

during analysis, and (2) the duration o f incubation for further development post EP was too 

short (24hrs); in order to see if alteration o f the pathway has any effects on hypertrophy and 

ossification, as seen in the muscle-less mutant, post-EP time periods must be extended. 

Further refinement o f the approach established here, in term o f generation o f transgenic 

embryos in site specific regions and the systemic analysis o f them using 3D imaging is 

required to interpret the how Wnt signalling contributes to the effects seen when the 

mechanical environment is altered.

5.5 Conclusion

I'h is study has established an in vivo approach to show that alterations of Wnt signalling in 

the developing limb has gross phenotypic effects on the development o f the cartilaginous 

skeleton. This work has established a basis for future work that is required to target the 

transgenic introduction into the joint and/or the rudiment separately.Future work should 

attempt to increase the numbers o f transgenic cells in these regions, and then maintain these 

specimens and observe their development over longer periods o f time. This ex ovo approach 

has the potential to be utilised to alter Wnt signalling in conjunction with altering the 

mechanical environment, through chemically induced immobilisation. This combined study 

could identify if  alterations seen with immobilisation could be potentially rescued by mis- 

expression o f Wnt signalling; and this could help to directly specify the point o f integration 

between mechanical stimuli and molecular regulation for correct skeletal development.
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Chapter 6:

6. The influence of mechanical stimulation on 
chondrogenic differentiation from adult and 
embryonic cell sources

Work with porcine derived adult cells described in the chapter was published in Vinardell 
T., Rolfe R.A., Buckley C.T., Meyer E.G., Ahearne M., Murphy P., Kelly D.J.: Hydrostatic 
pressure acts to Stabilise a chondrogeneic phenotype in porcine joint tissue derived stem cells. 
Journal o f  European Cells and Materials, Vol 23; 2012; 23: pages 121-134

Statement of Contribution

I would like to acknowledge other members o f my research group who were involved in 

specific components o f the work presented in this chapter. Mouse embryonic limb bud 

micromass optimisation and application o f Hydrostatic Pressure on micromass cultures was 

done in collaboration with Anurati Saha. Mouse adult derived progenitor cell work 

optimisation was performed in collaboration with Claire Shea. Porcine adult derived 

progenitor cell work was performed in collaboration with Dr. Tatiana Vinardell. Figure 6.3 

and Figure 6.5 produced by Dr. Tatiana Vinardell.
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6.1 Introduction

The work described in previous chapters focuses on the molecular programmes that control 

skeletogenesis in the embryo and how they are modulated by mechanical stimulation from 

embryo movement. This chapter aims to address whether knowledge gained from the 

developing embryo can be applied to improve in vitro differentiation regimes to engineer 

phenotypically stable cartilage, appropriate for repairing articular cartilage, using stem cells.

Articular cartilage is the tissue that lines the ends o f bones within synovial joints and allows 

for low friction movement. Overtime, repeated trauma to or disease o f the articular cartilage 

can lead to the clinical syndrome Osteoarthritis (OA) (reviewed in Martin and Buckwalter, 

2002). Due to its avascular and aneural nature, articular cartilage has a limited ability to 

regenerate and repair itse lf Clinical features o f OA include the breakdown o f cartilage matrix, 

the erosion o f the cartilage surface and inflammation within the synovial cavity. Therapies for 

OA aim to relive the symptoms associated with the disease including pain and inflammation; 

with the goal to optimise biomechanics in affected joints. If the conditions deteriorate and 

little or no cartilage remains, the bones can rub against one another causing immense pain; 

and at this stage joint replacement is often the only therapeutic option. Investigation into the 

development o f techniques for regenerating articular cartilage as a more sustainable and less 

invasive solution to joint replacement are currently being pursued.

Tissue engineering applies the principles from biology and engineering for the development 

of functionally viable tissues; in the case o f articular cartilage damage, to restore normal 

biomechanical function. Numerous aspects have been investigated including the type o f cells, 

the biomaterial scaffolds and the environmental factors that can be utilised to engineer 

functional cartilage (reviewed in Kelly and Jacobs, 2010). The use o f progenitor cells derived 

from adult tissues, e.g. M esenchymal Stem Cells (MSCs), for repair o f cartilage damage is 

very attractive given their potential for proliferation and differentiation (Pittenger et al., 

1999). Bone marrow derived cells are most commonly studied, however cells isolated from
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synovial joint tissues such as the synovial membrane (Pei et al., 2008) and the infrapatellar fat 

pad (IFP) (Khan et al., 2008) are of particular interest given their location. A major issue in 

attempts to use MSCs, for regeneration of articular cartilage, is that the cartilage formed has a 

tendency to undergo hypertrophy and endochondral ossification (Dickhut et al., 2009; Pelttari 

et al., 2006; Richter, 2009), resembling the differentiation of chondrocytes within the skeletal 

rudiment of the embryo which lay the template for invading osteoblasts, self-destructing to be 

replaced by bone, rather than the stable maintenance of chondrocytes at the future articular 

sites. The maturation to hypertrophy is marked by the activation of the Ihh gene and a switch 

from predominant expression of Collagen type II {Collal  gene) to Collagen type X (ColIOal 

gene).

It is therefore critical that the mechanisms that distinguish permanent articular cartilage and 

transient pre-ossification cartilage differentiation are understood in order to be able to control 

differentiation. It is clear that different regulatory systems act on embryonic cells within the 

skeletal rudiment where cartilage undergoes hypertrophy and is replaced by bone, and at the 

joint site where stable cartilage persists (section 1.2). Our research group has shown that the 

maintenance and further differentiation of cell territories in the embryo that will go on to form 

the articular cartilage depends on mechanical stimulation from movement; these cells are mis- 

specified in immobilised embryos (Nowlan et al., 2010a; Roddy et al., 2011b). The work 

reported in chapters 3 and 4 characterising the molecular response to movement, clearly show 

differential responses in ossifying rudiments and at joint sites.

One of the main aims of the work described in this chapter was to examine the effect of 

mechanical stimulation in the form of hydrostatic pressure (HP) on chondrogenesis in 

embryonic and adult derived stem cells. Previous computational modeling of the mechanical 

environment generated by muscle contractions demonstrated that dynamic, spatially organised 

patterns of HP and fluid flow are experienced by the cells of the interzone as the joint in 

forming (Roddy et al., 201 la). Hydrostatic forces play an important role in many biological
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systems, transducing forces in hydrated or fluid filled tissues such as bone, cartilage and joint 

synovium generated by dynamic changes in pressure. HP has been implicated as a key 

regulator o f MSC differentiation and numerous studies have demonstrated that cyclic HP 

leads to chondrogenic gene expression and proteoglycan and collagen synthesis (Angele et al., 

2003; Elder et al., 2005; Meyer et al., 2011; Miyanishi et al., 2006a; Miyanishi et al., 2006b; 

Steward et al., 2012; W agner et al., 2008). Recently, application o f cyclic intermittent HP on 

chick limb bud micromass cultures similarly resulted in an increase in cartilage matrix 

production and an increase in expression o f chondrogenic specific transcription factors 

(Juhasz et al., 2014).

The use o f progenitor cells isolated from adult tissue is evidently an attractive source o f  cells 

for regenerative strategies; however it has not yet been established if  cells derived from adult 

tissues respond in a similar way to embryonic cells during joint development. For that reason 

another aim o f the work described in this chapter was to compare the response o f embryonic 

and adult derived progenitor cells. Micromass culture is a common assay used to examine 

chondrogenic differentiation in embryonic cells (reviewed in Handschel et al., 2007); 

Micromass culture o f mouse limb bud cells is used here to examine the effect o f HP on the 

stability o f chondrogenic differentiation.

The pig is a common source o f adult progenitor cells for tissue engineering strategies to 

differentiate bone and cartilage (Bernstein et al., 2009; Buckley et al., 2010; Choi et al., 2010; 

Kumar et al., 2007; Thorpe et al., 2008). The number and accessibility o f cells available from 

porcine adult jo in t sources far outweigh the numbers obtained from the mouse. Therefore 

porcine joints were utilised in parallel in order to compare embryonic responses to 

chondrogenic differentiation with an established chondrogenic culture regime. The 

availability and distinct territories o f tissue within the porcine adult joint also allowed for sub­

selection o f different regions o f progenitor derived cells to be compared to embryonic limb 

bud differentiation. In vitro Chondrogenesis has previously been reported to be dependent on
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the concentration o f supplemented TGFp (Johnstone et al., 1998), however the interaction o f 

mechanical stimulation and TGF(3 supplementation for the initiation and maintenance o f 

chondrogenesis remains poorly understood.

In this chapter I test the hypothesis that mechanical stimulation in the form o f hydrostatic 

pressure can contribute to the differentiation o f stable cartilage. The specific aims were:

1. To establish the chondrogenic differentiation profile o f adult derived and embryo 

derived cells, including examining the effect o f TGPp on the differentiation o f adult 

derived cells from different sources

2. To examine and compare, through quantitative gene expression changes, the effect o f 

HP on hypertrophic maturation o f chondrogenically differentiated cells from embryonic 

limb buds and adult derived progenitor cells.

In addition, mouse MSCs were derived and characterised in order to carry out similar 

comparisons on cells from the same species, in the future. I propose that the correct 

combination o f mechanical and biochemical signalling is required to direct appropriate 

differentiation and maintenance o f stable cartilage, preventing maturation and hypertrophy.
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6.2 Methods 

6.2.1 Isolation of embryonic mouse progenitor cells: Micromass and pellet culture

Embryonic forelimbs and hindlimbs were aseptically dissected from El 1.5 mouse embryos. 

Limb buds were dissociated in 0.1% Tripsin EDTA for 30 minutes at 37°C. The reaction was 

stopped with addition o f an equal volume o f FBS (Foetal bovine serum) and the resultant cell 

suspension was triturated with a flame polished glass pipette, passing the cells through 15 

times, then passed through a 70|im pore-size cell sieve. The cells were centrifuged at less than 

lOOOrpm for 2 minutes and re-suspended in Growth medium (GM; Dulbecco’s Eagle Medium 

F-12 Ham (DMEM/F12), 2Mm L-Glutamine, lOOU Penicillin, 100|ig/ml Streptomycin, 

50|o,g/ml o f  Ascorbic acid and 10% FBS). For micromass cultures, spots were either plated 

directly on plastic multiwall dishes or on individual cover-slips at a density o f 0.5-1 xlO^ cells 

per 10|il spot. Coverslips were previously treated with poly-Lysine or polyDLOmithine. 

Medium was replaced ever second day.

Embryonic pellet cultures were formed by placing 250,000 cells in a 1.5ml conical microtube 

(Eppendorf) and centrifuged at 650G for 5 minutes. The pellets were cultured in a chemically 

defined chondrogenic medium (CDM): DMEM-F12 supplemented with lOOU/ml

penicillin/streptomycin, lOOfig/ml sodium pyruvate, 40|j.g/ml L-proline, 50|^g/ml L-ascorbic 

acid-2-phosphate, 4.7|ig/m l linoleic acid, 1.5mg/ml BSA, 1 xinsulin-transferrin-selenium , 

lOOnM dexamethasone (all from Sigma-Aldrich. Ireland). The pellets were cultured in conical 

microtubes with different concentrations o f human TGF-33 (Prospec, Israel) 0, 1 and 

lOng/ml. M edium was exchanged every 3 or 4 days.

6.2.2 Cell isolation and Expansion of Adult derived Mouse progenitor cells

CDl and C57BL6 adult mice (8-lOweek old) were used for harvesting jo in t derived 

progenitor cells. Hindlimbs were dissected at the pelvis, briefly dipped in 70% ethanol and the 

skin was pulled towards the foot and cut at the anklebone. This eliminated further contact 

with the anim al’s fur, to reduce contamination. Limbs were washed in sterile DMEM
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supplem ented with lOOU/ml penicillin/streptom ycin. All m uscle and connective tissue was 

dissected from  the fem ur and tibia prior to the dissection o f  the articular cartilage from the 

knee jo in t. Using a fine scalpel cartilage was sliced o ff  and collected from  m ultiple knees for 

dissociation. Slicing o f  cartilage was perform ed in a petri-dish prior to chemical digestion. 

D igestion o f  articular cartilage was perform ed for 16-18 hours under constant rotation at 37°C 

with 350U/m l collagenase (Gibco, #17104-019) in DM EM . D igestion was then stopped with 

10% FBS, the resulting cell suspension filtered through a 40 |im  pore-size cell sieve (Falcon 

Ltd, Sarstedt, Ireland) and the filtrate centrifuged and rinsed w ith PBS twice. A rticular 

cartilage derived stem cells were seeded at a density o f  5><10  ̂ cells/cm^ in a hum idified 

atm osphere at 37°C and 5%  CO 2 . M edium  for expansion contained D M EM -G lutaM A X  

supplem ented with lOOU/ml penicillin/streptom ycin and 10% FBS and was changed every 

third day. The m orphology and proliferation o f  the cells was m onitored over time.

To harvest the bone m arrow , both ends o f the fem ur were cut ju st below  the end o f  the 

m arrow  cavity. Using a 21 or 27-gauge needle, 1ml o f  growth m edium  (D M EM -G lutaM A X  

supplem ented with lOOU/ml penicillin/streptom ycin and 15% FBS) was flushed through the 

spongy bone and collected. A 16-gauge needle was used to triturate the cells. The cell 

suspension was filtered through a 70|im  cell sieve, cells counted and plated at a density o f  

2x10^ cells/cm^; cells were incubated in a hum idified atm osphere at 37°C and 5% C O 2 . A fter 

3-5hours the non-adherent cells were rem oved and m edium  was replaced. The follow ing day 

the non-adherent cells were rem oved and the m edium  was changed. M edium  was changed 

every 3-4 days. The m orphology and proliferation o f  the cells was m onitored over time.

6.2.3 Cell isolation and Expansion of Adult derived porcine progenitor cells

C hondrocytes (CC) and jo in t tissue derived stem cells were aseptically harvested from  four 

m onth old pigs (two donors). Chondrocytes (CC), Infrapatellar Fat Pad (IFP) and Synovial 

M em brane (SM ) o f  the fem oropatellar jo in t were isolated. Cartilage was incubated w ith 

D M EM /F12 containing collagenase type II (125U /m g) (all from  Sigm a-A ldrich , Ireland) for
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16-18 hours under constant rotation at 37°C. The resulting cell suspension was then filtered 

through a 40|a,m pore-size cell sieve (Falcon Ltd, Sarstedt, Ireland) and the filtrate centrifuged 

and rinsed with PBS twice. SM and FP tissues were harvested, sliced and rinsed w ith PBS 

(Sigma-Aldrich, Ireland) containing penicillin/streptomycin (200U/ml) (GIBCO, 

Biosciences, Ireland) and amphotericin B (2.5|j,g/ml) (S igma-Aldrich, Ireland). SM and FP 

pieces were incubated w ith DM EM  G lutaM AX (GIBCO, Biosciences, Ireland) containing 

collagenase type II (315U/mg) (Worthington, Langanbach Services, Ireland) for 3-4 hours 

under constant rotation at 37°C. The resulting cell suspension was then filtered through a 

40|im pore-size cell sieve (Falcon Ltd, Sarstedt, Ireland) and the filtrate centrifuged and 

rinsed w ith PBS twice. CC, SM stem cells and FP stem cells were seeded at a density o f

3 2 25x10 cells/cm in 175 cm T-fiasks and expanded to passage one in a humidified atmosphere 

at 37°C and 5% CO2. Viable cells were counted using a hemacytometer and 0.4% trypan blue 

staining. Isolated cells from different tissues were maintained in D M EM  G lutaM AX 

supplemented w ith 10% FBS (GIBCO, Biosciences, Ireland) and lOOU/ml 

penicillin/streptomycin during the expansion phase with 5ng/ml o f human FGF-2 (Prospec, 

Israel).

Fat pad

'i

t '

Synovial 
membrane

Figure 6.1: Picture o f a porcine knee jo in t showing different structures o f the jo in t used for 
cell extraction. Scale bar 2cm.

CC, SM and FP were all grown in pellet cultures. 250,000 cells were placed in 1.5 ml conical 

microtubes and centrifuged at 650G for 5minutes to form pellets. The pellets were cultured in

Cartilage
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a chemically defined chondrogenic medium (CDM) (as section 6.2.1). The pellets were 

cuhured with different concentrations o f human TGF-P 3 (Prospec, Israel) 0, 1 and lOng/ml. 

Medium was exchanged every 3 or 4 days.

6.2.4 Tripotentiality differentiation assay of adult mouse derived MSCs

Pellet cultures o f 250,000 cells per pellet were grown in chondrogenic conditions as described 

in section 6.2.1. Pellet cultures were grown for 21 days and medium changed twice a week. 

Following the culture period the pellets were fixed in 4% PFA, paraffin wax embedded, 

sectioned and stained with 1% Alcian Blue (as section 6.2.6).

Adipogenic differentiation was performed in 2D cultures and cells were plated at a density of

3 21x10 cells/cm . Adipogenic differentiation was started when cells were -80%  confluent and 

differentiated for 21 days. Culture medium included DMEM-GlutaMAX supplemented with 

lOOU/ml penicillin/streptomycin. 10% FBS, lOOnM dexamethasone, 0.5mM isobutyl-1- 

methyl xanthine (IBVIX) and 50|iM indomethacin. Media was changed every 2-3 days. 

Following 21 days in culture, plates were fixed in 4% PFA and stained in 1% Oil R ed-0 

solution for 30mins, positive differentiation is indicated by over 30% of the surface stained 

red.

Osteogenic differentiation was performed in 2D cultures with cells were plated at a density o f

3 21x10 cells/cm . Osteogenic differentiation was started when cells were -80%  confluent and 

differentiated for 21 days. Culture medium included DMEM-GlutaMAX supplemented with 

lOOU/ml penicillin/streptomycin, 10% FBS, 100 nM Dexamethasone, lOmM betaGlycerol 

Phosphate and 0.05mM Ascorbic Acid. Media was changed every 2-3 days. Following 

21 days in culture, plates were fixed in 4% PFA and stained in 1% Alizarin Red for 30secs- 

2mins. Calcium deposits are stained orange-red.
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6.2.5 Application of Hydrostatic pressure

For application o f HP to micromass cultures, cover-slips containing a single micromass spot 

were placed onto a 6% agarose mould and covered with 1.8% Low melting point agarose to 

hold the coverslips in place. Moulds containing 5-6 coverslips were placed into heat-sealable, 

gas permeable, sterile bags (EV 0120, Quest Biomedical, UK). Bags were heat sealed, air 

removed and filled with 6ml o f medium. Medium was replaced every day. The constructs 

undergoing HP were placed into a pressure vessel (Figure 6.2) immersed in water and the free 

swelling (FS) controls immersed in water at 37°C during the loading period. Loading was 

applied at 1 MPa o f HP at a frequency o f 1 Hz for 4hr per day, for 8 consecutive days. A 

stainless steel pressure chamber (Parr instruments company, Moline, IL, USA), connected to a 

piston (phd Inc., Irish Pneumatics, Ireland), driven by an Instron 8801 materials testing 

machine was used to generate the required levels o f HP.

For application o f HP to pellet cultures, pellets (10 or 12 per group) were sealed in sterile 

plastic bags with 4 ml o f chondrogenic medium with different concentrations o f TGF-(33. The 

pellets were assigned to receive either mechanical stimulation (HP group), or were left 

unloaded (Free swelling: FS group). The loaded group was exposed to lOMPa o f HP at a 

frequency o f 1 Hz for 4 h per day, for 14 days, while the unloaded controls were kept in bags 

in an incubator immersed in water at 37°C during the loading period. After loading all pellets 

were returned to microtubes.
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Hydrostatic
Pressure Free Swelling

Figure 6.2: Setup o f Hydrostatic pressure loading, Heat sealed gas permeable sterile bags 
containing constructs were placed into the pressure vessel (HP loading (left)) or into the water 
filled beaker (FS control (right)).

6.2.6 Histology

Proteoglycan synthesis o f cultured cells was evaluated by alcian blue. Micromass cultures 

were fixed in 4% PFA for 45mins and then stained in 1 % Alcian blue (pH l) (8GX, A5268, 

Sigma) in water for 10-30mins at RT and washed in PBS. The alcian blue-stained cartilage 

nodules were photographed and counted. The area covered in a field o f view (x20 

magnification, 2 images) for the FS and HP conditions were compared and displayed as 

percentage o f area.

Pellets were sectioned following paraffin embedding; 5|im sections were cut and mounted on 

to Superfrost slides. Slides were re-hydrated through a series o f ethanol washes and then 

stained with 1% Alcian blue (pH l) or 0.1% Picro-sirius red (265548, Sigma) in water. Alcian 

Blue stains sulphated mucins blue and Picro-sirius red stains collagen red.

6.2.7 RNA Extraction

Quantitative real-time reverse transcription-polymerase chain reaction (RT-PCR) was used to 

determine the relative gene expression changes in chondrogenic specific genes over time and 

subsequent to the application o f loading.
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Micromass: RNA was extracted from El 1.5 limbs buds following dissection as time 0. For 

total RNA extraction from micromass cultures, pooling of coverslips was performed to 

increase yield of RNA (n=4 coverslips per condition). Physical homogenisation using a motor 

driven pestle and mortar system (Sigma-Aldrich, Ireland) in 1ml of TRIZOL reagent 

(Invitrogen) was followed by a chloroform (Sigma-Aldrich, Ireland) extraction and RNA was 

purified with PureLink’’''^ RNA Mini kit (Invitrogen) as per manufacturer’s instructions. RNA 

was re-suspended in RNase free water and quantified using a NanoDrop (ND-1000).

Porcine: Total RNA was extracted from SM, FP and CC pellet constructs following culture 

for 14 days and the application of HP. Day zero groups were harvested following 

centrifugation and formation of cellular pellets. Loaded and unloaded groups were harvested 

directly after the application of loading at day 14. Pellet construct pooling was performed for 

all groups, with a total of 4-5 pellets per group. Total cellular RNA was extracted from each 

pellet group by physical homogenisation using a motor driven pestle and mortar system 

(Sigma-Aldrich. Ireland), followed by a chloroform extraction and purification of RNA with 

PureLink^'^ RNA Mini kit (Invitrogen) as above.

6.2.8 Quantitative Real-Time Polymerase Chain Reaction

To quantify mRNA expression, lOOng of total RNA was reverse transcribed into cDNA using 

iScript™ cDNA systhesis kit (BioRad) as per manufacturer’s instructions. TaqMan® gene 

expression Assay’s (for all primer details refer to each individual code below from Applied 

Biosystems) which contain forward and reverse primers, and a FAM-labelled TaqMan probe 

were utilised for porcine pellet cultures (Sus Scrofa) Sox9 (Ss03392406ml), Acan 

(Ss03374822ml), C olla l (Ss03373340ml), Col2al (Ss03373344gl), CoUOal 

(Ss03391766ml), Ihh (Ss03373541ml) and GAPDH  (Ss03373286ul) in this study. Each 

assay was designed based on the amplicon spanning an exon junction. For the mouse 

micromass analysis all primers were designed as described previously (section 2.6) as shown 

in Table 6:1 .A SYBR Green amplification master mix was utilised for these primer pairs.
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Real-time PCR was performed using an ABI 7500 Sequence Detection system (Applied 

Biosystems), and analysed using relative quantification, as described previously (section 2.6). 

Triplicate values were averaged.

Table 6:1: Primer sequences for mouse qRT-PCR analysis.

Gene
Ref
Sequence Fwd Rv

Col2a l NM_0332263.3 AAGTCACTGAACAACCAGATTGAGA AAGTGCGAGCAGGGTTCTTG

Sox9 N M O l  1448.4 CGGCTCCAGCAAGAACAAG TGCGCCCACACCATGA

CollOal NM_009925.4 TGCAATCATGGAGCTCACAGA CAGAGGAGTAGAGGCCGTTTGA

Ihh N M _010544.2 CCACCTTCAGTGATGTGCTTATIT CGATGACCTGGAAAGCTCTCA

6.2.9 Statistical Analysis

For the micromass culture conditions subjected to HP and FS, n=3 (FIP) and n=5 (FS) 

experimental replicates were analysed. For each o f these replicates, 4 samples were pooled for 

qRT-PCR. All samples assayed in triplicate and averaged. The data for all replicates were 

compared, each FS sample (n=5) to each HP sample (n=3), totalling 15 comparisons. All 

experimental comparisons were then used for subsequent statistical analysis. Differences in 

gene expression, with application o f mechanical stimulation and/or time-in-culture were 

determined by paired t-tests.

For each porcine cell source, at least two study replicates were performed. For each o f these 

replicates, 5 pellets were pooled for qRT-PCR. The data from all replicates was then pooled 

for subsequent statistical analysis. Differences in gene expression, with cell type and/or time- 

in-culture were determined by t-tests and by analysis o f variance (ANOVA) with time or 

loading as independent factors, followed by Tukey’s post-hoc test (95% confidence Interval). 

All data are expressed in the form o f mean ± standard error o f the mean (SEM). Statistical 

significance was declared at p<0.05.
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6.3 Results

6.3.1 Adult stem cells

6.3.1.1 Chondrogenic differentiation of porcine derived adult stems cells

Following 14 days in culture, porcine derived adult cell pellets were mostly spherical and 

stained positive for Alcian Blue (staining GAG) and picro-sirius-red (collagen) deposition 

when supplemented with TGFP3, while minimum staining was observed in the non­

supplemented groups (Figure 6.3). In general an increase in matrix staining was observed for 

infrapatellar fat pad (FP) stem cells and synovial membrane (SM) stem cells when 

supplemented with higher concentrations of TGF[33.

Synovial membrane stem cells responded to the addition of lOng/ml of TGF|33 with a greater 

than 19-fold increase in Sox9 expression, 2,400-fold increase in Aggrecan expression and a 

140,000-fold increase in C olla l expression following 14 days in culture compared to day 0 

control levels (Figure 6.4a, b, c). The addition of Ing/ml of TGF[53 resulted in a 1,200-fold 

(Day 14 FS: 1202.7 (±858.6) DayO FS: 0.92 (±0.04), p<0.0001) increase in Aggrecan 

relative gene expression compared to day 0 control levels (Figure 6.4b). No significant 

difference was observed for C olla l with and without TGF(33 supplementation following 14 

days in culture (Figure 6.4d). Collagen type 10 and Indian Hedgehog were not expressed at 

day 0. By day 14, the expression of Col 10a 1 and Ihh was 100 fold and 5 fold higher 

respectively in pellets supplemented with lOng/ml compared to Ing/ml of TGFP3 (Data not 

shown).
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Figure 6.3: H istological sections o f  Synovial m em brane. Fat pad and Chondrocytes derived 
cell pellets grown in Free swelling (FS) conditions for 14 days o f  cuUure. Pellets were stained 
with A lcian blue (stains GAG, right colum n) and Picro-sirius red (stains collagen, left 
colum n); scale bar 500|im .
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Figure 6.4: Chondrogenic marker gene expression in synovial membrane derived cell pellet 
cultures with 0, 1, or lOng/ml TGF(33 over 14days. Calibration performed according to 
expression o f the endogenous control gene GAPDH and normalised to day 0 pellets. Sox9 (a), 
Aggrecan (b). Collagen type II alpha 1 (c) and Collagen type I alpha 1 (d) expression. Data is 
expressed as relative expression per group and represented as mean ±SEM. n=3 samples per 
group, assayed in triplicate. *:p<0.05, ***:p<0.0001 Vs gene expression at day 0.

6.3.1.2 The effect of HP on adult derived cell pellet cultures

HP appeared to influence the organisation of the neo-tissue, as evident by the appearance of a 

core region in the FS pellets compared to more homogeneous distribution of extracellular 

matrix in the HP group (Figure 6.5). Chondrocyte (CC) derived pellets supplemented with 

Ing/ml of TGF33 presented some evidence of cell clustering, with more intense staining 

observed in the FS group in comparison with pellets subjected to HP (Data not shown).
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Figure 6.5: Histological sections of Synovial membrane derived cell pellet grown in Free 
swelling (FS) conditions or exposed to hydrostatic pressure (HP) following 14 days of culture. 
Pellets were stained with Alcian blue (stains GAG, right columns) and Picro-sirius red (stains 
collagen, left columns); scale bar 500|im.

6.3.1.3 Gene expression changes following HP and TGF-P3 supplementation on adult- 

derived pellets

Synovial Membrane: The application of HP had no significant effect on the expression of 

Sox9, Aggrecan and C olla l in the absence of growth factor supplementation at day 14 but did 

lead to significant decrease in C olla l gene expression (HP: 7.31 fold, p<0.01) (data not 

shown). Applying HP in the presence of Ing/ml o f TGF33 resulted in a 3-fold increase in the 

mRNA levels of 5ox9 (HP: 3.19 fold, p<0.05) in comparison to FS controls (Figure 6.6a). No 

significant difference was observed for the extracellular matrix specific genes Aggrecan, 

C olla l and C olla l following the application of HP combined with either 1 or lOng/ml 

TGFP3 (Figure 6.6b, c, d). Applying HP to SM pellets in the presence of TGF(33 at 1 and
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lOng/ml also lead to decreases in the mRNA levels of the hypertrophic marker Col 10a 1 and 

the pre-hypertrophic marker Indian Hedgehog (Ihh) (Figure 6.6e, f). HP application resulted 

in decreases in TGF[i3 and TGF/]rec3 (trend) expression in both Ing/ml and lOng/ml TGFpS 

supplementation (Figure 6.6g, h).
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Figure 6.6:The influence of hydrostatic pressure on gene expression in Porcine adult-derived 
synovial membrane (SM) pellets at day 14 cultured in free swelling (FS) and hydrostatic 
pressure (HP) conditions with 1 or lOng/ml TGFPS. Calibration of each gene to GAPDH 
expression levels and normalised to free swelling controls. Sox9 (a), Aggrecan (b). Collagen 
type II alpha 1 (C olla l)  (c), Collagen type I alpha 1 (C olla l)  (d), Collagen type X alpha 1 
(CollOaJ) (e) and Indian Hedgehog (Ihh) (f), TGF[33 (g), TGFftrec3 (h) expression. Data is 
expressed as relative expression per group and represent mean ±SEM. n=3 per group. 
#;p<0.1, *;p<0.05, **:p<0.01. Vs gene expression at day 14 for FS control.

Analysis of fat pad derived stem cells showed a similar result following the application of HP 

and Ing/ml of TGFP3 supplementation with a 3.5-fold increase in Sox9 (HP: 3.53 fold, p<0.1) 

relative gene expression in comparison to FS controls (Figure 6.7a). No significant 

differences were observed for the mRNA expression levels of Aggrecan, Col2al, C olla l and 

Col 10a 1 comparing HP to FS samples (Data not shown).
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Figure 6.7: The influence of hydrostatic pressure on gene expression in Porcine adult-derived 
fat pad (FP) pellets at day 14 cultured in free swelling (FS) and hydrostatic pressure (HP) 
conditions with 1 or lOng/ml TGFpS. Calibration of each gene to GAPDH expression levels 
and normalised to free swelling controls. Sox9 (a-b), Data is expressed as relative expression 
per group and represent mean ±SEM. n=2 per group. #: p<0.1 Vs gene expression at day 14 for 
FS control.

Analysis o f articular cartilage derived chondrocytes following the application of HP and 

Ing/ml of TGF33 stimulation showed a decrease in mRNA expression o f Aggrecan (HP; 1.74 

fold, p<0.05) and CoI2aI (HP: 1.98 fold, p<O.OI) relative gene expression in comparison to 

FS controls (Figure 6.8b, c), but no differences in the mRNA expression levels o f Sox9 and 

C olla l  comparing HP to FS samples. No detection of CollOal was found in either FS of HP 

cultures supplemented with Ing/ml TGF33.
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Figure 6.8: The influence of hydrostatic pressure on gene expression in articular cartilage 
derived chondrocyte pellets at day 14 cultured in free swelling (FS) and hydrostatic pressure 
(HP) conditions with 1 ng/ml TGF(33. Calibration of each gene to GAPDH expression levels 
and normalised to free swelling controls. Sox9 (a) Aggrecan (b), C olla l  (c), Collal  (d). Data 
is expressed as relative expression per group and represent mean ±SEM. n=2 for Ing/ml 
TGF(33 group. *: p<0.05, **: p<0.01 vs gene expression at day 14 for FS control.
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6.3.2 Embryonic limb bud derived cells

6.3.2.1 Chondrogenic differentiation of mouse embryonic limb bud cells in pellet 
culture

To test the ability o f embryonic limb bud cells to differentiate chondrogenically in pellet 

cultures, pellets were cultured for 7 and 14 days with (1 and lOng/ml) and without 

supplementation of TGF-(33. Pellet constructs were analysed histologically following paraffin 

sectioning and revealed light alcian blue staining in all cultures (Figure 6.9). An increase in 

intensity of alcian blue staining can be seen following 7 days of culture with Ing/ml TGF-P3 

(Figure 6.9b) and day 14 with lOng/ml TGF-P3 (Figure 6.9f). Overall, the level of staining is 

very low in all cultures, suggesting that the cell pellet conditions that promote chondrogenesis 

in adult derived MSCs are not as effective on embryonic limb bud cells. A difference in the 

internal morphology of pellets can be seen in the sections with TGPp supplementation, with 

large vacuoles appearing after 7 and 14 days. Differences in the surface morphology and 

colour of pellet cultures following 14 days in vitro, was seen comparing the lOng/ml TGPP3 

and no supplementation groups. The TGPP3 supplementation group had a more “rounded” 

smooth surface (Figure 6.9J-1), compared to the group with no supplementation, that had a 

less compact structure (Figure 6.9g-i).
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Figure 6.9: Alcian Blue staining of sections of embryonic limb bud cell pellets cultured for 7 
days (a-c) and 14 days (d-f). Pellets were cultured in no TGFP3 (a, d) Ing/ml TGPP3 (b, e) 
and lOng/ml TGFP3 (c, f). Surface morphology of pellets at day 14 with no supplementation 
(g-i) and with lOng/ml TGPp3 (j-1) (n=3).
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6.3.3 Chondrogenic differentiation of mouse embryonic limb bud cells in micromass 

culture.

Micromass cultures were prepared from El 1.5 embryo limb buds, at the initial stages of 

mesenchymal condensation prior to chondrogenesis (Wezeman, 1998). With further 

development in vivo cells in the mesenchymal condensations endergo chondrogenesis marked 

by activation o f the Col2al gene throughout the skeletal rudiments (E12.5 in the proximal 

limb), followed by initiation o f Jhh expression in the pre-hypertrophic zone and CollOal as 

the chondrogenic cells mature to hypertrophy at E l4.5 (Figure 6.10 ).

Col10a1Col2a

Figure 6.10: Spatial expression o f hypertrophic specific genes Ihh (b) and CollOal (c) in the 
developing E14.5 humerus. Col2a](a) demonstrated expression in proliferating chondrocytes. 
Pre-hc; pre-hypertrophic chondrocytes, he; hypertrophic chondrocytes. Scale bar 100[im.

Chondrogenic differentiation was assessed histologically by alcian blue staining of 

cartilaginous nodules in two sets o f micromass cultures over 11/12 days in culture, n=4 per 

time point. In both sets o f experiments the cartilaginous alcian blue positive nodules had 

formed by day 4/5 and increased in size and intensity o f staining over time; no nodules were 

present at day 1 (Figure 6.11 A). There was no difference in the number o f nodules between 

day 4, day 8 and day 12 in experiment 1, or between day 5, day 9 and day 11 in experiment 2 

(Data not shown). As the size o f the nodules increased, union o f nodules was seen at day 8 

and day 9 in each experimental culture, with an increased coverage o f Alcian blue staining as 

shown at dayl 1 across the whole micromass (Figure 6.12A).

Quantitative real-time PCR analysis was used to assess changes in the expression of 

chondrogenic specific genes over time. Expression levels were normalised to E l 1.5 limb bud 

cells (time point zero). All data shown are from micromass cultures plated at a density o f 1
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xlO^ cells per micromass. Expression levels of the hypertrophic marker CollOal showed 

dramatic increased levels over time in micromass cultures, with a continued increase in 

expression to day 11 (Figure 6.1 IB). An up-regulation of Col2al, Sox9 and Ihh was identified 

at Day 1, as expected following initial plating of cells. Maintenance of CoUal expression was 

evident at day 5 and day 9, with peak in expression at day 11. A down-regulation of Sox9 was 

not surprising as cells progress to full differentiation. Ihh expression would have been 

expected to increase similarly to CollOal (in trend if not level) as cells mature to hypertrophy 

so the overall decrease in Ihh expression relative to El 1.5 limb buds, over the time points 

analysed, is surprising.

A Day1 Day5 Day9 Day11

Cd2a1
Sox9
Ihh

CdlOal

 1------------------------------ ,--------------------------------------------------------------------------------------------------------  T ---------------------- 1------------------------------1-----------------------------1----------

Day1 Days Day9 Day11 Day1 DayS Day9 Day11

Figure 6.11: Chondrogenic differentiation o f embryonic limb bud cells cultured in micromass 
conditions. (A) Alcian Blue staining of cartilage nodules, analysed over time; Scale bars 
100|j.m. (B ) Chondrogenic marker gene expression in embryonic limb bud micromass cultures 
relative to E l l . 5 limb bud (time point 0) expression. Calibration performed according to 
expression of the endogenous control gene GAPDH. Col2al (blue), Sox9 (red) Ihh (Orange) 
and CollOal (green) expression is represented over time. All assays performed in triplicate.
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6.3.3.1 Influence of HP on morphology of cartilage nodules in embryonic micromass 

culture

Following 9 days in culture, micromass constructs subjected to FS and HP conditions both 

contained Alcian Blue positive nodules (FS; a-d, HP: e-h). There was no significant difference 

in the number o f nodules in the HP (245 ± 10) compared to the FS conditions (176.5 ±21 .5 , 

p=0.106 (ns)) (Figure 6.12i). However the surface area covered by nodules was larger in the 

HP cultures compared to FS conditions. Using the highest magnification images shown in d 

and h, the percentage area containing nodules were compared for the FS and the HP cultures. 

The percentage area covered by nodules in the HP cultures (42.4%) was significantly higher 

than the FS conditions (14.6%, **p<0.01) (Figure 6.12j).
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Figure 6.12: Alcian Blue staining o f micromass cultures kept in Free swelling (FS, a-d) or 
exposed to hydrostatic pressure (HP, e-f) following 9 days o f culture. Micromass cultures 
were stained with Alcian blue (stains GAG, a-h), higher magnifications for each micromass 
culture show the morphology o f the stained modules; Scale bar in a and e 1000|J,m, scale bar 
in b-d, f-g lOO^m. (i) Total nodule number was compared for FS (white bar) and HP (black 
bar), (j) The percentage area covered by nodule staining was compared for the highest 
magnification images (n=2) for FS and HP (d and h), with HP showing a higher percentage 
coverage (42.4%) compared to FS (14.6%, **p<0.01).
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6.3.3.2 Gene expression changes following HP on embryonic micromass cultures

The application of HP to embryonic limb bud micromass cultures plated at a density o f 1 xlO^ 

cells per micromass for 9 days, showed no difference in mRNA expression levels of Col2al, 

but a 2.19 ±0.182 fold (±SEM) increase in Sox9 expression following HP compared to FS 

controls (p<0.05) (Figure 6.13b). Application of HP resulted in a decrease in the mRNA levels 

of the hypertrophic marker CollOal (HP: 2.9 ± 0.086 fold ±SEM, p<0.05) and the 

developmental regulatory gene and pre-hypertrophic marker Ihh (HP: 17.3 ±0.012 fold ±SEM, 

p<0.001) in comparison to FS controls (Figure 6.13c & d, respectively).

Figure 6.13: The influence of hydrostatic pressure (HP) on gene expression in embryonic limb 
bud micromass cultures at day 9 grown in free swelling (FS) and hydrostatic pressure (HP) 
conditions. Calibration of each gene to GAPDH expression levels and normalised to free 
swelling (FS) controls. Col2al (a), Sox9 (b), CollOal (c), Ihh (d) expression. Data is 
expressed as relative expression per group and represent mean ±SEM. n=3. *p<0.05, 
**:p<0.01, ***: p<0.001. Vj gene expression at day 9 for FS controls.

6.3.4 Initial characterisation of cells derived from adult mouse cartilage and bone 

marrow

It was possible to culture and proliferate both articular cartilage derived cells from the adult 

mouse knee joint and bone marrow derived cells, as can seen by the increased density of cells 

in individual colonies over time (Figure 6.14). Cells were monitored for morphology changes
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and proliferated to approximately 70-80% confluence, and then passaged. Variations occurred 

in the rate and success o f proliferation from independent experiments (AC: n=6, BM: n=3), 

making it difficult to replicate and assess the success o f the isolation and proliferation method. 

Cultures were passaged between 2-3 times for the BM and once for AC, with proliferation 

maintained at each passage.

These cells were subjected to tripotentiality tests to investigate whether they were true MSCs 

capable o f  forming fat, bone and cartilage. Due to the low cell numbers for the bone marrow 

derived cells, results o f the articular cartilage derived differentiation assay could only be 

interpreted. Alcian blue staining to detect mineralised matrix and cartilage was strong in 

chondrogenically primed pellet cultures (Figure 6.14c), Low levels o f o il-0  red staining for 

adipose tissue and alizarin red staining for mineralised matrix were observed (Figure 6.14a. 

b). Reduced adipogenic and osteogenic potential may indicate that these cells are 

chondrocytes rather than MSCs although the finding might also be due to lower than optimum 

cell density during the differentiation assay. Although cells could be harvested from these 

tissues, they were not further used to test the effect o f HP due to the relatively small yields of 

cells and the variability in their proliferation and differentiation.
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Adipogenic Osteogenic Chondrogenic

Figure 6.14: Isolation o f possible Mesenchymal stem cells from adult mouse tissue. Bone 
marrow (a-c) and articular cartilage (d-f) were harvested from adult mouse hindlimbs and 
cultured for several months. Differentiation assays o f adult mouse articular cartilage derived 
cells (g-i). To test the ability o f 2D cell cultures to form adipose tissue stained with O il-0  Red
(h), bone stained with Alizarin red (h) and cartilage in pellet cultures stained with Alcian blue
(i). All scale bars 100|im, unless otherwise stated.
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6.4 Discussion

Here I demonstrate the effect o f application o f dynamic hydrostatic pressure on the 

differentiation o f embryonic limb bud derived cells and MSCs o f adult origin. Both 

embryonic cells and adult derived MSCs showed reduced expression o f hypertrophic markers 

with the addition o f HP. Since dynamic HP stimulation is predicted to be experienced by cells 

in the future joint region and loss o f movement derived stimulation leads to loss o f articular 

cartilage territories, the postulation is that dynamic HP stimulation contributes to the stable 

differentiation o f articular cartilage during normal development.

6.4.1 Response of progenitor cells to Hydrostatic pressure

Experimentally applied loading regimes are designed to mimic normal loading, for example 

joint loading results in the direct compression o f chondrocytes, followed by a build up of 

hydrostatic pressure (HP). HP is one o f the main mechanical stimuli exerted on articular 

cartilage and understanding its effects on progenitor cell differentiation is a central challenge 

in the field o f articular cartilage tissue engineering and regeneration (Elder and Athanasiou, 

2009). According to finite element models HP has been shown to promote cartilage formation 

and potentially suppress endochondral ossification (Carter et al., 1998; Carter and Wong, 

2003; Loboa et al., 2001), and experimentally applied cyclic HP has been found to enhance 

chondrogenesis o f MSCs (Angele et al., 2003; Miyanishi et al., 2006b) with no induction o f 

osteogenesis (Wagner et al., 2008). The loading regime chosen here for the adult derived 

progenitor cells was based on previous reports demonstrating that lOMPa o f HP applied for 

4h daily at a frequency o f  1 Hz enhanced chondrogenesis (Angele et al., 2003; Ikenoue et al., 

2003; Miyanishi et al., 2006a). The loading regime on the micromass cultures was 10 fold 

lower than on pellet cultures, due to the technical limitation o f the micromass being held on to 

glass coverslips, and at this pressure the coverslips were found to withstand the loading 

regime. In previous studies application o f IM Pa was shown to induce chondrogenesis in 

human marrow cells (Wagner et al., 2008); and the application o f much lower pressure, 600Pa
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(0.0006MPa), to micromass cultures of chick limb bud cells was found to stimulate 

chondrogenesis (Juhasz et al., 2014). These results indicated that IMPa might be a reasonable 

level to test for influence on limb bud micromass cultures.

An up-regulation of Sox9 in the adult derived SM and FP pellet cultures and the micromass 

limb bud cultures suggests general enhancement of chondrogenic differentiation in response 

to HP, as Sox9 is expressed in all cartilage primordia and is responsible for the maintenance of 

proliferating chondrocytes during development (Akiyama et al., 2002) prior to the expression 

of the extracellular matrix gene C olla l. Previous studies have reported similar increases in 

Sox9 (Miyanishi et al., 2006b) gene expression and protein production in SM derived cells 

(Sakao et al., 2008). Increases in Sox9 expression have been reported in human, rat and 

porcine bone marrow cells subjected to HP regimes (Li et al., 2009; Miyanishi et al., 2006b; 

Steward et al., 2012). Reports of no changes in aggrecan and Col2al expression following HP 

are in agreement with the observations reported here, and it was previously suggested this was 

due to the 14day duration of loading not being sufficient (Finger et al., 2007). Recent work 

investigating the response of chick limb bud cells in micromass culture to mechanical 

stimulation showed a similar increase in Sox9 mRNA and protein expression compared to un­

stimulated controls (Juhasz et al., 2014).

The significant decrease in mRNA levels of ColIOal and Ihh in the SM adult derived and 

embryonic micromass culture systems following the application of HP, suggests that cells 

show reduced progression into pre-hypertrophy or hypertrophy. Following 9 days in culture 

without HP, the expression levels of CollOal were shown to increase over 100 times higher 

in micromass cultures than in El 1.5 limb bubs; and in SM derived cells no detection of either 

CollOal or Ihh was quantifiable at day zero, in opposition to detectable levels with time, 

indicating an up-regulation of both hypertrophic markers. The decrease in expression o f the 

hypertrophic markers CollOal and Ihh following HP in the embryonic and adult derived cells, 

suggest that applying HP is reducing the cells from differentiating along the endochondral
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route, for bone formation. The transcript changes in Ihh in the micromass cuhures over time 

show no peak in expression profile compared to E l 1.5 expression levels (Figure 6.1 IB). This 

is in opposition to a peak in Ihh expression detected in mouse E l 1.5 micromass cultures 

following 10 days o f culture (Taipaleenmaki et al., 2012). However, in this study a significant 

decrease in expression levels o f Ihh was shown following HP, potentially suggesting that the 

time points analysed were not thorough enough to demonstrate the peak in expression 

representing pre-hypertrophy.

As in the developing bone, chondrogenically primed bone marrow MSCs proceed to terminal 

differentiation by expressing collagen type 10 (Winter ct al., 2003) and alkaline phosphatase 

(Pelttari et al., 2006), indicative o f a hypertrophic phenotype (Dickhut et al., 2009). The 

down-regulation in expression o f hypertrophic genes in both culture systems described here, 

suggest that HP is playing a key role in the formation o f a permanent or stable chondrocyte 

phenotype. Support for such a hypothesis can be found in the results o f previous studies; HP 

has been shown to increase chondrogenic gene expression, while having no effect on 

osteogenic genes (W agner et al., 2008). A down-regulation in the expression o f MMP-13 

(matrix-metallopeptidase 13), a proteolytic enzyme in hypertrophic cartilage required for 

vascularisation o f calcified cartilage was also found following HP (Wong et al., 2003). 

Supporting these results, HP on bone marrow-derived MSCs has been shown to reduce 

alkaline phosphatase activity (Steward et al., 2012) and to decrease calcification in long-term 

agarose cultures (Carroll et al., 2014).

6.4.2 The effect of TGFp on priming chondrogenic differentiation of adult derived 

stem cells

Embryonic limb bud cells spontaneously differentiate to chondrocytes and form cartilage in 

micromass culture. E l 1.5 derived cells were shown to have the greatest potential for 

chondrogenic differentiation in micromass cultures compared to other stages (Anurati Saha, 

unpublished data in our group). In fact they spontaneously self organise into nodules that
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resemble skeletal rudiments (e.g. Figure 6.12h). Previous optimisation o f embryonic limb bud 

micromass cultures showed that cartilaginous nodule formation was best in growth media 

(DMEM plus 10% serum) containing no cytokine supplementation (A. Saha). Adult derived 

stem cells require chondrogenic priming and TGFp has been shown to enhance chondrogenic 

differentiation (Johnstone et al., 1998). Here two levels o f TGF(3 were tested for their ability 

to prime differentiation and to potentially influence a response to HP.

Varying concentrations o f TGFP3 (0, 1 and lOng/ml) were applied to the adult derived 

porcine cultures. Chondrocytes (CC) and jo int tissue derived (SM and FP) stem cells were 

found to differentially respond to altered TGF(33 concentrations. Johnstone et al. evaluated 

the effect o f different concentrations o f TGFP3 (0.5 to lOng/ml) on bone marrow derived 

MSCs, concluding that lowering the TGF(3 concentration decreased their chondrogenic 

response (Johnstone et al., 1998). FP stem cells and SM stem cells responded similarly to 

TGFP3 stimulation, corresponding to previous reports where these two stem cell sources 

demonstrate a comparable level o f chondrogenesis in response to cytokine stimulation 

(Marsano et al., 2007; Mochizuki et al., 2006).

HP in the absence o f TGFP3 did not appear to induce chondrogenesis o f synovium derived 

stem cells (Data not shown). HP was shown to act synergistically with low concentrations o f 

TGFp3 to enhance chondrogenesis o f synovium and fat pad derived MSCs, as evidenced by a 

3-fold increase in Sox9  expression and enhanced GAG synthesis. In agreement with previous 

studies (Zeiter et al., 2009), we also observed that HP had no beneficial effect on cartilage- 

specific matrix expression when stem cells were supplemented with Ing/ml or lOng/ml of 

TGFP3. In contrast, a number o f other studies have reported a synergistic effect for bone 

marrow MSCs supplemented with lOng/ml o f  TGFP3 (Miyanishi et al., 2006b; W agner et al., 

2008). Previous studies have demonstrated that mechanical loading influences chondrogenesis 

o f human bone marrow MSCs through the TGF pathway by up-regulating TGF gene
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expression and protein synthesis (Li et al., 2010b). In this study we further analysed the 

expression levels o f TGF63 and TGFPrS (receptor) in SM progenitor cells to identify whether 

HP exerts its influence on differentiation through TGF(3 signalling. HP did not up-regulate the 

expression o f TGFP3 or TGFpr3 in Ing/ml or lOng/ml supplemented cultures, but conversely 

resulted in a down-regulation o f the cytokine and a trend down-regulation o f the TGPP 

receptor 3 (Figure 6.6g, h), further supporting TGFp signalling as a chondrogenic primer in 

adult derived cells; and potentially suggesting that an alternative signalling pathway is 

regulating the differentiation o f joint derived cells under mechanical stimulation.

6.4.3 MSCs derived from adult mouse

The embryonic cells used in this study were derived from mouse whereas the adult derived 

cells were porcine. It is not ideal to make such comparisons across species but the pig is not 

an established model for developmental study while porcine adult MSCs have been derived 

and well characterised by our research group (the Kelly lab). Although mouse MSCs have 

been successfully derived by many groups (Gosset et al., 2008; Salvat et al.. 2005; Soleimani 

and Nadri, 2009), this study was the first attempt to generate mouse MSCs in our hands. 

While proliferative cells that show a morphology consistent with MSCs were isolated, there 

were some inconsistencies in behaviour between different experiments and they did not 

behave convincingly as MSCs in terms o f tripartide differentiation potential (Figure 6.14). 

The mouse joint derived cells showed good differentiation to cartilage in pellet cultures but 

very limited capacity to differentiate to bone or adipose tissue. This might indicate that these 

are in fact largely chondrocytes rather than MSCs. Because o f the much smaller size o f  the 

juvenile knee joint o f the mouse it was difficult to specifically dissect the fat pad, synovium 

and the articular cartilages separately; therefore the whole joint region including all o f these 

tissues was used to derive cells and could therefore include specified chondrocytes. Because 

o f the doubts surrounding the characterisation o f these cells they were not used in further 

analysis o f the effect o f HP. Preliminary comparisons were therefore made between porcine
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adult cells and murine embryonic cells, two well characterised populations. Future work will 

require procurement o f mouse MSCs to compare behaviour within a single species. The 

overall comparisons, even though not species equivalent can however help to inform the 

molecular response o f progenitor cells to mechanical stimulation.

Long term sub-culturing o f articular cartilage derived progenitor cells was not possible 

(section 6.3.4). The main problem associated with culturing o f primary chondrocytes, is that 

cultured chondrocytes tend to dedifferentiate into fibroblasts, this can be detected by 

molecular analysis showing a switch from collagen type 2 or type 10 expression to collagen 

type 1 or 3 expression, switching from high-molecular weight to low-molecular weight 

proteoglycans. To minimise this fibroblastic conversion sub-culturing o f immature murine (5- 

6 day old mice) articular cartilage was shown to be successful (Gosset et al., 2008; Salvat et 

al., 2005), so this may need to be addressed for future studies. A recent study described a 

successful protocol that dissects and uses adult mouse synovium and infrapatellar fat pad 

derived mesenchymal stem cells, however inflammation o f the knee was induced in adults 

prior to harvesting o f cells (Matsukura et al., 2014), indicating the difficulties in the approach 

o f obtaining cells for mouse tissue. To extend and refine the analysis presented here, adult 

MSCs derived from mouse will be required for comparison with mouse embryonic limb bud 

cells; well characterised cells should be procured for this purpose from an external source, for 

example a specialist laboratory.
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6.5 Conclusion

In conclusion, this study demonstrates that HP and TGF33 interact to regulate chondrogenesis 

o f adult joint tissue derived stem cells. The data demonstrates that HP can act synergistically 

with low concentrations o f TGFP3 to up-regulate Sox9 expression and the synthesis of 

cartilage-specific matrix molecules. Comparing the response o f adult derived MSCs to 

embryo derived chondrogenic progenitors, it established that embryonic chondrocytes also 

respond to dynamic HP, stabilising the chondrogenic state. In particular, in both adult and 

embryonic cells, HP acts to down-regulate the expression o f genes associated with pre­

hypertrophy and terminal differentiation {Indian hedgehog and collagen type ten). This 

supports the evidence from the developing embryo indicating that dynamic mechanical 

stimulation is required for correct establishment of tissue types in the joint, specifically 

showing the effect on stable cartilage differentiation o f embryonic chondrocytes. In the 

context o f stem cell based therapies for articular cartilage repair, the results o f this study 

demonstrate the importance o f considering how both biochemical and biophysical joint 

specific environmental factors might interact to regulate not only the initiation o f 

chondrogenesis, but also the development o f a stable cartilage repair tissue.
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Chapter 7:

7 . General Discussion

The work presented in this thesis demonstrates how mechanical stimuli influence skeletal 

tissue patterning and cell differentiation through altering the activity o f gene expression. The 

gene groups identified to be affected by a reduction in mechanical stimuli include the 

molecular machinery required for sensing and integrating this information for correct cell 

differentiation and patterning. This work provides an early step towards unravelling the 

mechanistic basis o f biophysical regulation o f  skeletal development; the following objectives 

were met:

• A genome wide analysis o f expression differences in developing skeletal rudiments 

from muscle-less compared to control littermate mouse embryos revealed 1,132 

independent genes that are differentially expressed.

• Multiple developmentally important signalling pathways were identified to be 

impacted in response to an alteration in the mechanical environment. The expression 

o f selected genes that encode key components o f these pathways were screened to 

examine changes in spatial expression patterns in order to (a) build a picture o f how 

the pathway is affected and (b) distinguish effects on the developmental processes o f 

ossification and joint development which are occurring concurrently in the rudiment.

• The identification that the Wnt signalling pathway was most strongly affected by a 

reduction in mechanical stimulation led to the establishment o f a whole embryo 

culture regime, which allows manipulation o f older chick embryos, in order to devise a
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novel approach to altering Wnt signalling in specific territories of the developing 

skeletal rudiment. The phenotypic effects following alteration of the pathway were 

analysed, demonstrating that both activation of canonical Wnt signalling and 

modulation of the signalling environment impact the pattern of chondrogenesis. 

Although the spatial and temporal targeting of transgene expression in this system 

requires improvement, this has established a basis for future work to disturb Wnt 

signalling in the joint and/or the rudiment separately.

• Initial comparisons of adult stem cell and embryonic cell cultures exposed to 

hydrostatic pressure, reveal that such mechanical stimulation of both progenitor cell 

types results in similar responses in gene expression, indicative of maintenance of a 

stable cartilage phenotype, with reduced maturation and hypertrophy, similar to that 

displayed in joint articular cartilage.

7.1 The developmental significance of the findings

7.1.1 Identification of mechanically regulated genes

A step towards gaining further understanding into the mechanistic basis for how developing 

cells interpret and respond to biophysical stimuli was the central objective for this thesis. 

Using a comparative transcriptome profiling approach from tissue that develops in the 

absence o f muscle induced mechanical stimulation {Spd/Spd mutant), 1,132 independent 

differentially expressed genes (FC >2, p<0.05) were identified. The transcriptomic screens 

presented in chapter 3 revealed specific categories of genes, grouped according to the 

biological processes they are involved in, to be highly enriched among DE genes. The 

differentially regulated genes identified, particularly those associated with cytoskeletal 

changes and signalling pathways represent a valuable focus for dissecting integrated 

regulation by biochemical and mechanical signals.
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Preceding this work, gene expression profiHng had been performed on in vitro culture systems 

to identify genome wide changes under altered mechanical environments (Bougault et al., 

2012; Patel et al., 2007; Sironen et al., 2002). Using embryonic models, in vivo analysis was 

restricted to examining alterations in specific candidate genes to reveal any insights into the 

molecular response following alterations in biophysical stimuli (Kavanagh et al., 2006; 

Nowlan et al., 2012; Nowlan et al., 2008b; Roddy et al., 201 lb). However, this study was the 

first to apply an in vivo genome-wide approach to investigate the role o f biophysical stimuli 

on cell differentiation and patterning o f the developing skeletal system; identifying multiple 

disturbances at a gene regulation level and implicating multiple biological processes eliciting 

a mechanoresponse. Data extracted from the studies referred to above, integrated with the 

present study, show overlap o f genes identified in different contexts o f mechanomodulation 

(Table 7:1). This corroborates the mechano relevance o f several o f the genes, including genes 

related to major signalling pathways (Chapter 4). The direction o f modulation (e.g. up 

regulated or down regulated in reduced mechanical stimulation and the opposite in increased 

mechanical stimulation) is also generally consistent across studies.

Results from this work extends our knowledge considerably into the potential molecular 

mechanisms impacted by the removal o f  mechanical cues, thus providing insight into the type 

and groups o f genes that are involved in transduction o f  biophysical stimuli into a molecular 

response. Multiple aspects critical to eliciting a mechanoresponse were identified to be altered 

including; (1) genes involved in sensing mechanical signals; ion channels G-protein coupled 

receptors and integrin complexes (Cell membrane components) (reviewed in Robling, 2012), 

(2) genes involved in relaying mechanical signals within cells; cytoskeletal networks and cell 

signalling pathway components, and (3) transcription factors and target genes indicating a 

transcriptional response affecting cell proliferation and differentiation.
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Table 7:1: Integration o f  data on mechanosensitive genes identified in the current work 
(Column 1) and corroborated in other mechanomodulatory contexts or studies (Columns 2 
and 3).

(red= up-regulated)
(b lue=do\vn-regulated)

Gene/Protein Method Reference

Egr2, FzdK)
In vitro:  p rim ary m ouse chondrocy tes in hydrogels sub jected  to 
short-term  dynam ic com pression

(Bougault et al.. 2012)

C d44
In ovo  im m obilisation  o f  chick  knee jo in t (Roddy et a!.. 20 l ib )

In vitro:  app lication  o f  m echanical strain  to  chick  fibrocartilage
(Dowthwaite et al.. 
1999)

Pdgfci, Cdkn  /  a, 
F 2 r l l ,  ScnSh

In v ivo  genom e-w ide  m icroarray  study using  m ouse endothelial 
R N A s iso lated  arterial reg ions exposed  to  d istu rbed  flow, 
characterised  by low o r osc illa to ry  shear stress, m im icking  
atherosclerosis conditions

(N iet al., 2010)

l l l r l l ,  C o lS a l ,  
K lfI2 , K r l l5 ,  
Lamc3, H ya l l

In vitro: hM S C s exposed  to  dynam ic tension  show ed regulation  
o f  fib rob lastic  and osteogen ic  genes and com pressive loading 
up-regulated  genes associa ted  w ith  chondrogenesis.

(Haudenschild et al., 
2009)

Sfrp2, Bmp3,  
Trp63, Tuhci4a, 
Enpep, A h ea l ,  
Hsph 1

In vitro: 2T3 m urine osteob last p recu rso r cells w ere subjected  
to  ro ta ting  w all vessel to  stim ula te  a real m icrograv ity  
environm ent.

(Patel et al.. 2007)

Fgfr4
In vitro: Four point bend ing  to  create  fluid shear and strain 
forces in an osteob last cell line

(.lackson et al.. 2006)

Pdgfci, Fgf6, 
CldnS, Tn.xh, 
A h ca l,  EUnl2

In vitro  steady fluid shear stim ula tion  o f  C 3H  and B6 m urine 
osteob lasts

(Lau et al.. 2006)

Fgf̂ In ovo  im m obilisation  o f  chick , knee  jo in t
(K avanagh  et al., 
2006)

Pdgfra. Igfl. 
Ilghlhp2. hgii4

In vitro  app lied  m icrograv ity  to  p re-o steob lasts using  a random  
position ing  m achine

(Pardo et al.. 2005)

Igfl

In vitro  steady  fluid shear stim ulation  o f  C 3H  and B6 m urine 
osteob lasts

(Lau et al.. 2006)

In vitro  m echanical cyclic  tensile  stretch  on hum an o steob last­
like cells

(Cillo et al.. 2000)

In vivo: Four point bend ing  o f  rat tib ia
(R aab -C u llen  et al., 
1994)

C d k n ia ,  H h egf  
SodS

In vitro: chondrocy te  cell line under con tinuous hydrostatic  
p ressure

(Sironen et al., 2002)

S ppI

In vitro: in term itten t hydrosta tic  p ressu re  enhanced  Opn {SppI)  
expression  in a ostob last-like  cell line. A loss o f  Opn  
expression  in prim ary  bone cells w ithou t m echanical 
stim ulation

(ish ijim a  et al., 2002)

In vitro:  suggested  tha t m echano transduction  acts through SppI  
and the cy toskeleton  in osteoblasts

(T o m a  e t al., 1997)

Ex vivo: C yclic com pression  o f  w hole rabb it fem oral condyle  
exp lan t

(Sundaramurthy and 
Mao. 2006)

In vivo: Four point bend ing  o f  rat tib ia
(R aab -C u llen  et al.. 
1994)

Fold change values for the genes named here are described in Appendix Table A 3
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7.1.2 Potential mechanisims o f mechanotransduction

7.1.2.1 Cell membrane components responsible for sensing mechanical stimuli

Multiple potential mechanosensing machineries were implicated by altered expression o f 

genes including the transient receptor potential (Trp) cation channel encoding genes (Trpc5, 

Trpvl) and the calcium channel voltage dependent encoding genes {Cacna2d3, Cacnals, 

Cacngl and Cacng6). The Trpv4 receptor has previously been shown to modulate the 

response to mechanical disuse (Mizoguchi et al., 2008) and be sensitive to shear stress (Gao et 

al., 2003). Eight G-protein coupled receptors (GPCRs) were found to be differentially 

expressed, and it was previously recognised that GPCRs serve as mechanosensors to fluid 

shear stress (Makino et al., 2006), thus highlighting potential for these genes to respond to an 

altered mechanical environment in our screen.

The identification o f calcium channel voltage dependent encoding genes being down- 

regulated in muscle-less mutants, is supported by the identification that calcium signalling is 

implicated in mechanotransductive pathways (McMahon et al., 2008a; Riddle et al., 2006; 

Shakibaei and Mobasheri, 2003; Steward et al., 2014; Valhmu and Raia, 2002). Blocking o f  

voltage gated calcium channels (VGCCs) was identified to abrogate chondrogenesis and 

impair cell proliferation in high-density MSC cultures (Fodor et al., 2013), further supporting 

their role for chondrogenesis in vivo. Recent work reports that the chondrogenic response o f 

MSCs subjected to HP is reliant on the activity o f VGCCs (Steward et al., 2014). VGCCs 

were previously reported to be involved in mechanotransduction following fluid flow and 

compression (Riddle et al., 2006; Shakibaei and Mobasheri, 2003; Valhmu and Raia, 2002), 

further corroborating the finding o f  VGCC encoded genes being down-regulated following 

removal o f mechanical stimulation.

Integrin complexes are another group o f genes that are implicated in transduction o f 

biophysical stimuli to elicit cellular responses. Integrins are cell-surface receptors that connect 

the ECM to the actin cytoskeleton and transmit chemical and mechanical signals into cells
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(reviewed in Docheva et al., 2014). Articular chondrocytes have been shown to express both 

integrin and non-integrin ECM receptors (Knudson et al., 1996; Woods et al., 1994). Under 

physical loading, integrins are activated on the surface o f chondrocytes and have been shown 

to enhance cell proliferation (Chowdhury et al., 2004). Removal o f loading in this system has 

resulted in the down-regulation o f cell-adhesion associated integrins and cadherins, 

supporting the suggestion that they are involved in surface reception o f mechanical stimuli.

7.1.2.2 Transmission of mechanical stimuli: The role of 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 o f cells and has been implicated in relaying 

mechanical signals to downstream biochemical responses (Mammoto et al., 2012; Wang et 

al., 1993). This was observed 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. The cytoskeleton has been demonstrated 

to be involved in the mechanotransduction o f many different mechanical stimuli and has also 

been associated with Calcium signalling (Shakibaei and Mobasheri, 2003; Steward et al., 

2014). Multiple genes associated with the cytoskeleton were identified to be DE; these 

include genes associated with microfilaments, microtubules and intermediate filaments. The 

most highly affected group, the filamentous-actin cytoskeleton, have previously been shown 

to be involved in articular cartilage chondrocyte mechanotransduction, converting mechanical 

stimuli into a biochemical response (Guilak, 1995; Knight et al., 2006; Parkkinen et al., 1995; 

Wang et al., 1993). In chondrocytes the actin microfilaments are predominantly located at the 

periphery o f the cytoplasm (Idowu et al., 2000), tubulin microtubules are uniformly 

distributed throughout the cytoplasm (Jortikka et al., 2000) as are intermediate filaments.
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connecting the nuclear membrane with the cell periphery (Blain et al., 2006), as shown in the 

schematic in Figure 7.1 with the names o f the DE cytoskeletal associated genes listed.

The involvement o f the actin cytoskeleton in cartilage chondrocyte mechanotransduction via 

manipulation o f the actin accessory proteins has previously been uncovered (Campbell et al., 

2007; Knight et al., 2006), but there are few reports on the effects o f mechanical stimulation 

on microtubule and intermediate filaments (Steward et al., 2013). Recent work examining the 

influence o f integrin-cytoskeletal mediated responses to mechanical stimuli, showed an 

alteration in the cytoskeletal organisation o f the intermediate filament vimentin in response to 

HP (Steward et al., 2013). Alteration o f the cytoskeleton has been shown to impact cell 

signalling, and thus could be the means that results in the alteration o f transcription as 

demonstrated by alterations in cell signalling pathway components and downstream target 

genes.
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Figure 7.1: Visual representation o f DE genes associated with cytoskeletal components.
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Functional studies to test whether individual elements of the cytoskeleton alone can induce 

cellular responses from biophysical stimuli are required to understand in more detail the 

mechanisms of joint and bone development. An understanding of the role of individual 

cytoskeleton elements in cartilage biology is first required; to help to interpret responses that 

are altered with mechanical stimulation is applied in conjunction with an agent blocking one 

element of cytoskeletal function. Disruption of each cytoskeletal element was investigated in 

rabbit knee chondrocytes, with results showing that disruption of the micro-tubulin and 

intermediate filaments induced chondrocyte apoptosis and decreased aggrecan and Col2al 

expression in cultures, suggesting that these elements of the cytoskeleton are involved in the 

synthesis of cartilage matrix by rabbit knee chondrocytes (Duan et al., 2014). The 

chondrogenic limb bud micromass culture system described in chapter 6 could be utilised to 

understand in more detail the embryonic cytoskeletal structure and function, prior to and after 

the application of mechanical stimuli. Blocking of individual elements of the cytoskeleton, for 

example the actin-polymerisation with Cytochalasin-D could subsequently be administered in 

parallel with mechanical stimuli, to identify whether mechanotransduction is occurring 

through this element of the cytoskeleton alone.

7.1.3 Molecular signalling is altered in the muscle-less mutant

Subsequent to the identification that multiple cell signalling pathway components that guide 

cell differentiation and tissue organisation were disturbed by an altered mechanical 

environment, three o f the pathways most affected, Wnt, BMP and HH, were investigated in 

more detail. This approach also set out to separate potential molecular processes impacted by 

mechanical stimuli during distinct developmental events in the developing limb, with a 

particular focus on two main disturbances seen at the phenotypic level; ossification and joint 

definition.

Results from this differential screen agree with previously reported work seeking to identify 

molecular responses to mechanical stimulation. Previous mechanosensitive gene analysis
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identified multiple components o f signalling pathway to be altered, including Sfrp2, Bmp3 

(Patel et al., 2007), FzdIO (Bougault et al., 2012), Bmp2, Pthlp (Roddy et al., 201 lb), Fgfrl, 

FgfrS, Fgfr4, Fgfl (Jackson et al., 2006), Fgf6 (Lau et al., 2006), Fgf2 (Cillo et al., 2000; 

Kavanagh et al., 2006; Roddy et al., 2011b), and Ihh (Nowlan et al., 2008b), as detailed in 

Table 7:1 and Table 1:1. However the data created in this study adds extensively to previous 

reports and indicates a greater number o f genes and pathways to be responsive to mechanical 

stimuli.

Expression analysis led to the suggestion that the Hedgehog pathway is abnormally activated 

in the ossification site o f the muscle-less mutant, but that it feeds-back negatively (Figure

4.10). This suggestion builds on previous findings that this pathway is involved in the 

mechanotransduction o f biophysical stimuli (Nowlan et al., 2012; Nowlan et al., 2008b). 

Overall analysis o f BMP signalling revealed that BMP-mediated signalling is suppressed at 

the joint-line and in the ossification site o f muscle-less mutants compared to control (Figure

4.11).

The BMP ligand Bmp3 was previously shown to be differentially regulated in response to an 

alteration in the mechanical environment (Aspenberg et al., 2000; Patel et al., 2007). BMP 

signalling componenets have been shown to be regulated by muscle-induced movement 

during palate development, thus altering correct development (Rot and Kablar, 2013). The 

Wnt pathway appeared to be the most affected signalling pathway following removal o f 

mechanical stimulation, yet the complexity o f this deregulation was difficult to assess due to 

the up-regulation o f pathway agonists and antagonists and the variable regulation status o f 

down-stream pathway targets. This indicates that a tightly controlled balance o f Wnt 

signalling might be fine tuned by mechanical signals and that Wnt signalling may be a main 

mediator o f mechanoregulation, contributing to abnormal ossification and joints seen in 

muscle-less embryos.
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7.1.4 The role of Wnt signalling in mechanotransduction

Wnt signalling was identified to be the most altered pathway in the reduced mechanical 

environment. Wnt signalling has previously been reported to be altered in 

mechanostimulatory experiments (Bougault et al., 2012; Case et al., 2008; Dell'Accio et al., 

2006; Haudenschild et al., 2009; Hens et al., 2005; Kahn et al., 2009; Patel et al., 2007; 

Robinson et al., 2006; Robling et al., 2008), however this work greatly extends the pathway 

components identified to be responsive to mechanical stimulation. Differentially expressed 

wnt signalling components were identified to show spatially restricted patterns in both the 

developing jo int and in the ossification site, corresponding to the sites o f the two most 

affected phenotypic disturbances in the muscle-less mutant. This points towards wnt 

signalling being a key point o f integration for mechanical cues to guide correct tissue 

patterning and differentiation.

Due to the alteration o f wnt pathway components occurring predominately at two levels; 

extracellular (W nt ligands, agonists and antagonists) and at the nuclear level (pathway target 

genes), it was obvious that complex cross interactions o f wnt signalling must be occurring in 

the joint and ossification site o f muscle-less mutants. Due to these observations and the 

identification that both a pathway ligand {Wnt4) and pathway antagonist (Sfrp2) were up- 

regulated in the developing joint it was hard at this point, to simplify the expression status o f 

the pathway in the regions analysed, but these finding are suggestive o f multiple levels o f 

regulation o f the pathway being affected. Sfrp2 has previously been identified to be a target o f 

Wnt4 mediated pathway activation in the developing kidney (Lescher et al., 1998), and this 

could be why both are up-regulated in the muscle-less mutant in the same territories.

As wnt signalling was identified to be highly affected upon removal o f mechanical 

stimulation, we set out to assess whether manipulation o f wnt signalling phenocopies what is 

seen following the removal o f mechanical stimulation. Ex ovo electroporation targeting the 

developing limb allowed for the modulation o f wnt signalling in two ways. Firstly ectopic
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over-activation o f the pathway was performed by introducing the constitutively active P- 

catenin-Tcf fusion protein, and secondly ectopic over-expression o f the pathway antagonist 

Sfrp3, was designed to suppress the pathway. Altering Wnt signalling was shown to have 

profound effects on chondrogenesis, in agreement with previous reports that modulated Wnt 

signalling in the chick and in the mutant mouse models (Akiyama et al., 2004; Day et al., 

2005; Enomoto-Iwamoto et al., 2002; Geetha-Loganathan et al., 2010; Guo et al., 2004; 

Hartmann and Tabin. 2000; Hill et al., 2005; Rudnicki and Brown, 1997; Soshnikova et al., 

2003). Although at a superficial level, both (3-catenin activation and antagonist expression 

appeared to have similar effects, more careful analysis showed important distinctions; while 

activation caused gaps in chondrogenesis close to ectopically expressing cells, antagonist 

expression led to shortened, misshapen rudiments.

The techniques described in this work, specifically the optimisation o f ex ovo electroporation, 

has added value by extending the techniques used to manipulate the developing chick. 

However further work is required to refine this manipulation in order to target specific regions 

o f the developing limb, for example the elbow joint or within the rudiment, in order to 

identify whether manipulation o f the pathway mimics what is seen when mechanical 

stimulation is removed. This technical advancement can potentially allow for future combined 

manipulation o f the mechanical and the signalling environment.

Successful immobilisation is induced by in ovo treatment with a neuromuscular blocking 

agent (reviewed in section 1.5.1). I suggest that this treatment be administered using ex ovo 

cultivation, thus allowing the mechanical environment to be tested in conjunction with the 

administration o f Wnt pathway modulators. This would assess whether Wnt modulation 

influences or rescues the phenotypic effects observed in the jo in t and ossification site 

following immobilisation. This would potentially be a major step forward in understanding 

how mechanical cues work together with classical molecular positional information to guide 

spatially appropriate tissue differentiation.
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7.2 The Influence of mechanical stimulation on chondrogenesis

To assess how cells in culture respond to the application o f mechanical stimulation, chapter 6 

reports the comparison o f the response o f adult derived MSCs to embryo derived 

chondrogenic progenitors. This work established that embryonic chondrocytes and adult 

derived joint cells both respond to dynamic HP, by stabilising the chondrogenic state; HP 

acted to down-regulate the expression o f genes associated with pre-hypertrophy and terminal 

differentiation {Indian hedgehog and collagen type ten) in both cell types, thus maintaining a 

stable cartilage phenotype, preventing maturation and hypertrophy.

Building on work described in chapter 6, future work should attempt to compare the 

chondrogenic response to mechanical stimulation by embryonic and adult cells from the same 

species. Due to the technical issues surrounding the derivation o f adult mouse stem cells 

described in this thesis (chapter 6), murine MSCs should be procured from an external source, 

for example a specialist laboratory, to be used in future studies for comparison with 

embryonic limb bud cells. While murine adult articular cartilage derived cells demonstrated a 

morphology consistent with MSCs, there were inconsistencies and issuses with the purity o f 

the cell population isolated. Future work isolating and proliferating adult derived murine cells 

should use a fluorescence-activated cell sorting (FACS) technique with established stem cell 

surface antibodies, for example Cd44 as previously established for synovium and bone 

marrow derived murine cells (Futami et al., 2012; Shen et al., 2011).

To extend the comparison further it would be valuable to try to recapitulate aspects o f bone 

and joint development in vitro. For example a bioreactor system could be designed to mimic 

the embryonic mechanical environment and embryonic movement. Such a system could be 

used to compare the responses o f adult derived stem cells and embryonic primary limb bud 

cells to specific stimuli in more detail. A system that exerted cycles o f compression and strain 

on the surface o f a 3D scaffold construct during bending would mimick the action o f the 

contracting musculature in the developing limb. The stresses and strains generated within the
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construct could be m odelled using Finite Elem ent analysis and could be com pared to

previously established m odels o f  contacting m usculature (Roddy et al., 2011a). M onitoring

the response to m echanical stim ulation through expression o f  m echanosensitive genes and 

differentiation m arkers in 2D and 3D should be assessed. 3D im aging will be particularly 

im portant in this context since differential patterns o f  stim uli across the scaffold may lead to 

spatially organised differentiation.

7.3 Other future Directions highlighted from this work

7.3.1 What is the role of Hippo signalling in mechanotransduction?

fhe Hippo signalling pathw ay co-ordinates cell proliferation, apoptosis and differentiation for 

the regulation o f  organ developm ent, with its perturbation resulting in tissue overgrow th and 

enlarged organ size (review ed in H iem er and Varelas, 2013). The pathw ay’s role has been 

studied in various stem cell populations and has been shown to influence cell fate (review ed 

in H iem er and V arelas, 2013). A ssessm ent o f  hippo pathw ay activity com m only relies on the 

localisation o f  the transcriptional regulators YA P/TA Z (Yorkie in D rosophila); if  the pathw ay 

is activated Y A P/TA Z are phosphorylated and cytoplasm ic levels are increased, resulting in 

decreased Y A P/TA Z transcriptional activity. I f  the pathw ay is not activated, nuclear 

localisation o f  Y A P/TA Z occurs thus enhancing transcriptional activation (review ed in 

Hiem er and Varelas, 2013). The localisation o f  Y A P/TA Z has been show n to be sensitive to 

external factors including cell m orphology (W ada et al., 2011), cell density and substrate 

stiffness (A ragona et al., 2013). YA P/TAZ has been show n to be required for the 

differentiation o f  m esenchym al stem  cells induced by m echanical stim uli (D upont et al., 

2011), and further interesting associations linking the hippo pathw ay with actin cytoskeletal 

changes (D upont et al., 2011; W ada et al., 2011; Zhao et al., 2012) highlights the potential 

im portance o f  the pathw ay to sense and respond to m echanical stim ulation.
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The identification o f 5 members o f the hippo signalling pathway being differentially 

expressed following removal o f mechanical stimulation in the Spd  mutant model further 

highlights this pathway and its interaction with the cytoskeleton controlling chondrocyte cell 

fate as an area that requires further investigation. Interestingly two transmembrane proteins, 

Fat2 and Fat4 protocadherins that act as receptors for the pathway were found to be up- 

regulated and two co-transcription factors {Tead4, Vgll2) and one target gene was down- 

regulated following the removal o f  mechanical stimuli, suggesting that the pathway is 

activated and no nuclear localisation is occurring thus affecting cell proliferation. Future work 

analysing the localisation o f YAP/TAZ in muscle-less mutants would address w'hether the 

pathway is activated or not in the regions showing phenotypic alterations. Mutations in the 

Fat4 gene have been associated with defects in the sternum, and abnormal patterns of 

ossification (Mao et al., 2011). To understand whether hippo signalling is involved in skeletal 

development analysis o f hippo components should be screened in skeletal elements during 

development, to identify embryonic expression, and also in muscle-less embryos to identify 

whether they are spatially affected.

The hippo signalling pathway has also been demonstrated to negatively regulate Wnt 

signalling (Heallen et al., 2011; Varelas et al., 2010), thus further investigation into these two 

pathways during chondrogenesis for joint development and during endochondral ossification, 

might help to identify their role in the mechanical regulation o f skeletal development.

7.3.2 Potetinal role of microRNAs in mechanotransduction?

Another level o f  gene regulation that could be involved in the integration o f biophysical 

stimulation to elicit molecular responses is through the action o f microRNAs (miRNAs). In 

fact 8 miRNAs were found to be down-regulated in the muscle-less mutant humeri (Appendix 

Table A .3). MiRNAs are non-coding regulatory RNAs o f 19-22nucIeotides in length that, 

play an important role in the post-transcriptional regulation o f target mRNA or the 

translational repression o f target proteins (reviewed in Papaioannou et al., 2014). Multiple
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miRNAs have been reported to be expressed in developing bone (reviewed in Papaioannou et 

al.,2014).

O f the eight miRNAs identified to be differentially expressed two (mirlVhg, m irl33a) have 

been reported to be associated with skeletal development. The mirlVhg locus encodes the 

m iR 17-92 cluster, which has been shown to be essential for mammalian development. Mice 

with deletions for a single allele o f miR17-92 have severe shortening o f the limbs, with an 

absence o f the mesophalanx o f the fifth digit (de Pontual et al., 2011). Haploinsufficiency of 

the miR17-92 cluster impairs osteoblast proliferation and differentiation (Zhou et al., 2014), 

and germ-line deletions o f the cluster in humans are seen with brachydactyly and other 

anomalies in the hands and feet (de Pontual et al., 2011). MiRNA 133a was identified to be 

expressed in mouse pre-osteoblastic cells, and suggested to have an inverse correlation with 

osterix expression in the mouse skull (Chen et al., 2013).

Another miRNA demonstrated to be DE, mir23b, has been reported to induce differentiation 

o f hMSCs into chondrocytes (Ham et al., 2012). This miRNA has been shown to be up- 

regulated following pulsatile shear flow in endothelial cells; and revealed to play a significant 

role in mediating the flow-induced suppression o f gene expression (Wang et al., 2010). The 

m irl7-92 was also demonstrated to be differentially expressed in response to shear flow 

(Wang et al., 2010). In parallel to the results o f this study these miRNAs represent examples 

o f the potential roles o f miRNAs in mechanotransduction, and therefore could be o f  keen 

interest to understand more about the mechanisms o f mechanostransduction. The 

transcriptomic analysis described in this thesis was not designed to capture small miRNAs 

specifically and some may have escaped detection because o f their small size. Therefore an 

analysis focusing specifically on detecting miRNAs, such as use o f a miRNA specific 

microarray chip, might produce more data on disturbances at this level.
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7.3.3 Investigation into the regulatory mechanisms impacted by mechanical 

stimulation?

Work to date has clearly shown that mechanical stimulation generated by muscle contractions 

is required for normal ossification and the definition o f constituent tissue patterning in the 

joint. However, as previously noted, until now we knew nothing o f the molecular mechanisms 

that mediate the effects. Elucidating aspects o f these as yet unknown molecular mechanisms 

hold potential for a truly novel insight into gene regulation. The regulation o f gene expression 

involves a diverse regulatory system. Chapter 3 described the identification o f 

mechanoresponsive genes, including both direct and indirect genes. Chapter 4 shows the 

spatial expression o f signalling pathway genes, which can be used to more closely predict 

their part in specific developmental processes and their response to an altered mechanical 

environment. Each gene contains a unique combination o f regulatory sequence elements in 

the genomic regions surrounding the coding sequence o f the gene, most often but not 

exclusively at the 5' end, that determines its temporal and spatial expression. The 

development o f different cell types is governed ultimately by molecular interactions at these 

regulatory regions that influence gene activity (note that gene expression during embryonic 

development is often predominantly controlled at the level o f transcription). This involves the 

binding o f  Transcriptions Factors (TFs) to these regulatory elements (Transcription-Factor 

Binding Sites; TFBS). Interactions between bound TFs and cofactors stabilise the 

transcription-initiation machinery to enable gene expression (Wasserman and Sandelin, 2004). 

If mechanical cues somehow influence the binding o f TFs to TFBSs, identifying potential 

regulatory regions containing such TFBSs would be possible through the comparison and 

identification o f  common regulatory regions in mechanoresponsive genes.

Utilising a bioinformatics approach to analyse putative regulatory regions o f candidate genes 

could be performed to identify any common control sites. Following the identification o f 

these control regions for individual genes or groups o f genes, these could be analysed using 

phylogenetic foot-printing for cross species sequence conservation, which is an indicator o f
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functionally important (therefore conserved) regulatory elements. Chick-mouse comparisons 

would be o f particular importance because we know that the responses to mechanical 

stimulation are similar across birds and mammals and the chick presents a more compact 

genome, decreasing the possibility o f noise in the analysis (ChickGenome, 2004). Appropriate 

tools for the identification o f predicted upstream regulators can be used including. Ingenuity 

pathway analysis (http://wv\w.ingenuity.com/). and oPOSSUM

(http://opossum.cisreg.ca/oPOSSUM 3/). Both are powerful tools for biologists seeking insight 

into gene regulatory networks (Kwon et al., 2012).

1 carried out preliminary' oPOSSUM analysis o f the DE genes identified in this study and 

found that Hoxa5 and Klf4 were the transcription factors identified to be most commonly 

associated with the up-regulated and down-regulated genes respectively (Data not shown). 

Opossum single site analysis (SSA) is a tool for identification o f over-represented 

transcription factor binding sites (TFBS) in the promoters o f co-expressed genes. The 

oPOSSUM system for identifying over-represented TFBSs in sets o f co-expressed genes is 

built upon a database o f conserved TFBSs for human-mouse orthologs, derived from an 

analysis pipeline that combines phylogenetic footprinting with TFBS identification using the 

JASPER (Sandelin et al., 2004) library o f PSSMs (position specific scoring matrices). Given a 

set o f human or mouse genes, the pipeline retrieves the genomic DNA sequence for the 

human and mouse genes plus 5000bp o f the upstream/downstream sequence, it performs an 

alignment o f the orthologous sequences and extracts non-coding DNA subsequences that are 

conserved above a predefined threshold. The software then searches the sub-sequences for 

matches to TFBS profiles contained in JASPER and stores the results in the oPOSSUM 

database. Upon querying the web based interface with a list o f co-expressed genes the 

software retrieves the TFBS counts for each gene in the list and computes two statistics (Z- 

score, Fischer exact test) to measure over-representation o f TFBSs in the set relative to a 

background comprising all genes in the oPOSSUM database.
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HoxaS is a hom eobox gene that was found in the 5000bp region upstream  or dow nstream  o f  

411 out o f  452 o f  the up-regulated genes from  the RN A-seq dataset. Hoxa5 binds to the m otif 

5 ’-C Y Y N A TTA [TG ]Y -3’. The Hoxa5 gene is expressed w idely in cartilaginous tissues at 

E14.5 (D iez-Roux et al., 2011), and the knockout m utant displays abnorm alities in skeletal 

structures o f  the cervical and thoracic regions (described in Jeannotte et al., 1993). K ruppel- 

like factor 4 {Klf4) is a zinc finger type o f  transcription factor highly expressed in the skin, 

intestine, testis, lung and bone. Klf4 was identified in the 5000bp region upstream  or 

dow nstream  o f  519 out o f  680 dow n-regulated DE genes. In the long bones expression o f  Klf4 

is reported to be restricted to the pre-hypertrophic chondrocytes, perichondrium  and 

osteoblasts (M ichikam i et al., 2012). Klf4 transgenic m ice, where Klf4 is ectopically 

expressed under the collagen type 1 regulatory sequence, show  skeletal deform ities, including 

a reduction in the length and m ineralised content o f  long bones (M ichikam i et al., 2012). Klf4 

can act as an activator and repressor and binds to a 5 ’-C A C C C -3’ core sequence. N either 

Hoxa5 or Klf4 are differentially expressed (FC>2, p<0.05) in the screen described here. These 

two transcription factors are two exam ples o f  regulators o f  som e o f  the DE genes identified, 

w hose activity is potentially im pacted when the m echanical environm ent is altered. This 

analysis also has the potential o f  indicating regulatory regions that are responsive to 

m echanical stim uli. This analysis needs to be extended and tested m ore rigorously but it holds 

the potential o f  indicating regulatory regions that are responsive to m echanical stim uli. This 

could be built on in future w ork to design cell culture assays to test the m echnoresponsiveness 

o f  specific control elem ents.

7.4 Broader implications of understanding embryonic mechanobiology

M uch progress has been m ade over recent years tow ards understanding the role that 

m echanical stim ulation has on the developm ent o f  tissues and the im pact it has to guide cell 

differentiation. The response that cells m ake follow ing the application o f  external m echanical 

stim ulation has been dem onstrated to be critical for the correct differentiation and form ation
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o f  skeletal tissues. H ow ever until recently the m echanism s by which cells respond to 

biophysical stim uli rem ained poorly understood. D evelopm ental research provides a great 

deal o f  knowledge about the m olecular m echanism s that guide norm al developm ent; therefore 

through the alteration o f  the m echanical environm ent during the developm ent o f  skeletal 

structures it has been possible to gain insights into the m echanism s that sense and respond to 

m echanical cues, and to study the im pact that it has on the skeleton.

U nderstanding how  the m echanical environm ent im pacts cellular differentiation has 

trem endous impact to other research fields. For exam ple tissue engineers apply principles 

from  biology and engineering to try to develop functionally  viable tissues. This strategy uses 

stem cells in com bination with biom aterial scaffolds, and alterations in the m echanical 

environm ent to attem pt to create functionally viable tissue. Inform ation from the developing 

em bryo about the m echanistic response to alterations in the m echanical environm ent could 

inform  new strategies in tissue engineering for regenerative approaches for diseased or 

dam aged skeletal conditions, such as osteoarthritis. For exam ple, results from this thesis 

suggest that potential m odulation o f  the signalling environm ent (w ith focus on the wnt 

pathw ay) experienced by the cell could, in conjunction with application o f  m echanical 

stim ulation be an im portant regulator o f  chondrogenesis for articular cartilage differentiation. 

U ncovering the m olecular outcom es o f  the integrated signalling environm ent provides the 

possibility o f  designing a strategy that potentially incorporates spatially localised biochem ical 

signals with m echanical stim ulation; either by transfecting cells, or localised delivery o f  

genes/proteins in a 3D scaffold. First more w ork is required to understand precisely which 

source o f  cells respond to particular signals and then asses which aspects o f  the environm ent 

in norm al developm ent need to be re-capitulated and which can be stim ulated m ore 

conveniently to guide differentiation.
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Appendix A

Appendix Table A .l : Five uncharacterised proteins/unknown genes identified using 
Microarray technology.

ProbeN am e
Genebank
Accession

Description
Fold

Change
P-Value

Up-regulated

A _66 P I 32861 A K 0 8 2 8 3 2
predicted gene 9918 Gene [M GI:3646315] 
[ENSMUST00000066324]

3.8783 0.00089

A _51_ P 4 7 1 2 7 3 A K 0 1 3 7 0 0
RIKEN cDNA 2900055J20 Gene [M G l: 1920251 ] 
[ENSMUST00000096572]

3.5631 4.94E-04

A _ 6 6 _ P 1 11224 X M _ 0 0 1476372
PREDICTED: Mus niusculus similar to crooked legs 
CG14938-PB (LOC100041430). niRNA 
[XM_001476372]

2.7239 0.00037

Down-regulated

A _ 5 5 _ P 2 0 3 7 7 7 2 A K 1 3 2 6 3 4
Putative uncharacterized protein 
[Source;UniProtKB/TrEMBL;Acc:Q3 V 179] 
[ENSM UST00000099I00]

-24.735 0.00065

A _ 5 5 _ P 1996216 A K 0 5 0 9 3 1
Putative uncharacterized protein
[Source:UniProtKB/TrEMBL;Acc:Q8BQE4]
[ENSMUST00000071059]

-5.166 6.58E-05

Omitted from further analysis, until characterisation could be sought.

Appendix Table A.2: Enrichment o f muscle associated genes identified in the down-regulated 
gene category

Gene Ontology Term Gene count 
in study

Enrichment'

Muscle Development/ Structure/ Function [691 1.77x10^^ to 
2.42 xlO *

G 0 :0 0 0 7 5 l7 ; muscle organ developm ent 43 1 .77x10 '- '
G 0;0060537; muscle tissue development 35 1.58 xlO’-'
0 0 :0 0 1 4 7 0 6 : striated muscle tissue development 34 1 .6 9 x 1 0 - '
0 0 :0 0 5 5 0 0 2 : striated muscle cell development 23 1.63 x lO '"
0 0 :0 0 5 1 1 4 6 : striated muscle cell differentiation 27 1.36x10'* '
0 0 :0 0 0 3 0 1 2 : muscle system process 24 2.32 xlO '"
0 0 :0 0 0 6 9 3 6 : muscle contraction 23 2 .4 7 x 1 0 '"
G 0:0055001: muscle cell developm ent 23 3.74x10'"*
0 0 :0042692 : muscle cell differentiation 29 2.11 xlO ''"
0 0 :0007519 : skeletal muscle tissue development 22 3.22 xlO ''-
00 :0 0 6 0 5 3 8 : skeletal muscle organ development 22 5 .9 7 x 1 0 '"
00 :0 0 0 6 9 4 1 : striated muscle contraction 10 2 .4 2 x 1 0 '“

1. P-value o f  enrichment o f  GO term s using DAVID analysis software; sim ilar results were found
with GOstat
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Appendix Table A .3: List o f  all DE down-regulated genes and fold change estimated by 
Microarray and RNA-seq, and evidence o f  any mesenchyme enrichment (>3fold).

Gene id

■o
V "5
E “S 

j :  AI
= -a

RNA sequencing 
Down-regulated

Microarray
Down-regulated

£  %  
s  ^ F o ld

C h an g e
p-va lue

Fold
C h an g e

p -v a lu e

Fgf4
T m em l8 4 a

0.000638844
5.25E-06

41.054
13.264

0.00008
0.04677

M ep la #■ 0.010348707 10.561 0.00645

D ysfip l # ' 1.33E-07 6.812 0.01802

Fgf6 * # ' 1 llE -1 1 3.175 0.04425
2 3 l0 050B 05R ik # ' 4 .13E-06
2900079G 21R ik #' 4.76E-07
A cpt 0.045689548
Cym # ' 0.041456515
Foxd4 #■ 1.15E-05
H aver 1 * #' 5.89E-06
Lm od2 * # ' 2 49E-06
M ir23b #' 0.021403052
Pnm t # ' 0.012794292
Fram e # # ' 1 04E-05
R osI # ' 0 .023630339
Sen 10a * # ‘ 0 .008723248
Snai3 0 .000979848
Stom l3 # ' 0 .036230472
TektS # ' 0 .026716473
T m sb l5 a 1 _ _ 0.030048338
U cp3 * # ' 0.031453558
Yipf7 # 0 .000163307 I
A9300n3A15Rik 231.055 0 .000287109 18.655 0,00782
D bxl 179.594 5.29E-38 40.147 0.02491
Arx ♦ 158.132 0.00153276
M ybph 148.831 4.60E -07 124.692 0.02395
H spb3 146.551 4.60E -06
M yf6 * 146.233 6 78E-06
Gjd4 141.023 1 48E-05 39.542 0.00901
M yf5 131.785 7.62E-20
A dprhl 1 128.451 1 68E-06 6.578 0.01050

Sgcg 125.637 3.95E -06 4.691 0.00645
s in 115,450 2.65E-05
C hm d 113.472 1.39E-10
M yh7 108.322 4 98E-11
T nncl 107.742 7.70E-07 87.484 0.02563
Lbxl 106.407 7.20E-12 11.171 0.01639

Tm em Sc 103.616 1 46E-07 17.556 0.00371

T ceal7 * 100.473 2.35E-05
ll l0 0 5 9 M I9 R ik 99.975 3.20E-05
M yoz2 99.334 3.09E -06
Trim 55 ♦ 99.055 8.55E-08
Vgll2 98.294 1.39E-13 49.049 0.01175
A nkrd 1 97.739 1 02E-06 75.139 0.00302

C ox8b 97 681 0.001255014
Csrp3 96.892 1 21E-06
A etn2 96.575 2.69E -07
C hm g 96.232 9.54E-07 12 159 0.00627
Popdc3 94.586 0.000172639 4.403 0.02212
C acng l 90.866 4.19E -07 32.059 0.04062
M stn * 90.078 4 12E -I9 50.047 0.00709
Hfe2 87.940 2.07E -06 50.875 0.01598
Sm ydl * 87.679 3.17E -09 13.318 0.02829

Fold Change not determined as no expression in Mutant
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M yh3 87.097 3.27E -10
M yll 85.959 2.39E-05
X irp l * 84.349 3.06E-05 5.065 0.00901
M ylpf 82.738 5.04E-05 26.582 0.01289
A ctcl 81.479 3.62E -08 _j
Trim 72 80.325 5.71E-I1 44.156 0 .02310
T nntl 80.285 1 40E-07 44.680 0.02166
KbtbdS 77.398 5.15E-08 55.169 0.02044
Casq2 76.168 7.56E-05
Lm od3 75.222 6.12E-06 32.640 0.02212
Tnnc2 74.725 I.91E -06
M b 1 73.707 7.16E-06 35.531 0.01765
Pax7 73.024 2.51E-74 23.660 0.00901
Ttn 1 * 72.937 1.86E-08 50.449 0.00834
Fitm l 72.173 1.34E-09 33.058 0.03818
M yodl 71.771 5 .57E -I7 45.123 1 0.00670 1
Tnnt2 ^ 69.284 3.10E -06
Trdn 68.649 1 40E-07 54.363 0.03187
A tp lb 4 ♦ 67.690 1.68E-05
Best3 * 67.237 6.34E-09 16.822 0.00371
1117b I 66 180 0.000185033
A ctal 65.851 9.80E-05
M irl3 3 b 65.716 0.000606002
Cox6a2 65.555 0.00048648
A nkrd2 . 65.349 0.002450587
Trlm 54 ' 64.915 5.93E-05 33.576 0.04568
K.rt33b 64.867 0.001294308  ̂ 16.038 1 0.01225
Myl2 64.742 0.000253453 23.270 0 04191
M yom 2 64.557 1.96E-09
Lrrc30 63.825 9.24E-06

nviyh7b 63.715 2.77E-11 76.442 0.04129
3425401B 19R ik [ 62.341 4 16E-06
M yot * ' 6 1 0 7 8 0 000103901
K btbdlO * 60.151 1.71E-08 79.742 0.00371
Itg b lb p 2 | _  58.265 1.86E-05
N eb * 57.041 1.22E-08 35.800 0.01163
M vl4 56.963 6.14E-05 34.577 0.03079
Arpp21 56.688 4.24E-11 56.372 0.00958
C 'acnals 56.678 3.78E-07 58.404 0.03587
C h m al 55.033 1.37E-09 76.917 0.00901
l'igd4 54.824 0.000385919
M yog I 53.537 2 .5 5 E -I6 r  51.220 r  0.02105
A tp2al 51.426 1 36E-06 9.285 0 .00709

Tcap 48.488 0 0 0 0 1 6 1 8 8 61.371 0.01317
' Ldb3 ♦ 48.169 3.41E-05 7.006 0.03013

C 130080G 10R ik 48.033 0.008148424
[ M ybpcl ♦ 47.960 5.21E-06

Alpk3 47.897 2.10E-07 42.743 0 .01598
 ̂ M y o l8 b 47.329 1 16E-09 36.350 0.02675
I A m pdl * 47.163 9.24E-05

Ripply 1 46.845 0.020822695 J
' Klhl31 * 46.120 7.67E-06 19.278 0.02491

2310002L 09R ik * 46.103 1.07E-07 40.300 0.02491
T nnil 44 .819 2.11E-05
T rpv l 44.032 0 .00103819
A tp l3 a 5 43.397 4.89E-06 3.964 0.03171
Ablim3 43.325 I.57E-08 21.901 0.01126
Pitx3 42.860 9.67E-14 18.771 0.01175 1
Uts2r 42.751 9.28E-05
Ache 42.710 4.67E-06 27.920 0.02629
G m 889 42.435 0 .002373688
Sm px 42.176 0.000413451 34.338 1 0 .00399
Igfbpl 41.402 0.000458505 17.520 ! 0.00901
M yh8 * 40.847 4 .51E -09 19.589 0.02510
Tnnl3 40.508 0 .00018347 17.435 0.03668
Rapsn 1 39.898 1.21E-08
G m 7325 _ __ 39.309 1.54E-08 48.412 0.00645
C yp2ab 1
Hspb2
Srpk3

38 930 
38.350 
37.989

0.002350375 
0 .000109634 
0 .000171147

22.535
38.197

0.00627
0.00901
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K rem en2 37.427 6.33E-07 17.221 0.00645
M ypn * 36.927 4 I8E -06 14.088 0.00327
C oro6 36.874 0 .000398936
Sh3bgr 35.425 5.65E-05 25.153 0.01735
A pobcc2 * 35.312 0.00010877 58.828 0.03649
O bscn 35 116 4.00E-08 64.038 0.00789
M yl3 33.794 0 .003700068 27.441 0.01610
C d h l5 32.652 1.57E-12 22.649 0.00575
A bra 31 900 0.005512519
C acng6 31.804 0 .000299637
T m em l8 2 * 31.716 0.004213734
Synpo2l 31.489 1 69E-07
F2 31.361 0 .007704493 22.295 0.01017
Sypl2 ♦ 31.244 0.00080006
R bni24 31.077 3.57E-10 22.326 0 .00569
Scn3b * 30.675 3.28E-06
Cav3 30.120 0.000918982 22.934 0.00709

M ybpc3 29.921 ^  0.000673869
C cnb3 * 29.525 1.28E-05
M usk ♦ 29 129 1 84E-09 31.883 0.03444
Rgr 28.944 0.014988579
M ylk4 * 28.587 9.03E-06 14.918 0.03171
M yom 3 27.767 1.08E-07 14.330 0.03973
Ky 27.403 5.08E-07 9.045 0.02330
D hrs7c 26.627 3.53E-05 22.417 0,02363
M Icl 26.493 0.000342179 9.746 0 .02166
Prkag3 26.251 0.000650341
T m prss2 25.890 2.74E-05
T m od l 25.608 3.13E-06 24.435 0.03973
O tog 25.430 8.59E-09
A rtl 25 144 7.18E-05 13.363 0.00371
C km 25.090 0 001359396
M yozl 24.844 0 .000350615 18.794 0.02491
M ylk2 24.679 0 00136607 2.852 0.04700
Alpk2 ♦ 24.629 7.57E-09 5.427 0.01050
Itgb6 * 24.278 3.85E -06 27.782 0.01388
Crhr2 ♦ 24.268 0.004984818
Jsrp l 22.778 0.000314804 10.029 0.02491
Tnni2 22.733 0.000708664 14.431 0.03055
C blc 22.719 0.046710202
Ptx4 21.644 2.31E-17
Xirp2 * 20.984 3.73E -06
Lrtm l * 20.551 0.000894063
M sc 20.402 3.53E-22 15.969 0.02491
Stac3 20 398 5.43E-06 9.553 0.04044
B tb d l7 20.223 7.70E-11 18 216 0.00738
Sgca 19.899 6.32E-05 13.827 0.01633
G rip2 19.683 0.000641698
Dok7 19.673 1.98E-10 15.493 0.01958
K lrb lc 19.361 0.034210789
F hadl 19.117 0.000146456 13.893 0.02110
W d rl6 18.658 0.020618305 35.858 0.02113
Barx2 18.601 5.29E-23
Ckm t2 18 480 0.009086687
Des 18.470 3.71E-05 14.972 0.00901
M irl3 3 a -2 18 359 0.026213942
M arveld2 18.354 8.73E-07 9.939 0.02491
Elovl3 18.044 4 46E-09
Slc44a3 ♦ 17.993 9.50E-07
M ure * 17.703 0.000725054 15 510 0.02212
Krt4 ♦ 17.664 0.010105871
R yrl 17.564 6 05E-1I 11.484 0.02110
U nc45b 17.298 4.20E -05 7.124 0.02110
Rtn2 16.606 3.50E-05 14.053 0.00627
C cin * 16.535 0.04105955
l500017E 21R ik 16.501 4.58E -07
Z fp474 16.477 0.00741475
G m 5105 * 16.465 2.29E-07
F a m l5 9 a 15.637 0.000139788 6.503 0.02207
Frm pdl 15.590 3.25E-19 9.015 0.00627
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Pgam 2 15.539 0.00097618 19,873 0,01050
Asb2 15.411 0,00025413 9,920 0,00374
D uoxal 15.409 0.001254674 4 989 0,03018
C aszl 15.171 I.55E -09 25,350 0,02291
Gja3 * 15.158 0.031671581
M yom  1 15.117 3.75E-05 12,371 0,02290
M yi6b 14.795 0.000124537 11,872 ^  0,00503
Kcnc4 14.708 0.003835808
KIHI38 14.705 6.02E-06
Hhatl 14.547 0.001515536 4,586 0,03107
Popdc2 14.543 l.O lE -07
Colq ♦ 13.793 0 ,000636245 6,168 0,04554
K cnklB * 13.454 1 28E-06
Tpm 2 13,435 0.000344311 2,302 0,04191
Nrap 13.367 0.000125314
C hm bl 13.347 1.34E-05 7,600 ' 0,01831
M yh6 ♦ 13.294 0.000129867 8,711 0,01765
S lc2 5 a l8 13.092 0 ,000244044
P2rx5 12.746 3,43E-05
Capn3 12.740 0 ,000703589 8,047 0 01184
Gm 572 12.481 0,030996655
Rai2 12.397 0,000190941 8,946 0,00709
Rxrg 12.290 3 24E-05 7,048 0 00645
Scn4a 12.018 1,I4E-11
Fsd2 * 11.845 0,005482517
G al3st2 11.565 0,029992903
Sag 11.513 4 76E-05
Trim 63 11.172 0,000444857
A rhgap36 * 11.080 0 ,007757438 |
Im pgl 11.069 0 ,015160443
Ect2l 10.884 0,030198614
Cck 10.841 0,00024209 6,888 0,02336
M ustnl
Sri *

10.824
10.785

, 7,4 IE -05 
0 ,000288666

7,415
12,709

0,00682
0,02491

Tppp3 10.647 I6 3 E -1 0 9,028 , 0 ,01050
Stm n4 10.587 5 69E-17 8,410 0,03036
Thbs4 10.579 l,25E -57
Gjd2 10.558 0,007216651

__r

l_K b tbd l2 * 10.438 0,013183456 16,975 0,02743
Set 10.260 0,000351532 5,540 0,03042
1600029D 21R ik 10.104 0,0078423 5,124 0,01578
S lc6 a l3 10.021 0,004168164
A dam 2 9 895 0,0211861
Cilp 9.760 5 73E-25 9,731 0,00645
L3m btl 9.449 0,032843435
Pygm 9.409 0,001093758 4,666 0,01341
U spbl 1 9 199 0,001579204 6,302 0,01307
Fbxl22 9.195 0,000212027 13,370 0,00740
M ir3072 9.024 0,003198372
A kap6 ♦ 8 846 0,000236632
Pdlim3 8 838 0,002436503 5,509 0,01175
O d O ll 8.787 0 ,001335064
Snora43 8.705 0 ,046050196
M yo5b * 8.630 0 ,005148846 10,057 0,01194
N trk l 8.503 6,65E-05
Ctnna3 * 8.473 0,000724585
Folr4 8.420 0,000211253
Traf3ip3 8.344 0 ,003080134 4,674 0,00881
Gnb3 8.324 0 ,039793053
C'ryab 8.192 0,000348192 5,632 0,00649
Txlnb * 8.106 ^ 0 ,000781947 7,191 0,03042
K cncl * 8.064 5,02E-06
Slc28a2 7.901 2 56E-05 5,266 0,02310
Spink5 7.880 0,000118872 6 518 0,04425
Rbm 20 7.791 4 89E-34
Usp44 7.765 0 ,002121462
Crym 7.748 ^ 1 05E-05 5,159 ' 0 ,02207
Ablim 2 7.636 I 0 ,005358528
Frem2 * 7.520 1 2,27E-05 5,203 j 1 0,00901
Calb2 7.442 0,00381292 1
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Rrad 7.381 0.001844232 5,083 0,00371
A rts 7.313 0.001876818 6,279 0,02675
M t3 7.302 0.00142808
H spb7 7.054 0 .04163647
P p p lr3 a * 6.978 0.03150198
Synpo2 * 6.952 7.65E-06
Iqsec3 6.849 2.06E-08 13,668 0,03218
Etv4 L 6.796 4.50E-13
Shc3 6.735 0,008690025
D u sp l3 6.642 0,03234326 18,884 0,00894
Tceal6 6.638 0,010139096
G atm ♦ 6.550 2,53E-05
U fspI 6.540 0,000987288 3,081 0,02563
Am tn 6.450 6.37E-17
D usp27 6.311 0.001475933 3,935 0,01122
L O C I 00302688 6.256 0.006530937
Klhl30 6.212 0.003567934 5,012 0,01694
R bfoxI 6.190 0.004453688
G pr83 6.152 3.21E-12
Kcnj 11 6.133 0.020393335
Tecrl * 6.093 1.22E-05 5,844 0,02675
S Ic lS a l 6,060 2.06E-05 4,951 0 03669
A cta2 6.045 0.00027772 4,818 0,04956
Enkur 5.975 0,000384266
A nk l 5.965 6.86E-07 12,518 0,00371
Islr2 5.955 6,65E-11 5 198 0,00901
M ir25 5.944 0 041998686
A tp la2 5.864 0.001075117
Htr2b * 5.853 0.030107151 12 825 0,00901
Cpa5 5.778 5.29E-06
Cecr2 5.750 6 03E-12
L O C I 00499420 5.739 0.00032585
D nahc5 5.641 0.000310299
Dner 5.639 5.36E-07
Car3 * 5.611 0.000596286
R am pl 5.525 0.040157864
C apn  11 5.519 0.004820907
Tsip 5.485 3.92E -06 3,504 0,02683
Serpina3n 5.472 0.002075378 6,027 0,03903
Nes 5,461 2 95E-10 5,573 0,00371
O v g p l 5.449 0.006627217
Sync 5.425 5.86E-10 5,719 0,03516
AF3 66264 5.396 0.042800741
2310007A 19R ik 5.350 0.003881734
Slc2a5 5.271 5.39E-08
Fgf8 5.254 0,015882792
T uba4a 5.238 0,004065209
Sm tnl2 5.180 9,01E -08 4,730 0,04271
Nol3 5.179 0,00243595 3,481 0,02908
C lcnka 5.177 0,007705476
A dssll 5.123 0.022447771 4,378 0 00901
F2rll 5.106 3 .9 2 E -I8 3,050 0,04447
O R F63 5.102 0.006766012
Fgf5 * 5.098 4.04E-05
C dk5rl 5.062 3 26E-18 3,930 0 00901
B exI 5.060 0.003064203 2,285 0,02491
O stn 4 996 0.032133165
Tspan33 4.983 8.36E-06 3,308 0,02310
R im bp3 4.972 0 .020203059
A dora l 4.950 0,001180885
Z m y n d l 7 4.939 0,000574852
C ap2 * 4.937 0,000200587 4,186 0,04786
A ifm 3 4 912 0,000929811
Pitx2 4.874 0,000814308
R asllO a 4.821 0,003305427 4,124 0,01373
C d3g 4.749 0,041723914
Flpcal4 4.745 0 ,026598756
C asq l 4.735 0,033530375 3,068 0,01050
T a s lr l 4.695 0 ,043219376 6,324 0,01901
G m  11346 4.624 0,037549509
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Rpm i 4.615 0.014824336
Rit2 4.607 7.36E-06
4933436C 20R ik 4.591 0.000815015
Snord99 4.571 0.001661383
Fgfr4 4,545 6.99E-23 3.231 0.00933

Sh2b2 4.525 6.59E-05 2.988 0.04328
Spon2 4.490 1 29E-09 5.173 0.00627

Fam 78a 4.482 0.001494111 3.724 0.00560
D 930048N 14R ik 4.426 0.009625517
Snord83b 4.424 1 0 .046506713
M acrodl 4.419 0.002397058
T n fsf l3 b 4.412 0.045710756
P p p lr l4 c * 4,402 0.004896588
Ddc 4.399 0.000150515 2.720 ^ 0.03347
rmemSSb 4.362 4 .8 9 E -I0
Slc30a3 4.350 0.008431678
A d c y ap lr l 4.332 9 .5 7 E -I7 3.919 0.02974

Kcne 11 4.331 2.28E -06
4932438H 23R ik * 4.324 0,045421555
R g sl6 4.318 4.08E-11
5930412G 12R ik  j * 4,264 0,011044667
Ggr^l20 4,171 0,035698806
Jph2 4.160 0.000156224
T a d 4 139 2.18E-05
Sept04 4.087 1.98E-06
A 430110N 23R ik 4.081 2.89E-27
Tex 14 4.070 |_ 0.000570692 5.613 0.02023
Rragd 4.052 2.17E-08
1700113122Rik 4.024 0.000731808 2.601 0.00709
Htra4 4.015 7.54E-07
S lc35D  ^ 4.014 2 lOE-08 3.144 0,03983
M egflO  ! 4,009 1.37E-24 3.488 0,02491

Esrrb 3.990 0.000491894 3.647 0.01598
Zfp352 3 936 0.012205983
Fndc5 3,925 0.00050277
G m l5 7 4 3,920 0.002391272 6.132 0.02675
P abpcll 3.898 0,001062351
Insrr 3.891 0,000788901
Dm pk 3.877 0.00326029 2.705 0.02212
Tead4 * 3.860 3.03E-13 4.381 0.03649

M y o l6 3.848 3 94E-08 I

Iffb l 3.837 0.000289585 2.640 0.01289
' B Y 080835 3.826 0.016938161

C'nrl 3.818 1.52E-13 2.590 0 0 0 3 9 9

r  TI12 * 3.805 0.000121063
M irg 3.791 0 016388196
Sem a6b 3.779 1.95E-07

C'amk2a 3.776 0.000910514
Ppl1a4 3.766 0.005944714

C am k2b 3.762 0.000587067
|P o u 3 f l 3.761 7.85E-05

Fabp3 3.748 0.046045376 2.962 0.04425

Vgll3 * 3.743 7.18E-20
Trp63 * 3.724 0.024720208
C o ll 9a 1 * 3.629 6.57E-05

Snord65 3.628 0.049056944
6230400D 17R ik 3.615 0.023809995
Dok5 3.607 0.021244085
T m em 38a 3.593 0.018014843

. C'4b 3 591 0.002928394 4.261 0.02829

1 FzdIO ♦ , 3.577 0.021714725
Gpr37 3.571 0.00851303 3.684 0.02983

Jakm ip3 3.569 0.023481256
64305 6 2 0 1 5  Rik 1 3.499 0.005665791
SpnbI * 3.493 0.00122522
Lrrc39 3.473 0 018679961 u
Erbb3 3,457 l.lO E -16
C'obI ' 3.448 0.010742417 20,443 0.03640

Coch 3,419 4.76E-07 3.814 0.03461 1
29 00005JI5R ik l _  3.402 0.029056216
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B eam 3.389 0,00124051
Prkcc 3.371 0,018418282
Hrc 3.360 0.004990099 3.130 0.04550

Atp2b3 * 3.356 0.016922185
A rg l 3,355 0.017844783
C 'dkn la 3.317 0.000390277
T n f r s f l la 3.305 4.85E-05
Ntn5 3.299 0.003150271
Chodl 3.292 1.38E-05 3.152 0.04328

Zfp238 3.284 4.78E-08
G ldc 3.263 0.000326193
T  m em  116 3.253 0.017991955
Dpf3 3.251 0.032786354

Spry l 3.243 2.75E-18
Spry4 3.219 3 86E-18
G m pr 3,219 0.026099494 2.018 0.02337
T rim l7 3.216 0.04712073
C cdcl41 * 3.212 0.000148407
C nnm l 3.211 7.19E-06
M yhl ♦ 3,185 0.013884554
D 17H 6S56E-3 3,172 0.032055615
M ip 3,168 0.013720797
D ill 3,162 I.73E -06 2.210 0.03516

S nap9l 3,162 0.007990301
M irlV hg 3.161 5.44E-05
M eg3 3.155 0.030983905
.Iani2 3,148 0.036344194 3.594 0.03717
U nc5a 3,138 0.004421143
PIchI 3,137 1 23E-05 4.047 0.00920
Tnm d 3,134 6.59E-13
6330403A 02R ik 3.126 0.000159805
G prcSa 3 117 8.03E-05
Lhfpll 3 116 4 lOE-08
R bm 38 3.116 0.012501553
C lq l3 3.106 2.75E-08
C ited 1 3.103 0.000277615
HspbS 3,095 0.002956441
Prg4 3,046 1.52E-07
Snora34 3,038 0.049099265
Snord52 3,010 0.011579628
N up210 3,006 1.07E-14 3.294 0.03042
C enpv 2,996 8 48E-06
A m bn 2,965 0.00160442
S n o ra l6 a 2,962 0.047384799
Dleu7 2,962 0.017802886
K irrel2 2 960 0.047889124
G pr20 2,955 8.98E-05
Itga4 * 2.948 9.97E-11 3.381 0 .03359

P d eIc 2,946 3.42E-08
B 3galt2 * 2.923 0.036346769
SnhgV 2,919 0.006088416
Palm d 2.902 0.023169218
SppI 2.901 0.043857363
D oc2g 2.898 0.04842582
G com I 2.896 0.005646488
Itga? 2.849 0.000684807
Pdlim I 2.848 1,45E-11
l8 l0 0 4 I L !5 R ik * 2.820 0.002356183 2.965 0 00901

LrrnI * 2.813 0.003220508 2.566 0.03397
M eoxI 2.796 2.27E-11
Kcnj 10 2.792 0.02273419
M fsd2a 2.791 9 .64E -06
T m 6sfl 2.783 0.023438649 2.571 0.01333
B m l 2.782 0.000548241 2.032 0 ,04754

Proxl * 2,778 1.75E-05
Pknox2 2,773 1.I8E -08
Spry2 2,755 6 1 lE -14
Zic3 2,745 0.004207025
Frnid3 2,745 2.09E-05
H b eg f 2,741 0.000350767
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Ankrd23 2.736 0.021544801
Shroom3 2.713 0.002091898
TmemlOO 2.707 5.15E-10
Tubb6 2.693 0.001035104
SlcoSal ♦ 2.691 0.004377646
Eno3 ♦ 2.687 0.034131718
Hes6 2.686 0.001946887
Col22al 2.680 0.011807048
Dynltla 2.675 0.036885253
Nexn 2.652 0.014639095
Gm 14492 2.634 0.011746406
Angptl? 2.632 0.012651786
Ehbplll 2.631 0.00150257
Sh2d5 2.616 0.044303872
Arhgdig 2 616 0.000649376
Rbl ♦ 2 614 0.000176926 2.391 0.00715
4933403008Rik * 2.604 0.016456786
2010204KI3Rik 2.599 1.45E-05
Aknadl ♦ 2.590 0.003212914
AsblO 2.578 0.006471367
Il20rb : 2.578 0,002114249
22l0403K04Rik 2.577 0.011615356
Nptxl 2.577 0.000390855
Dok3 2.569 0.049938133
l.gil 2.565 0.002611874
VampI 2,557 0.038815305
Glipr2 * 2.554 312E-13 1

Siml ♦ 2,553 0,033426892
P2rx6 2.550 0,035400757 9.052 0.03973
Nnnit 2.549 0,005961276 2.407 0.04361
Dtx4 2.544 3,50E-12
Camkv 2,540 0 003666581
TdrdI 2,534 158E-05
Tnxb 2,528 llO E -06
Ppplrl4b 1 2,526 0,000513015
Tchh 2,525 0,032617528
Salll 2,519 0.009263167
TbcldS 2,515 1.81E-05
Chmi3 2,512 0.000313547
Prkcq 2,509 1 99E-06 2.254 0.01637
Plekhhl 2,500 3.68E-05 3.040 0.02140

1 Ank2 2,495 3.07E-I3
Mir3064 2.484 0.031260542
H sd llb l 2.483 0.009085944
Cidea 2.475 0.016861321
Tnik * 2.470 3.19E-09

1 E2f2 2.460 1.93E-10
Atcay 2.457 0.018944588
Aldhla3 2.451 2 38E-08
Pdlim4 2.449 0.000822125
Sex 2.444 0,002779351
Ngfr 2.444 2.43E-08
Bves 2.436 0.018857391

r Col20al 2.432 1.37E-06
E330033B04Rik 2.427 0.039694776
Ankrd33b 2.419 0.03187479
Gamt 2.411 0.032919827
TmemlSOc 2.410 0.000118831
Pip5klb 2.406 0.003669955
Ttyh2 2.403 2.55E-10 2,039 0.02337

'^Akl 2.391 0.047782606
Tppp 2.385 5.99E-05
Tceal5 | 2.360 0.002343191

, Tubb2b [ 2.358 7.40E-08
fckh 2.354 8.98E-06 1

Spg21 2.339 1.17E-I0
Gja5 1 2.332 0.007499588
5330417C22Rik 2.332 0.041260172 9,153 0.02793
Dpep 1 1 2.330 0.03652931
Tcl'l5 I 2.324 0.000893465 _
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A drb2 2.319 0.00525532
M et 2.317 1 49E-08

H apl 2.305 0.00247612
M ycll 2.300 2.17E-07
DpysiS 2.298 7.19E-07
AnxaS 2.298 0.013554134
Stk32a 2.280 0.018216663
P la2g4c 2.279 0.023239176
C sdc2 2.273 0.036761566
Mir351 2.268 0.029594667
C 2cd4c 2.267 0.040396409

E nl 2.267 0.004580757
Fine 2.256 0.000125003 2.556 0.00645

Pdgfa 2.250 5.24E-08 2.044 0.03998

Shb 2.248 0.000601169
I llf9 2.247 0.004353474
N xph3 2.244 0 .044254319
1133 2.234 1.77E-05
Arc 2.221 0.027556014
2700023E 23R ik 2.211 0.00489536
Atf3 2.211 7.60E-05
Lamb3 2.210 0.001980772 3.323 0.03781

Padi2 2.210 0.018492502 2.303 0.02337
C re ld l 2.208 0.009965288
K cnip4 2.204 0.000764541
R tll 2.204 0.023526084
Slc29a4 2 202 0.002415868
D usp6 2.197 4 .43E -09
PIsI 2.190 0 012618883
Prdm S 2 186 0 0 1 6 6 4 9 8 8 6
C d44 2 183 1 40E-05 2.280 0 .03042

E pcam 2.178 0.005086962
K era 2.173 0.000317803
Cfl2 2.173 0.001038403
M ical2 2.171 3.58E-07 4.486 0.01225
Rassf5 2.170 0.001317556
D u sp l4 2 166 0 000189953
Egr2 2.165 0 000831611
Pvrll 2.165 3.22E-05
A kap5 2.162 0.000550736
T bx l 2.160 0.046476272 2.509 0.04139

R ab40b 2.156 0.000857314
A rhgap26 2.152 5.41E-07 2.049 0.04587

M agel2 2.148 0.000186304
Pkia * 2.142 0.001160308
Snord47 2.140 0.008321211
6530418L21Rik 2.123 3.70E -07 2.191 0.02113

Lfng 2.120 7.95E-06
D bnddl 2 119 0.011743153
A dam  la 2.118 0.021037005
C cd c l3 4 2 113 0 0 0 3 4 6 8 2 6 6
1700094D 03R ik 2.109 0.01745263
T m em l0 8 2 096 0.044938087
SikI 2.093 0.004105596
Jag2 2.087 0.002065917
Htra3 2.077 6.80E -09
D naic2 2.076 0 049783398
A fa p ll l 2 ,046 0.000727837
Q p n 2.041 0.008007932
H nl 2.036 0.000326606
Sod3 2.036 0.045428703
C hm a4 2.035 5.32E-05
A oc2 2.034 0.014517152
C hd7 2.029 5.11E-07
Shisa2 2.029 3 39E-08
A dam ts20 2.028 8.50E-05
Spink2 2.021 0.0189441
C dh4 2.014 1.27E-06 2.007 0.03107
Plat 2.013 7.79E-05
A ridSa 2.009 0.002451172 2.060 0.03347
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Z fp l8 5 2 008 2.97E-08
A W5 51984 * 2.003 0.047744733
R ase f
G ls2
4 9 3 0 5 12H18Rik
LO C I 00044755
M yadm l2
lll0 0 0 2 E 2 2 R ik
2310015B 20R ik
Dmd
Itgb lbp3

*

♦
*

2.003
2.000

0.027683519
0.010016291

65.074
38.678
38.177
35.846 ’
28.113
18.652
11.834
11.326
9.406
9 359

0,02110 ^
0,04644 ^
0,00645
0,02491

0,00627
0,03538
0.02928
0.00627

------------- ------------

K lk lb 2 6
G ni6880 
G ni2252 
Tpm 3 

' Z fp407 
Cdhr3 

’ L O C I00048513

0.01815
0.04924

8.967
8.496
8.408
8.000

0.01050 
0.00957 

^ 0.02932 
0 .04677

L rrc U b 7.035 0.04063
Dbh 6.355 0,03985
Pdlim 5 6.314 0,01225
S lc2 5 a l8 6.291 0 ,02880
LO CI 00047320 6.147 0,03107
G adll 6.107 0,02675
Gckr 6.050 0,03042

LOC 669787 5.825 0 ,00709
S m tn ll 5.458 0.01388
4933408N 05R ik  1 5.111 0.03556
A 2bpl 5.093 0.02044

C ldn3
1 5.040 1 0,01050

M yh4 *

1

4.639 0.02445
A sph I 4.464 0.00709

_ M s4 a lO  I _ _ _ _ _ _
^ m 5 0 9 1  1 

C ela3b [
Tpml I

4.370
4.180
3.977

0.02212
0,02110
0,03055
0,003713.850

S e rp in a ll ;  
G m 8617 1

3.780 0.04081 '
3.770 0,04568

A A 060545 3.592 0,04677
0,00371Erbb4 3.370

Kcnj 12 3.220 , 0 ,03387

Prss46

----------------------

3,155 0.02675
Csn3
Palm2

-----------
3.101 0.03075

0.003992,939
Sept4 1 1 2.930 0.02751
4 83341 9 0 1 2 R ik 1

1 2,909 0.04676
4930429F24R ik 1

1 2,886 0.03856
49305 llE 0 3 R ik

1
i 2,863 0,01289

Sirt7
1

2,862 0,03084

F am l6 9 b 2,827 0,01050
6720420G 18R ik 2,715 0,04890
l7 0 0 l2 5 H 2 0 R ik 2,560 0,04677
Atp2a2 2,485 0,04550

4833415N 18R ik 2,478 0,04328
LO C 634496 2,397 0,04176

H asl 2,364 0,03442

Rhox5 2,361 0,02906

Speg 2,311 0,04918
Parm l 2,293 0,02212
C 230 0 9 8 0 2 1 R ik 2,265 0,04554
A I3 14760 2,195 0,04843

DuspS
-

2,145 1 0 ,02166
Dpysl3 , 2,139 0,04554

I  C elfl I 1 2,127 0,02683
l E h d 4 2,093 0,02629
1 TmenilOO 2,089 0,01050
' 4922502B 01R ik 2,057 , 0 ,00709 

2,009 1 0,02974A bca8b
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Appendix Table A .4: List o f  all DE up-regulated genes and fold change estimated by 
Microarray and RNA-seq.

G ene id
RNA sequencing 

Up-regulated
Microarray

Up-regulated

Fold
Change p-value

Fold
Change

p-value

CntnapSc Inf^ 0.00811168

Htr4 Inf 0.015985671

Phox2b 40,652 0.021683372

Oprkl 33.523 0.009989198

Th 14,885 0.019367024

01fm3 14.499 1.96471E-05

Tinag 13.962 0.006855256

Aqp5 11.241 0.03827926 2.976 0.02829061

Cntnap5b 10.734 0.007798118

l,rp 1 b 10.356 2.67313E-10

Stmn3 10.052 0.006003718

Fstl5 9.993 0.031568933

Pcp4 940 9 2.85327E-11

Ces2g 9.142 0.000183355

Bhlhe22 9.129 0.006008402

Kcnipl 8.704 8 61502E-09 5.874 0.026830187

Ifi44 8.444 0.012913212 1

Pam 163a 8.348 5.13568E-05

Galnll6 8.086 0.000220113

3110047P20Rik 7.627 0.038093175

Tmem28 7.574 0.000653005 3.785 0.03042167

Kcnj5 7.232 0.002870959 2.083 0.047536302

Tmem213 7.231 0.000548183

Nefh 7.189 0.042118677

Gm765 6 906 0.001092695

Qrfpr 6.904 0.018242304

9130404H23Rik 6.805 0.013520604

Itgb21 6.688 0.031025179

S lc l6 a l4 6.352 0.008701364

6330407J23Rik 6.345 0.044510005

Zpldl 6.175 0.010396425

3 1 10082D06Rik 6.083 3.90165E-06

Grin2c 6.058 0.012818752

Frem3 5.962 5.38805E-06

Adh7 5.875 0.01468373

Spockl 5.682 5.8183E-15

Grm8 5.669 9 60601E-07

Lingo2 5.580 3.48887E-11 4.696 0.009014199

SlfnlO-ps 5.435 0.033647487

Rmst 5.391 0.000311655

Chrm2 5.227 0.001028715

Kcnh3 5.208 0.000149503

Lhcgr 5 169 0.006109941

Zfp804a 5.100 6.23689E-06

NxphI 5.074 5.74355E-05

Ina 5.034 0.018844215

KcnhS 4.935 9.I9928E-05

Cerl 4.931 0.004938087

Trhde 4.916 3.38578E-13

Lrrtml 4.800 3.26074E-I1 2.748 0.003270305

 ̂ Fold Change not determined as no expression in Control
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O d z l 4 .7 6 9 9 . 3 1 145E-13

R asg r O 4 .7 2 6 6 . 9 4 1 6 1 E - 0 9

Hs3st5 4 .7 25 0 .0 1 8 3 9 9 5 4 1

Gpr50 4 .7 1 8 0 .0 0 5 3 4 2 0 7 4

G a l n t U 4 .7 1 2 2 .2 8 4 6 4 E - 0 5

Irs4 4 ,6 9 9 8 .8 9 6 2 3 E -0 5

Gabrg3 4 .6 1 5 0 . 0 1 4 0 8 4 1 9 4

P d e l l a 4 .5 5 4 4 .5 7 8 5 3 E - 0 6

C am p 4 .5 2 4 5 .8 0 3 4 2 E -0 5

C d 9 6 4 .4 9 4 2 .0 2 4 8 4 E - 0 5 6 .3 2 7 0 . 0 0 7 0 8 8 6 8 7

Emr4 4.421 0 . 0 4 8 8 0 7 7 4 2

C dh 8 4 .3 9 4 2 .0 4 3 32 E -11

D are 4 .3 8 4 0 .0 1 1 0 1 1 7 1 7 2 .3 6 0 0 . 0 4 6 7 7 1 1 5 8

K cnc2 4 .3 6 9 0 . 0 0 2 3 1 6 8 3 4

G rem 2 4 .3 5 8 6 8 7 8 4 3 E - 1 8 4 9 0 9 0 .0 1 9 1 4 4 3

Sstr4 4 .3 3 4 0 .0 0 0 4 7 8 6 4 4

K.ctdl6 4 .3 1 2 0 .0 0 3 2 0 0 3 9 7

Z fp 80 4 b 4.251 0 . 0 0 9 8 9 8 7 4 7

Gpr88 4 .2 4 2 2 . 1 1632 E -0 9 3 .49 7 0 .0 2 0 2 3 3 3 0 7

Gabra5 4 198 3 .9 1 6 8 9 E - 0 5

C d h 2 0 4 .1 9 4 5 .5741 lE - 0 9

U f 4 .1 7 2 0 . 0 0 0 1 0 0 4 6

O d z 2 4 .0 6 5 1 .6 4 43 5 E -1 6 '

M d g a 2 4 .0 1 9 3 1 96 7 8E -1 0

Rassf'6 4 .0 1 3 0 .0 0 0 9 4 1 6 1 2

C ld n l  1 4 .0 1 2 5 .8 2 5 9 6 E - 1 9 4 .3 3 9 0 .0 2 6 7 4 9 3 1 1  '

O l fm 4 3 .9 9 5 0 .0 0 0 3 6 8 9 5 6

Pappa 3 9 8 3 2 .5 2 1 0 3 E - 1 8

C x c l5 3 .9 7 7 0 . 0 0 7 0 4 5 6 1 2

NebI 3 .9 7 7 3 . 4 3 6 5 5 E - 0 9

i W nt2 3 .95 8 0 .0 0 0 1 0 4 0 4 2

1 M x 2 3 .92 2 0 . 0 1 1 7 1 0 4 4 9

1 S a m d l 2 3 863 0 .0 3 0 7 2 1 2 8 8 i

Kcna2 3 ,8 4 8 0 . 0 0 0 6 4 9 7 1 1 1

D sc a m 3.841 0 .0 0 0 2 0 6 7 0 3

! B C 1 00530 3 ,8 1 8 0 . 0 3 5 8 9 8 8 4 4

Sorcs3 3 813 7 . 8 8 1 5 8 E - 0 9 3 .2 65 0 .0 2 4 9 1 1 1 7 5

C hd5 3 ,8 0 9 2 .0 6 0 0 4 E - 0 5 2 .3 3 9 0 . 0 2 8 2 9 0 6 1

D nah c2 3 ,80 5 1 6 1 8 8 E - I 0  1  '

C y p l  l a l 3 .7 4 3 0 . 0 0 5 2 6 5 5 9

: Pcdh8 3 .7 3 4 I .3 7 9 6 6 E - 1 0 5 .2 4 4 0 .0 0 6 4 4 9 1 0 3

1 P c d h l l x 3 .7 1 8 4 .8 3 2 4 2 E - 0 9 !

A dora3 3 .6 8 0 0 .0 2 1 5 5 5 1 9 5

S t6 g a l2 3 .62 7 0 .0 0 0 1 2 6 9 3 3

N rxn3 3 .6 2 5 0 . 0 0 1 1 5 7 6 0 1 2 .6 4 6 0 .0 4 6 7 7 1 1 5 8

Lam c3 3 .58 7 0 .0 0 3 3 6 7 5 1 4

I.rrc7 3 .5 8 4 0 .0 0 0 1 3 2 2 7 3

Syt2 3 .56 3 0 .0 1 4 6 6 9 4 7 8

S 1 0 0 a 9 3 .5 4 6 2 .2 8 1 2 2 E - 0 9

W nt2b 3 .4 9 7 9 .6 9 3 0 4 E - 0 9

S ez6 l 3 .4 6 9 3 . 8 9 7 2 5 E - 0 7

Rtp4 3 .4 6 7 1 4 0 9 3 7 E - 0 5

W fik kn2 3 .4 6 6 3 .7 7 2 2 8 E - 2 0 3 .4 5 7 0 .0 0 7 0 8 8 6 8 7

A p o d 3 .4 3 9 9 .1 5 0 3 1 E - 1 0 2 .8 6 3 0 .0 4 7 0 0 0 6 2

N g p 3 .3 9 3 1 1 1 7 I 2 E - 0 6

R a g l 3 .3 8 3 0 .0 0 0 2 9 8 6 4 3

Grap2 3 .3 6 6 0 .0 2 7 1 4 3 3 2 2

N e g r i 3 .3 5 4 2 .1 9 1 1 2 E -1 1 2 .9 0 4 0 .0 0 8 6 6 4 5 9 6

Shtrk3 3.351 2 . 7 7 5 17E-07  i

Pnm a2 3 .3 4 8 0 .0 0 0 3 8 8 0 4 7  !

B n c2 3 .3 2 6 5 .1 7 2 2 1 E - 0 8

A . X I I l



Ankrd55 3,305 0.000166176

Lrm4 3.294 0.007133272

Tmem90b 3.271 0.001382144

Tulp2 3.263 0.007094287

Plxna4 3.258 1 04676E-05 2.648 0.03042167

NrgI 3.251 I.I3062E-05 2.866 0.029743126

GIis3 3.250 8.99409E-05

20101 l0P09Rik 3.230 0.034177208

Lypdl 3.229 0.012599147

Erc2 3.226 3.41887E-1I 2.630 0.022361835

Lgals7 3.182 0 004911859

Lrm3 3.178 1.13647E-10 3.170 0.012865157

Figf 3.173 1.54196E-06 3.515 0.03106743

C adm3 3.151 6.505 lE-09

Cd274 3.146 0.044689098

Lama3 3.138 1 65109E-11

Gprin3 3.130 0.013194692

Lhfpl3 3.105 0.004501974

Grin2a 3.105 0.001212279

I12rb 3.093 0.030047996

Vstm2a 3.090 1.06252E-06 8.556 0.022071414

Grin3a 3.083 6.59045E-06

Npy2r 3.076 0.043465598 4.083 0.016104808

Wnt 16 3.065 0.000678927

Aff2 3 061 7.0861E-07

Bdh2 3.057 2.144I3E-07 3.045 0.046683427

Chrml 3.047 0.009294854 5.696 0.0432783

Chgb 2.987 0.015373266

Cpa3 2.961 2.02486E-08
Fat4 2.957 2.48032E-14

Nhs 2.954 7.42082E-07

Dsc3 2.944 7.23407E-07

Prtn3 2.943 0 01258186
G m l3154 2.930 0.029073583

Lrfn2 2.926 1.53587E-06 2.999 0.04700292

Mme 2.916 4.60047E-10

Stfal 2.915 0.000355257
Slc26a7 2.907 7.61292E-06

G sgll 2.892 4.18696E-I0

C030030A07Rik 2.879 0 013809116

Grpr 2.872 0.000323907

Kcnd2 2.853 1 07959E-11

SnedI 2.847 0.000172413

U ncl3c 2.835 0.000352109

Rasgrfl 2.834 0.025886378
Esrl 2.834 0.042051048

Hgf 2.833 1.62534E-06

Cacna2d3 2.822 3.46203E-08 2.877 0.03042167

Pcdhb2 2.811 0 004118991

Trim30d 2.806 0.032401337

Kctd8 2.802 0 014080311

Zfp366 2.798 0.014737195

D830031N03Rik 2.790 0.023177946

Rasd2 2.786 0.007335242

Slc22a3 2.780 0.00226207

Pgr 2.773 0.017805759

Aox3 2.764 0.017855151

Cldnl 2.734 1.78588E-11

Gprin2 2.732 0.014645987

Mgat4c 2.727 0.003141679

Csmd3 2.720 8.12645E-08
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RassPJ

Ifltdl

2.718

2.707

0.001300208

0.021396163

Pil5

A ldh lal

Ptchdl

Rimsl

Lm xla

Vnnl

Tpsgl

S100a8

Aox4

Gbp3

Cadm2

Thsd7b

Stac2

Uprt

2.702

2.702 

2.700 

2.696 

2.693 

2.685 

2.683 

2.682 

2 680 

2.680

2.669

2.669 

2.664 

2.660

2.92394E-07 

0.031247555 

1.32068E-06 

0.00361253 

0.002502881 

0.001229868 

0.013827512 

0.001 179789 

0.005330953 

0.020948944 

5.97444E-05 

3.65584E-08 

I 06734E-05 

0.036481628

2.518 0.021104623

Pcdhb6

Syt5

3110099E03Rik

Clic5

Robo2

Optc

Bai3

Gria2

2.657 0.000971057

2.657

2.652

2.644

2.638

0.014578781

0.028989904

0.000143118

4.77656E-13

2.598 0.015984364

2.636 0.006670803

2.634

2.630

9.03636E-07

0.003821262

2.627 0.00789997

2.626 0.034376024

A730069N07Rik

Rtn4r

Oprdl

Mmp28

2.624

2.620

2.615

2.608

0.037926155

3.29944E-05

0.015080163

0.004942454

Gpc5 2.607 0.001010127

Dbcl 2.607 6.89248E-07

Flrtl 2.604 4.38868E-06

H60b L U 0.028096446 .

Oprll 2.566 0.006032349 I
Fmn2 ' 2.564 7.04459E-06

Pgapl 2.548 9 .99216E-05

9130008F23Rik  ̂ 2.537 ' 0.016995569 "

Hbb-bhl 2 533 0.000587881

Grid2 2.533 0.004232619

PcdhlO 2.529 9.72004E-12 2.565 0.017431902

Arhgap20 2.516 I.02353E-10

Adam tsl2 2.514 6 89I68E-05 1
Grm4 2.514 0.000987148

Siglecl 2.511 0.013051847

Scg2 1 2.507 0.019336708

MmrnI 2.496 5.54907E-07

Kcnal 2.487 6.31412E-09

Scube2 2.486 1.19351E-08

Lm xlb 2.479 3.20234E-05

Lrrc4c 2.475 4.20325E-07

G m l06 2.474 5.60136E-06

Sores 1 2.471 9.074 IE -11

Tcfcp211 2.467 0.00035783 ^

Thsd4 2.457 4.74163E-11

Trpc5 2.450 0.044192008

Dlg2 2.449 "1 5.29662E-09

Cntn4 2.441 0.00027323 1 :
Klhl34 2.438 0.007011755 n
Dkk2 2.436 1.28371E-08

Fat2 2.433 0.000122468
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Rspo2 2.428 2.24518E-10 3.077 0.01 1657668

Sesn3 2.423 1.31833E-05

Sorll 2.422 3.605I4E-07 2.193 0.03170701

H2-T24 2.407 0.01 1510566

Vsnll 2.407 0.001124722

Tmem26 2.405 4 68593E-11

GabrbB 2.400 8.28704E-08

Rgs9bp 2,394 0.000213765

Crabpl 2.392 6.36088E-07 2.820 0.022896456

Fgf2 2.389 0.006861295

Gpr21 2.388 0.049713237

Ahr 2.385 1.25812E-08

Lsamp 2.382 0.000115077

Lcn2 2.380 0.00536202

Zfp369 2.379 4 .66917E-05

Slit3 2.378 3.61817E-05

PcdhblO 2.375 0.014264068

TubaS 2.374 0.045281056

Hcnl 2.374 0.000443861

Accnl 2.371 0.030431602

M af 2.370 8.046E-11

Gsttl 2.369 9.34437E-06 2.966 0.014203158

Epha4 2.367 1.09558E-06

Cadps2 2.367 2.02583E-07

Foxc2 2.362 3.77885E-09 2 091 0.022120591

Samd9l 2.359 4.06757E-05

Pde3a 2.356 0.000252521

Cnksr2 2.350 1 67466E-06 2,034 0.023361117

01fml2a 2.348 0.004423579

Rundc2a 2.339 0.000568975

Prdml 1 2.339 0.007433865

C xcll3 2.334 0.000815449

2410066E13Rik 2.333 5.12866E-05

Ptx3 2.327 4.83727E-10 2.724 0 009014199

Ptafr 2.325 0.012971943

Mecom 2.324 9 89019E-10

Pcdhga2 2.322 4 60663E-05

Prrxl 2.321 9.53569E-1I

Foxd2 2.318 2.39873E-06

Xpnpep2 2.318 1 89682E-05

A drald 2.314 0.021633553

Cbl 2.307 0.010130391

Plbl 2.306 0.028733823

A dralb 2.304 0.00343349!

Enpep 2.299 2.53756E-06

C cdcl58 2.295 0.045877342

Ncam2 2.295 0.002124326

Col8al 2.295 1.09688E-09

Myocd 2.292 0.040200711

Ankrd45 2.288 0.047353982

Slc40al 2.286 1.I2932E-09 2,326 0.006270704

Angptl4 2.282 0.004535418 2,277 0.030546911

Abcal 2.280 1.51947E-09

Pdpr 2.277 0.007641978

Cntnl 2.275 9.40642E-07 2,286 0.029743126

Slitrk6 2.274 3.4985E-08

Zfp382 2.273 0.025343336

EphaS 2.273 8.58459E-08

Mgat5 2.272 0.027815516

Hhip 2.265 5.90086E-05

493044 lO M R ik 2.265 0.034203402
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S ox5 2 .2 6 3 0 .0 1 8 1 1 4 2 7 1

K i f l3 b 2 .2 6 0 0 .0 0 1 1 9 0 3 5 6

S v e p l 2 .2 5 8 I .1 6 2 9 4 E -0 5

D nahc8 2 .2 5 6 0 .0 0 1 9 8 6 2 6 4

D lx 6 o s l 2 .25 5 0 . 0 0 0 7 1 4 7 8 3 2 .99 5 0 . 0 2 2 8 9 6 4 5 6

Prdm6 2 .255 1 .3 1 9 07 E -06 2 .3 1 6 0 . 0 2 0 3 7 3 4 7 7

Syt l 2 .2 5 2 0 . 0 2 8 0 2 5 2 1 5

H yal l 2 .2 4 9 0 . 0 0 0 2 0 0 4 4 5

D io3 2 .2 4 9 0 .0 0 3 6 1 3 2 2 2

Shroom 4 2 .2 4 9 0 . 0 0 2 2 7 8 5 5 6

SamdS 2 .2 4 8 0 . 0 2 0 0 1 0 4 7 4

Fam  198a 2 .2 4 7 9 . 2 7 3 3 9 E - 0 9

S em a 5 a 2 .2 4 6 1 .05 6 17 E -0 9

Hbb-y 2 .2 4 3 0 . 0 3 8 4 6 7 7 4 5

Krt7 2 .2 43 0 . 0 0 0 9 6 1 0 2 3

Z bed6 2.241 0 . 0 1 9 9 8 0 5 2 5

X m l 2.231 0 .0 0 6 7 3 1 4 0 1

Fam 84a 2 .2 2 8 2 .9 6 2 8 7 E - 0 7

RasstS 2 .2 2 3 0 . 0 0 0 6 0 1 2 0 3

FamlOVa 2.2 2 3 0 .0 0 4 7 5 5 4 5 7 2 .1 3 6 0 .0 2 2 1 2 0 5 9 1

Fgd3 2 .2 2 3 0 .0 3 01 6 58 2 1

Prokrl 2 .2 2 2 3 . 3 5 8 1 6 E - 0 8

H m b o x l 2 . 2 1 9 0 .0 0 3 4 6 7 0 6 1

Serp in b la 2 .2 1 8 0 .0 0 0 1 8 4 3 3 4

P pplr 3b 2 .2 1 2 1 4 0 5 9 E - 0 8

Ldb2 2 .2 1 2 2 . 9 0 8 9 E - 0 9

B ace2 2 211 6 . 7 3 I 5 1 E - 0 6 2 .83 5 0 .0 3 0 3 6 4 7 4 4  j

ElovlV 2 .2 0 0 0 . 0 0 7 1 8 7 0 1 3

Kcns3 2 199 2 .7 8 7 5 3 E - 0 6

Stk 32b 2 .1 9 8 9 .7 1 8 4 6 E - 0 7

1 Z k s c a n l 6 2 .1 97 0 .0 0 2 9 8 8 0 7 5

1 Cntn5 2 .1 9 6 0 .0 1 3 2 1 6 3 2 3

Gan 2 .1 9 2 0 . 0 0 1 3 0 2 3 5

F m o l 2 .191 0 .0 0 1 3 7 6 7 1 9

K rtl5 2 .1 9 0 0 .0 2 4 8 4 1 9 1 6 5.601 0 . 0 3 6 3 5 9 6 1 2

1 Kcnb2 2 .1 9 0 0 . 0 4 1 4 7 1 1 7 6 2.901 0 .0 4 1 9 4 1 7 7 3

i Foxo3 2 .1 8 9 0 . 0 0 0 2 4 6 3 3 4

! L3mbtl3 2 .1 8 9 6 . 7 3 2 6 3 E - 0 9

I  LgrS 2 .1 8 7 6 . 1 9 4 2 4 E - 0 7

C ol8 a2 2 .1 8 7 8 .8 5 8 8 9 E - 1 0

' Rgs7bp 2 .18 3 4 . 9 3 1 6 8 E - 0 6

I Tox 2 .1 8 2 4 . 5 5 4 3 3 E - 0 8

! Thsd7a 2 .1 7 9 7 .4 0 5 6 6 E - 0 6

] P cdh gal 2 .1 7 5 0 .0 0 0 7 3 0 4 9 4

! B C 0 0 5 5 6 I 2 .1 75 0 .0 0 6 3 5 9 0 5 1

; Gfra2 2 .1 73 3 . 0 2 5 0 7 E - 0 8

C d83 2 .1 73 1 3 I 8 1 1 E - 0 5 2 .1 5 7 0 .0 4 3 2 7 8 3

D pyd 2.171 3 15 38E -06 2 .3 1 0 0 . 0 2 8 2 9 0 6 1

Pappa2 2 .1 7 0 0 . 0 0 0 1 7 4 6 6 6

1 A lca m 2 .1 65 9 . 2 2 8 2 5 E - 1 0

j Scu be3 2.161 0 .0 0 0 1 0 9 2 4 7

1 C x c l l 4 2 161 2 . 3 3 8 5 E - 0 6

1 C c b e l 2 .1 5 9 4 .9 8 7 0 8 E - 0 7

1 RapgefS 2 .1 5 9 2 .8 8 7 9  IE-05

1 M asp l 2 .1 5 8 0 .0 0 6 4 9 5 7 3 2

1  CdklS 2 .1 55 0 . 0 2 6 2 4 6 7 8 7

6 4 3 0 7 0 4 M 0 3 R ik 2 .1 5 0 0 . 0 0 3 6 6 1 4 6 1

! KcnabI 2 .1 4 6 3 .7 1 0 2 7 E - 0 5

N ck ap5 2 .1 4 5 0 .0 0 0 3 8 7 5 5 4

A ce 2 .1 4 4 0 .0 0 3 9 2 8 3 4 1

S p o c k 2 2 .1 4 4 1 .40 7 46 E -07
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PtchI 2.143 0.014230432

Klf7 2,143 0.008730025

N28178 2.142 0.03120798

Trim30a 2.142 0.000562132

Paqr6 2.142 0.010785309

Opcml 2.140 1 0228E-05

Sema3d 2.140 0.000504096

FgflO 2.139 8.88607E-08 2.478 0.03668818

Tns3 2.139 8.54283E-09

Tlr7 2.137 0.003542479

G u cy la l 2.135 0.028616299

Gbp6 2.131 0.000161545

Apbb2 2.130 0.000665099

Rnfl82 2.128 0.000280459

Igfl 2.124 5.59649E-09

Cblnl 2.123 0.014485088

Rassf4 2.118 7.75766E-08

Hmcnl 2.117 1 176IIE-05

Pcdhga9 2.115 0.001917222

Spn 2.109 0.038737032

Elavl2 2.108 0.003871433

C3 2.106 0.001376546

Grm7 2.106 4.09248E-06

Cpz 2.104 0.014086119

S cnla 2.102 0.01030945

Lrfn5 2.100 0.007871477

Epha3 2.097 5.43178E-07

Sfrp2 2.092 8.7I221E-09 2.618 0.013549614

ChmaV 2.091 0.00528383

Enam 2 088 0.03526418

Sarml 2.086 0.003770446

Evi2a 2.085 0.007561705

RnnSO 2.079 0.008231714

Ptplad2 2.077 0.002338624

K rtl8 2.075 1.68256E-05 2.290 0.024764035

lllr ll 2.067 0.000501689

Zfp618 2.064 0.000605746

Hba-x 2.064 4.27266E-05

Megf9 2.063 0 005656898

Trim56 206 2 0 023901364

Slcl6a8 2.062 0.02993116

Grp 2.059 0.016656605

Ccdc30 2.057 0 015181653

Slc4al 1 2.048 0.016905863

Hmgcs2 2.046 0.009096192

Mpo 2.042 0.026482552

Pdgfra 2.041 8.36077E-08

Shankl 2.039 0.019115693

K lfl2 2.034 4.99436E-05

Bmp3 2.030 3.60153E-06

Wnt4 2.028 0 000376716

G m l3152 2.027 0.002657245

Rspo3 2.022 9.07763E-08

LonrO 2.020 7.45703E-06

Kill 2.017 2.23348E-07

1700003EI6Rik 2.017 0.000337161

Megf6 2.016 0.00033747 2.069 0.019919738

Zblb7c 2.011 1.04392E-05

Lphn3 2.011 6.2356E-05

D1300l7N08Rik 2.009 0.012273568

Ccdc60 2.007 0.001639865
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R abl7 2.006 0.030860461

Slc5a3 2.004 4.00678E-07

Sytl6 2,001 0.000316039

Kndcl 5,317 0,013908912

LOCI 00046616 4,014 0,04956006

Ccdcl21 3,313 0,03042167

Gm5382 3,244 0,024911175

1700025F22Rik 3.023 0,015984364

Statl 2,952 0,030546911

Slc5a7 2.908 0,021124505

Gpr4 2,836 0,04425495

AA387883 2,759 0.008290993

Gm3333 2.724 0.030546911

Nrip3 2.627 0.030546911

Nrxnl 2.587 0.03586748

Tm em l78 2,561 0.006270704

Syn2 2.460 0.020233307

Penk 2.453 0.024911175

Krtl3
_

2,427 0.04227364

E330013P04Rik 2,410 0 03668818

Fxyd7 2,325 0,024911175

Mgstl 2,283 0.035782292

LOC552880 2,278 0,034443438

Tm em l45 2,270 0.012821585

503341 lD I2R ik 1 2,227 0.04737632

Rndl 2,213 0,047857255

Me3 2.207 0,026873125

Stmn2 L 2 190 0.0417661

Fam l96a r 2 181 0.012889229
-  - — - - ---------------------  ------- --------

Fam l81b 2.159 0.005028295

Gal3st4 2.119 0.029877413

Sfrsl3b r 2.106 0.010502099

SultSal 2.088 0.046443906

1500015OI0Rik 2,050 0,027150191

' BC068157 2.016 0,048310697

Ankrd29 2.005 0,033869874
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A p p en d ix  B
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j
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(a) Pdgfra

(b) Pdgfa

^g) Col8a1
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Appendix Figure B .l: In situ hybridisation Images of Genes identified to be differentially 
expressed, qualitative expression in TS23 control limbs. These genes are not associated with a 
specific cell signalling pathways but are potentially interesting because of their roles in 
growth (a. Pdgfa, b. Pdgfra), as cadherin receptors (d. PcdhlO,e. PcdhS), integrin binding ( f  
Itghlbpl), cartilage condensations (i-j, Barx2), cartilage expression (k-p, d ip )  the 
cytoskeleton (q-r, PdlimS) and in the extracellular matrix (g. Col8al,h. Col20al). No 
differences were seen in the digit elbow or shoulder joints joints for Barx2, d i p  and PdlimS 
expression, with only digits shown for Barx2 and PdlimS. All scale bars lOOum
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A. BMP pathway C. Wnt pathway D. FGF pathway

W nt2

Wnt2b

Grem2

W nt16

Lrrn1

B HH pathway

Rspo3

Lrrn1

Appendix Figure B.2: In situ hybridisation Images o f Genes identified to be differentially 
expressed associated with the BMP (A), Hedgehog (B), Wnt (C) and FGF (D) signalling 
pathways. Expression o f all genes is shown on TS23 control forelimb tissue, with the boxed 
regions in three cases being in the hand plate. Genes shown are Bmp4, Grem2, C rabpl, Lrrnl 
for BMP pathway in A. Hhatl for Hedgehog pathway in B. Wnt2, Wnt2b, W ntl6, Rspo2, 
Rspo3, Lrm l and Epha4, for the Wnt pathway in C. Fgfr4, Fgf8, FgflO and Spryl were 
screened for the FGF pathway. All genes shown patterns were not followed up in the muscle- 
less mutant due to low levels o f detection by ISH, or detection revealed expression only in the 
adjacent muscle. All scale bars 100|im.
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Appendix C

pCDNA-pcatATcf

Am picillinO RF

N eom ycin  O R F

PCDNA3.1
5.4kb

T ranscrip tion  s ta rt site(2356)

T7 p ro m o te r (2390-2409) 

FLAG s ite  (2437-2463) 

--------------------------  Nde1 (2 4 9 5 )

S P 6  prom  o te r  (473&475s; 

T3 p ro m o te r (4706-472'^
C tn n b i in se rt (2494-2890), 
corresponds to NM_001165902 1 
mRNA 2044-2430bp

E coR 5
(4693)

Tcf7l1 in se rt (2917-4682), 
corresponds to NM_009332.3 
mRNA 298-2063bp

FLAG sequence;MDYKDDDDK

Appendix Figure C . l : Restriction map o f pCDNA-PcatATcf, used for ectopic over-expression 
o f |3-catenin.Construct produced in collaboration with laboratory o f Margaret Buckingham, 
Pasteur Insitute, by Frederic Relaix. The full sequence o f the construct has been deposited in 
Genebank accession number KM 189193.
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pCS2mFRZB-HA

SaM 0.62
Ampicillin S P 6  promoter

BamH1
Cla1
BstB1
EcoR1

p C S 2 m F R Z B - H A
6.36kb

T7 promoter 1.62

S a d  1.65  

START 1.66

S a d  1.76

Notl
Kpnl

Aatll HA epitope 2 .14

T7 promoter

Xbal
Xhol STOP 2.64

mFRZB-1 insert.
corresponds to 549bp to 
2020bp onNM_011356 4

Appendix Figure C.2: Restriction map o f pCS2mFRZB-HA, containing the HA epitope tag, 
used for ectopic over-expression o f FRZB/Sfrp3.

pEGFP-CI

Nhe I (by?i 
— fC047 III |i)97l 

Age  I (fioi-

5co0109l
(;)8h4|
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Appendix Figure C.3: Restriction map and multiple cloning site o f pE G FP-C l.
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Specimen 1 Specimen 2 Specimen 3

Specimen 4 specimens specimens

Specimen 7

Electroporated limb

Appendix Figure C.4: Frontal views o f upper torso from 3D volume representation o f Col2al 
expression for Pcatenin electroporated specimen 1-7. Yellow star represents electroporated 
limb.

C.XXIV



Specimen 2

2a

2b

S S. f
3a

Specimen 3

O
3b

0 ^

c.xxv

Transverse Sections Longitudinal Sections

.
. i f

Transverse Sections Longitudinal Sections



Specimen 5

5a Dorsal

5b

Specimen 6

Dofsal ♦90“ ♦16Cr ♦270“

¥ \  '! {
m  V  A

E r flH mm

Transverse Sections Longitudinal Sections



Specimen 7
7a

7b

Appendix Figure C.5: Analysis o f  Col2al and GFP expression in Pcatenin electroporated Specimens 2-7. EP limb (b) compared to contra-lateral non­
electroporated (non-EP) limb (a). External views o f volume representation o f the same limb following OPT scanningCo/2a7 expression is shown for 
each specimen, with rotations every 90°. Transverse and longitudinal sections were taken through the 3D reconstructions for Col2al and GFP 
expression. Expressing tissue appears as white/light grey in the reconstructions. Specimen 2: 2a (non-EP) (i-iii, transverse sections; iv-vi longitudinal 
sections) 2b (EP) (i-iv, transverse sections; v-vii longitudinal sections). Specimen 3: 3a (non-EP) (i-ii, transverse sections; iii-v longitudinal sections) 
3b (EP) (i-iii, transverse sections, iv-v longitudinal sections, Col2al and GFP shown). Specimen 5: 5a (non-EP) (i-iii, transverse sections; iv-v 
longitudinal sections) 5b (EP) (i-iii, transverse sections; iv-v longitudinal sections, Col2al and GFP shown). Specimen 6: 6a (non-EP) (i-iv, transverse 
sections; iv-vi longitudinal sections) 6b (EP) (i-iv, transverse sections; v-ix longitudinal sections, Col2al and GFP shown). Specimen 7: 7a (non-EP)(i- 
v, transverse sections; vi-viii longitudinal sections) 7b (EP) (i-iv, transverse sections; v-vii longitudinal sections, Col2al and GFP shown). Green 
arrows indicate GFP expression, s; scapula, h; humerus, u; ulna, r; radius, c; carpals.
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Appendix Figure C.6: Frontal views of upper torso from 3D volume representation of Collal 
expression sin Sfrp3 electroporated specimen 1-6. Yellow star represents electroporated limb.
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Specimen 6
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Appendix Figure C.7: Analysis of Col2al and GFP expression in Sfrp3 electroporated Specimens 1-6. EP limb (b) compared to contra-lateral non­
electroporated (non-EP) limb (a). External views of volume representation of the same limb following OPT scanning Col2al expression is shown for 
each specimen, with rotations every 90°. Transverse and longitudinal sections were taken through the 3D reconstructions for Col2al and GFP 
expression. Expressing tissue appears as white/light grey in the reconstructions. Specimen 1: la  (non-EP) lb  (EP), Specimen 2: 2a (non-EP) (i-ii, 
transverse sections; iii-iv longitudinal sections) 2b (EP) (i-ii, transverse sections; iii-iv longitudinal sections, Col2al and GFP shown). Specimen 3: 3a 
(non-EP) (i-ii, transverse sections; iii-vi longitudinal sections) 3b (EP) (i-iii, transverse sections, iv-v longitudinal sections, Col2al and GFP shown). 
Specimen 4: 4a (non-EP) (i-iv, transverse sections; v-vi longitudinal sections) 4b (EP) (i-iii, transverse sections; iv-v longitudinal sections, Col2al and 
GFP shown). Specimen 5: 5a (non-EP) (i-iii, transverse sections; iv-v longitudinal sections) 5b (EP) (i-ii, transverse sections; iii-v longitudinal 
sections, Col2al and GFP shown). Specimen 6: 6a (non-EP) (i-iv, transverse sections; v-viii longitudinal sections) 6b (EP) (i-vi, transverse sections; 
vii-x longitudinal sections, Col2al and GFP shown). Green arrows indicate GFP expression, s; scapula, h; humerus, u; ulna, r; radius, c; carpals, me; 
metacarpals.
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Appendix Figure C.8: Analysis o f  Sfrp2 expression in Sham electroporated forelimbs. 
External views o f volume representation o f the same emrbyo following OPT scanning and 
reconstruction are shown (lateral) and rotated +180° (frontal). Red line indicated the plane of 
a virtual coronal (i) and transverse (ii) section for each limb; Sfrp2 expression shown in (i, ii 
red) alongside the GFP background surface channel (i, ii white). Expressing tissue appears as 
white/light grey in the reconstructions. Green arrow head shows GFP expression
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Abstract:

The Mechanical Regulation of Skeletal Development: Identification and characterisation of 
mechanosensitive genes that contribute to tissue differentiation in bone and joint

development.

Rebecca Rolfe

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 
ftisions 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. 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 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 the two most affected phenotypic sites 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. 
Comparisons of adult stem cells and embryonic cell cultures exposed to hydrostatic 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. 
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.


