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Figure 1.1. Overview of the stages of skeletal cell differentiation and their indicative gene markers. (A) Osteoblasts, osteocytes 
and chondrocytes all originate from a mesenchymal stem cell (MSC) progenitor. MSCs either differentiate into pre-osteoblasts 
which are RUNX2+ or osteo-chondral progenitors which are SOX9+. Hypertrophic chondrocytes can transdifferentiate into pre-
osteoblasts. Mature osteoblasts express matrix component genes, such as type I and type X collagens. If they become entrapped 
within the bone, they terminally differentiate into SOST+ osteocytes. (B) Osteoclasts originate from haematopoietic stem cell 
(HSC) progenitor. They differentiate into CSFR1+ pre-osteoclasts before fusing and forming a multinucleated osteoclast. Once 
matured osteoclasts express genes involved in bone resorption such as CTSK and MMP9.    
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Due to the important role of BMP signalling in skeletal development and repair, mutations in various 

BMP signalling components can result in a plethora of skeletal dysplasias. For example, mutations in 

the BMP type I receptor, ACVR1, results in the overactivation of BMP signalling which causes ectopic 

ossification of connective tissues (75). This leads to the development of fibrodysplasia ossificans 

progressive (FOP) disease. In fact, the discovery of dorsomorphin, an inhibitor of ACVR1 activity and 

hence a potential therapeutic to treat FOP, was discovered from a drug screen conducted in zebrafish 

(76,77). Another example is the highly osteogenic BMP ligands, BMP2 and BMP7, have been approved 

to be used to help heal non-union fractures in long bones and aid the repair of spinal fusions (78). 

Therefore, it is important to understand the complexities of BMP signalling as it leads to the 

development of clinical therapeutics to help those with skeletal deformities or injuries.   
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1.2.2. Endochondral ossification  

Endochondral ossification is a process by which cyclindral bone, which comprise the majority of skeletal 

bones below the neck in mammals, such as long bones (e.g. femur), ribs and vertebrae. It is a complex 

process which requires the formation of a cartilage template prior to ossification by osteoblasts 

(summarised in Figure 1.5). The process is regulated by the tight coordination of multiple signalling 

pathways such as Hedgehog, FGF, BMP and WNT signalling (79).    

 

In the first stage of endochondral ossification, SOX9+ MSCs commit to a chondrocyte lineage and 

condense to form compact nodules (Figure 1.5). Next, COL2A1+ chondrocytes rapidly proliferate and 

start to produce cartilaginous ECM to form the cartilage template (80). The cells at the periphery of the 

skeletal element then differentiate into perichondrial cells which commit to an osteoblast cell fate. 

After condensation and initiation of chondrogenesis, the next stage of skeletogenesis involves growth 

plate development and ossification. The proliferating chondrocytes at the centre of the cartilaginous 

element stop proliferating and grow to form hypertrophic chondrocytes accompanied by a change of 

collagens (12). Hypertrophic chondrocytes secrete the angiogenesis factor VEGF which triggers local 

vascularisation of the cartilage template (81). This subsequently allows the influx of osteoblast and 

osteoclast progenitors. The perichondrial cells go on to differentiate into osteoblasts to form an 

intramembranous ossified bone collar which helps maintain the shape of the developing bone. 

Hypertrophic chondrocytes then take one of two routes; undergo apoptosis to allow for the influx of 

mature osteoblasts or differentiate into osteoblast-like cells via the expression of RUNX2 and SP7 (19). 

Infiltrating osteoclasts then excavate the cartilage template which helps form the bone marrow cavity 

in the centre of the bone which establishes a longitudinal growth axis with two growth plates at 

opposite ends (82). Mature osteoblasts within the template start to undergo ossification to form 

trabecular bone, which becomes the primary ossification centre. Eventually, as the bone elongates, 

secondary ossification centres form in both epiphyses (bone formed between the growth plate and 

joint) and articular cartilage is formed at either end of the bone (82). Articular cartilage is formed by 

chondrocytes and it protects the bone in joint sites (83). The growth plate acts as a site for new bone 

growth due to harbouring a pool of chondrocytes (82).  
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Figure 1.5. Overview of endochondral ossification. Endochondral ossification involves the formation of a cartilage template 
which is then ossified to form bone. It starts by the condensation of SOX9+ MSCs into nodules formed of proliferative 
chondrocytes and perichondral cells at the edge which commit to an osteoblast lineage. Next, the chondrocytes differentiate 
into hypertrophic chondrocytes and vascularisation is initiated. Hypertrophic chondrocytes then either transdifferentiate into 
osteoblasts or apoptose to allow pre-osteoblasts to infiltrate. Osteoblasts then initiate ossification of the cartilage template 
apart at either end of the bone which remains cartilage to protect the joint sites. Growth plates containing hypertrophic 
chondrocytes are found at either end of the bone.  
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1.2.3. Intramembranous ossification 

A small proportion of bone is formed by intramembranous ossification. It forms the flat bones of the 

skeleton such as the skull, cranial facial bones and the clavicles, and in fish forms the fin ray bones. 

Unlike endochondral ossification, no cartilage template is made as MSCs directly differentiate into pre-

osteoblasts and mature osteoblasts where they then cluster together to secrete osteoid (19). Osteoid 

is an uncalcified matrix consisting of osteocalcin and collagen type I fibres. However, during 

intramembranous ossification the osteoid hardens due to precipitation of calcium and phosphate 

minerals in the form of hydroxyapatite. Occasionally during the ossification process osteoblasts can 

become entrapped and subsequently terminally differentiation into osteocytes. MSCs line the newly 

ossified bone which results in the formation of the periosteum membrane. On the opposite side, more 

osteoblasts continue to secrete osteoid which results in the formation of cortical bone which surrounds 

trabecular bone. The commitment of MSCs into an osteoprogenitor fate and the subsequent osteoblast 

differentiation and proliferation is primarily regulated by FGF and WNT signalling (44,84). 

1.2.4. Bone remodelling 

Bone remodelling is an important dynamic process which ensures that bone tissue maintains the 

correct ratio of organic to inorganic minerals to regulate mineral homeostasis. It also ensures the 

removal of damaged bone due to daily wear and tear, with healthier bone, to maintain mechanical 

strength (85). The amount of inorganic minerals within a certain volume of bone is referred to as bone 

mineral density (BMD). If BMD fluctuates from its equilibrium, it can result in bone fragility disorders, 

e.g. osteoporosis, or bones with excessive strength and rigidity e.g. high bone mass (HBM) dysplasias 

(Figure 1.6). The effect of dysregulated BMD on the skeleton will be discussed later in this chapter. 

 

Throughout adulthood, as much as 5-10% of bone is remodelled per year (86). This involves the 

reabsorption of old bone followed by the formation of new bone matrix, osteoid, which becomes 

mineralised to form new bone. Bone remodelling involves the formation of basic multicellular units 

(BMU) which coordinate bone remodelling over four stages: activation, resorption, formation and 

termination (86). Each BMU consists of clusters of osteoclasts and osteoblasts which cover the bone 

surface targeted for remodelling (Figure 1.2). Prior to remodelling, the bone is in a quiescent state and 

therefore the formation of the BMUs require an activating signal. This signal can come in various forms, 

from mechanical (e.g. stress and strain) to hormonal (e.g parathyroid hormone) which are detected by 

osteocytes. Osteocytes are key orchestrators during remodelling as they are able to control both 

osteoblast and osteoclast differentiation (87). This ensures that areas of bone which are subjected to 

regular mechanical load and microfractures are targeted for remodelling. These activation signals 
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Figure 1.7. Overview of HBM associated genes categorised into their biological pathways. Known genes in the literature with 
HBM associated genetic variants organised into their roles in different cell types and signalling pathways. Adapted from Bergen 
et. al., 2022 (138).  
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1.4.2. Discovering novel skeletal genes 

The success of the discovery of SOST and osteo-anabolic romosozumab treatment, has led the field to 

investigating the genetic causes of HBM as potential targets for osteo-anabolic drugs and to further 

understand the genetic regulation of BMD. Multiple different genetic approaches can be carried out to 

identify both rare monogenic causal variants, and common polygenic associated variants. Combining 

both strategies provide a powerful tool to identifying a host of novel skeletal related genes.  

1.1.1.12 HBM pedigree genetic studies  

Pedigree studies investigate the inheritance of disease-causing genes within families. Therefore, they 

allow for the identification of rare and highly conserved genetic mutations with large phenotypic 

effects. An example of a pedigree study which was vital in discovering HBM associated genes is the 

multicentre observational UK HBM study led by Professor Celia Gregson at the University of Bristol 

(132). The aim of the study was to characterise the genetic cause of individuals with unexplained HBM. 

To do so, individuals with unexplained generalised HBM were identified from 335,115 routine DEXA 

scans from 13 different UK centres. After analysis of the DEXA scans to exclude any artefactual HBM 

(e.g. osteoarthritis osteophytes), 337 individuals and 22 families with unexplained HBM were recruited, 

equating to 0.2% prevalence within the population (132). Individual cases or multiplex families then 

underwent genetic testing, either by sequencing known candidate genes using Sanger sequencing, or 

by performing an unbiased approach via whole exome or whole genome sequencing (WES/WGS). 

Linkage analysis was performed within pedigrees to identify inherited loci which would be likely to 

linked to causal genes. The generated list of SNVs was then filtered and prioritised based on previous 

literature, known functions and disease associations, and presence of orthologs in mouse and 

zebrafish. Individuals with monogenic HBM caused by already established genes (e.g. SOST and LRP5) 

were also removed from the data set. This led to a list of novel HBM causing genes with predicted large 

effects on protein formation and function, which could be potential osteo-anabolic targets.  

1.1.1.13 HBM and BMD GWAS 

GWAS is a genetic tool which identifies the link between common polygenic variants and phenotypic 

traits (141). An example of this was described previously where hundreds of novel loci have found to 

be associated with BMD from heel ultrasounds of individuals in the UK Biobank (142). After the advent 

of the UK HBM study, it was noted that extreme high BMD is likely to have contributions from common 

SNVs, as well as the previously identified rare monogenic variants. Thus in 2018, GWAS was performed 

on the UK HBM cohort with extreme unexplained HBM, combined with individuals with high and low 

BMD from the Anglo-Australasian Osteoporosis Genetics Consortium (AOGC) (143). A large enrichment 

for associations with known BMD loci was observed which was the first indication that HBM has a 
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polygenic component. Combining the UK HBM pedigree study with GWAS for common variants 

associated with normal and extreme high BMD then acts as a powerful tool for identifying and 

prioritising novel skeletal genes involved in regulating BMD (144,145).  

1.4.3. Prioritised HBM associated genes for functional studies  

The list of genes identified from both the UK HBM study and UK BioBank GWAS for BMD, were 

prioritised based on prior literature knowledge and orthologues in zebrafish and mice models. None of 

the genes selected are duplicated in the zebrafish genome which would result in an easier gene editing 

process. Three genes were also picked with a range of prior literature from well characterised to less 

well characterised in bone, to ensure the success of at least one project. From this, three genes were 

chosen for further validation for this PhD study, based on previous research within the lab, availability 

of consumables and prior published literature.  

1.1.1.14 SMAD9 

SMAD9 (previously known as SMAD8 or MADH9) is a co-transcriptional regulator of BMP signalling with 

SMAD1 and SMAD5, which are all R-Smads. The human protein transcript for SMAD9 shares 83% 

similarity to zebrafish. A monogenic HBM pedigree showed segregation of HBM and normal BM 

correlating with the c.65T>C p.Leu22Pro mutation in SMAD9 (145). GWAS confirmed that single 

nucleotide polymorphisms (SNPs) around the SMAD9 gene are strongly associated with eBMD (146). 

The c.65T>C p.Leu22Pro mutation has also been seen in the independent cohort AOGC with HBM and 

low BM individuals (145). The c.65T>C p.Leu22Pro mutation is predicted to disrupt the MAD-homology 

1 DNA binding domain of SMAD9 (145). As mentioned in section 1.1.1.6, BMP signalling is important in 

the development of bone and cartilage, as well as early embryo patterning (64). The unique capacity 

of Smad9 to inhibit BMP regulated gene expression and its association with HBM, means it could be a 

suitable target gene for osteo-anabolic osteoporosis treatment (74). However, little is known about the 

role of SMAD9 in bone homeostasis and therefore studies into characterising SMAD9 spatiotemporal 

activity is required in vivo to understand what cell types would respond upon pharmacological 

manipulation.   

1.1.1.15 WDR5 

WDR5 (formally known as BIG-3) is a highly conserved WD40 repeat-containing protein with 7 WD 

repeats. The human protein transcript for WDR5 shares 95% similarity to zebrafish. A HBM pedigree 

with the rare missense variant p.Ile285Thr was identified in the highly evolutionary conserved WDR5 

gene (unpublished). GWAS confirmed that SNVs around the WDR5 gene are also strongly associated 

with eBMD (unpublished). Protein modelling predicts that the p.Ile285Thr missense variant will have 
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severe impact on the WDR5 binding motif (WBM). The WBM site is important for partner protein 

interactions which are crucial for WDR5 histone methyltransferase activity which regulates gene 

expression via modifying histones. Via this site, WDR5 is well known for regulating multiple cellular 

processes (147). WDR5 also has a second binding site known as the WDR5 interaction site (WIN). This 

site is well studied due to its interaction with the MLL/SET complexes which are involved in the 

progression of multiple cancer types (148,149). Initial studies have suggested the role Wdr5 plays in 

promoting bone formation but further in vivo studies are required to understand whether Wdr5 can 

aid anabolic bone formation via pharmacological manipulation (150,151).  

1.1.1.16 PIEZO1  

PIEZO1 is a mechanosensitive ion channel which enables multiple different cell and tissue types to 

respond to mechanical stimuli (152). The human protein transcript for PIEZO1 shares 59% similarity to 

zebrafish. Multiple rare variants from both the UK HBM cohort and AOGC have been discovered in 

PIEZO1 which are associated with extreme high bone mass. Contrastingly, multiple variants in PIEZO1 

have also been found to be associated with low bone mass (unpublished). GWAS also confirmed that 

SNVs around the PIEZO1 gene are also strongly associated with eBMD (unpublished). Mechanical load 

is vital for bone homeostasis, growth and development, therefore it is unsurprising that PIEZO1 is 

important in BMD regulation (27). Initial research has shown that PIEZO1 is required for successful 

bone formation, specifically by endochondral ossification (27,153). However, its specific role in osteo-

anabolic processes require further investigation to determine if it is a suitable target for 

pharmacological manipulation.  

 

Overall, these prioritised osteo-anabolic genes require further in vitro and in vivo functional studies to 

advance our understanding in how BMD is regulated and hence determine which genes are suitable as 

potential anabolic osteoporosis drug targets.  
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1.5. Models for studying the skeletal system  

There are a multiple of different models at our disposal which allow us to answer a range of scientific 

questions related to skeletal system. From in vitro studies using 2D and 3D cell culture, to in vivo studies 

using mouse and zebrafish models. The strengths and limitations of using these models to research the 

skeletal system will be explored in this section with an overview provided in Table 1.1. When multiple 

models are used in combination they allow for a holistic overview of the role of a gene/protein in the 

chosen system. 

Table 1.1. Comparison of the advantages and limitations of different in vitro and in vivo models. 

 
In vitro  In vivo  

2D cell culture 3D cell culture Mouse Zebrafish 

Cost Low Medium High Medium 

Ease of use High Medium Medium High 

Drug screening High Medium Low High 

Ease of genetic 
modification High Low Low Medium 

Modell ing osteocyte 
biology Medium Medium High Low 

Dynamic imaging Medium Medium Low High 

Accessibil ity of bone 
tissue High High Low Medium 

 

1.5.1. In vitro cell culture  

1.1.1.17 2D cell culture  

2D monocultures are a relatively quick and easy model, which can be used to explore the molecular 

mechanisms, signalling pathways and protein localisations involved in healthy and diseased skeletal cell 

functions. There are multiple well established immortalised cell lines which are used to investigate the 

functions of osteoblasts (e.g hFOB), osteocytes (e.g. ocy454, MLO-Y4) and osteoclasts (e.g. RAW264.7) 

(154). Cell lines are easy to grow, genetically manipulate and are cheap to maintain. However, due to 

years of passaging they are likely to be genetically distinct from their origin source, and hence could 

provide inaccurate results (155). Due to this reason, there is a shift in the field to move towards 

culturing primary human cells.  

 

Primary cells are those which have been isolated and cultured directly from patient tissue. Skeletal cells 

are incredibly difficult to directly extract and isolate from bone due to difficulty in breaking down bone 
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Table 1.2. Comparison of mouse and zebrafish skeletal systems relative to humans 

 Human Zebrafish Mouse 

Skeletal cells  

Osteoblasts  
Osteoclasts  
Osteocytes  

Chondrocytes  

Osteoblasts  
Osteoclasts  

Osteocytes (l imited 
tissues)  

Chondrocytes  

Osteoblasts  
Osteoclasts  
Osteocytes  

Chondrocytes  

Bone types 
Dermal  

Compact  
Spongy 

Dermal  
Compact  
Spongy 

Dermal  
Compact  
Spongy 

Ossif ication types Intramembranous  
Endochondral  

Intramembranous  
Endochondral  

Intramembranous  
Endochondral  

Bone marrow Yes No Yes 

Gene conservation to 
humans N/A 70% 85% 

Development In utero (9 months)  Ex utero  In utero  

Average brood size N/A 150-300 6-8 

Mineralisation occurs 
by 4-5 weeks  3-4 dpf 2 weeks  

Direction of loading Axial  Axial  Orthoganol  

Fracture repair Yes Yes Yes 

Bone regenerative 
capacity No Yes No 

Skeletal maturity Up to 30 years  4 months  4-5 months 

 

1.5.3. Zebrafish model 

Zebrafish (Danio rerio) are freshwater tropical fish originally found in South Asia, but in the last 40 years 

they have been readily used in scientific research. They have a high genetic similarity to humans, with 

70% of all genes and 85% of disease causing genes being conserved (180,181). This means that 

zebrafish can recapitulate the pathology of various human diseases for further study. They are also 

highly fecund with up to 300 eggs being produced each week by a pair. These eggs develop externally 

and rapidly, with the first bone formed within 3-4 days and skeletal maturity being reached within 3-4 

months (182). Therefore, unlike the mouse model, developmental research can be undertaken without 

invasive procedures or having to sacrifice the mother. Zebrafish eggs and larvae also have optical 

clarity, which allows for easy visualisation during developmental stages under the microscope. Ex utero 

development and clear chorions also allows for the easy delivery of compounds which allow for genetic 

manipulation e.g. morpholinos and components of CRISPR/Cas9 (183,184). The genetic tractability of 

the zebrafish has led to a vast bank of transgenic reporter and mutant lines, catalogued by the Zebrafish 
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multiple hemirays which are separated into segments by joint spaces. These rays can also undergo 

bifurcation to form multiple branches. Scales are formed of two distinct layers: the calcified protective 

matrix on the external side and type I collagen fibral layer on the internal layer (198,199). Early 

osteoblasts are found at the outer edges and mature osteoblasts are found in the centre. Scales also 

have resident osteoclasts, various immune cells and precursor cells, but similar to fins they lack 

osteocytes (199,200). Both fins and scales are translucent which allows for live dynamic imaging in 

adult zebrafish using transgenic reporters and bone stains.  

 

The zebrafish skeleton is also an attractive model to study osteo-anabolic processes as they have the 

capacity to both regenerate and repair skeletal structures (56,201). Callus formation after fracture in 

zebrafish is reminiscent to human fracture repair. The repair process is initiated quickly with de novo 

bone formation occurring just 2 days post injury and the fracture heals within 14 days (56). Due to the 

live imaging capabilities, fracture repair can be tracked over time so the cellular processes involved can 

be better understood which allows for the future development of pharmaceutical treatments for 

osteoporosis patients (56,202). Zebrafish, unlike mammals, have the capacity to regenerate bones after 

injury, which can be modelled in fins and scales (199,201). After fin amputation, osteoblasts are able 

to de-differentiate into pre-osteoblasts which proliferate to form the blastema tissue (201,203). The 

pre-osteoblasts then differentiate as normal to produce new mineralised matrix as the bone 

regenerates (204). The fin regeneration model allows for further investigation into the processes which 

control bone patterning, formation, and osteoblast differentiation (205). Scales which have been 

plucked from adults are also capable of regenerating (199,206). Recently Bergen et. al. (2022), showed 

that regenerating scales are enriched for orthologues which cause monogenic skeletal disorders in 

humans (e.g. COL1A1, related to osteogenesis imperfecta) which provides evidence that the humble 

scale is capable of modelling human skeletal dysplasias (199). De novo osteoblast formation can also 

be investigated in larvae using the sp7:mCherry-NTR line, whereby nitroreductase (NTR) is under the 

control of an osteoblast specific promoter (207). When the pro-drug nifurpirnol (NFP) is added to the 

water, NTR reduces it to form cyto-toxic metabolites causing osteoblast ablation (208). This is another 

quick and non-invasive method of studying regeneration in vivo (208).  

1.1.1.20 Low and high bone mass models  

Zebrafish embryos are highly genetically tractable, which allows for the generation of mutants which 

mimic human skeletal dysplasias. To date there are currently approximately 50 genetic mutants which 

model skeletal diseases (209). Low BMD zebrafish models with brittle and fragile bones which 

frequently fracture, include the col1a1 (chihuahua), wnt16, and sp7 mutants (56,196,210). Secondary 

osteoporosis (GIOP) has can also be modelled in zebrafish by prolonged treatment with glucocorticoids, 
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such as prednisolone (196). These models have recapitulated what occurs in humans, such as decreased 

bone mineralisation and increased resorption, which allows for further investigation into the 

mechanisms which are dysregulated by glucocorticoid treatment. For example, larvae treated with 

prednisolone for up to 10 days showed an increase in genes involved in ECM degradation and a 

decrease in mature osteoblast markers (112). The scale GIOP model can also be used for high-

throughput testing of osteo-anabolic treatments to reverse the effects of prednisolone on bone 

mineralisation (211). Various forms of HBM have also been modelled in the zebrafish, for 

example CSF1R-related dysosteosclerosis which results in bone hardening due to dysregulated 

osteoclast activity (212,213). But the advent of precise single nucleotide editing via homologous 

directed repair using CRISPR/Cas9 opens up the possibility of creating zebrafish mutants which harbour 

specific HBM patient SNVs (214,215).  

1.1.1.21 Pharmacological Manipulation  

Zebrafish are also a good model for drug discovery pipelines as drugs can be easily administered via 

water (216). Larvae in a multi-well format also open up the possibility of high-throughput drug testing. 

A great example of the successful use of zebrafish larvae for high-throughput drug testing resulting in 

a drug used in clinic, is the discovery of dorsomorphin to treat lymphoma from a screen of 7,500 other 

small molecules (76). Utilising the imaging possibilities in zebrafish, semi-automated imaging strategies 

can be used to test a library of osteo-anabolic drugs. For example, detecting changes to bone 

mineralisation using Calcein green, 6 catabolic and 2 anabolic compounds were identified to 

successfully alter notochord mineralisation (217). Scales are also capable of being cultured ex vivo for 

up to 5 days which opens another avenue of high throughput drug testing but this time on homeostatic 

rather than developing mineralised bone. One study developed a quantitative readout of osteoblast 

activity using luciferase under the control of the sp7 promotor which allowed them to test the 

effectiveness of a library of osteo-anabolic compounds (218). From this screen on scales, they 

replicated the effect of the compounds when they have previously been tested in vivo and in vitro which 

demonstrates that scales have the potential to identify novel osteo-anabolic targets in a more cost-

effective way compared to mice (218). However, it is important to remember that there are subtle 

differences between mammalian and teleost endoskeletal bone which need to be taken into account 

when assessing the suitability of different drug targets (Table 1.2.). Despite this, zebrafish are an 

attractive model to both study human skeletal dysplasias and to help discover new potential osteo-

anabolic drugs to help the treatment of osteoporosis.  
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1.6. Summary and Aims 

1.6.1. Literature summary  

The skeletal system is a complex and dynamic tissue consisting of multiple different cell types 

(osteoblasts, osteocytes, osteoclasts and chondrocytes). Bone formation, ossification and repair are 

tightly regulated processes by a plethora of signalling cascades, in particular WNT and BMP signalling 

(41). It is important to understand how normal BMD is regulated within healthy adults due to the rise 

of the metabolic bone disease, osteoporosis, in our aging population. Osteoporosis is an extremely 

common bone fragility disease which effects up to 1 in 3 people around the world (92). Currently, 

treatment for fragility fractures puts a large financial burden on our health care services due to the lack 

of new osteo-anabolic therapies (93). Rare monogenic skeletal disorders such as HBM and the 

advancement of whole genome sequencing technologies, provides a unique opportunity to discover 

novel anabolic genes involved in BMD regulation (219). In fact, the discovery of the HBM associated 

gene SOST has already led to the clinically approved osteo-anabolic therapy romosozumab (220). This 

example provides a proof-of-concept that combining human genetic studies with functional validation 

studies can lead to not only further understanding the regulation of BMD but also novel osteoporosis 

treatments. Combining identification of rare monogenic mutations from pedigree studies conducted 

on individuals with HBM within the UK and SNVs linked to BMD from GWAS of UK Biobank cohort, has 

led to the prioritisation of hundreds of osteo-anabolic genes (132,142). From this database, SMAD9, 

WDR5 and PIEZO1 were chosen for functional validation using in vitro and in vivo models. Primary 

human osteoblasts are a clinically relevant model which aids our understanding into the molecular 

processes involved in osteoblast differentiation and activity. Zebrafish on the other hand, are a fantastic 

model due to their skeletal similarities to humans and the ability to image skeletal cells in vivo during 

fracture repair and skeletal development (221). Overall, this thesis sits within the human to fish to 

bedside pipeline which aims to validate osteo-anabolic genes to a) advance our understanding of BMD 

regulation and b) identify potential novel osteo-anabolic osteoporosis treatment (Figure 1.8.). 
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Figure 1.8. Overview of the human-to-fish-bedside pipeline. This proposed pipeline will enable the discovery of new osteo-
anabolic drugs to help treat osteoporosis patients. This PhD study falls under step two (highlighted in green) of the pipeline 
where in silico prioritised genes from HBM and GWAS studies are validated using human in vitro cells and zebrafish as an in 
vivo model.  

 

1.6.2. Research aims  

Taking this together, during my PhD I will aim to further understand how bone density is regulated by 

investigating genes identified in human genetic datasets and pedigree HBM studies, which are relevant 

to bone metabolism. I will use three complementary in vitro, ex vivo and in vivo models in the form of 

human primary osteoblasts, cultured zebrafish scales as well as larval and adult zebrafish. This will allow 

me to gain a holistic understanding of the role of the novel HBM associated genes in skeletal 

development, homeostasis, and repair. As well as elucidate new and suitable osteo-anabolic drug 

targets to aid with osteoporosis treatment.  

 

Therefore, the aims of this thesis are as follows:  

 

1. Investigate the role of HBM associated genes during human osteoblast differentiation and activity 

2. Characterise the role of HBM associated genes in skeletal development and homeostasis using 

zebrafish as an in vivo model 

3. Characterise the role of the prioritised HBM genes in zebrafish skeletal regeneration and fracture 

repair 
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Table 2.5 List of primer sequences and mutant alleles for genotyping 

Mutant Forward Primer Reverse Primer Genotyping method 

barx1 ACTACAGCTGATGGGTTTGGA  AAGCCTAAGGACTCTGCCAG  

Sanger sequencing to 
identify point 

mutation 
CAG[G/A]TAAAT 

col11a2 GGTGGCCTGATTCTGACCA TATCTCACACCAGGATGCCG  

Sanger sequencing to 
identify point 

mutation 
TTA[C/A]AGCCC 

wnt16 TTTTCCTCGGGCCTGGTTAT  GCCCTCTTTAACGCTCGGTA 

Electrophoresis gel  
separation to 
identify 72 bp 

insertion 

sp7 CGTCAATTACTCTTTAAATCTCTTCTC  AACCGCAACACTAAAATCACA  Restriction digest 
using MseI enzyme 

2.2. CRISPR-Cas9 mutagenesis in zebrafish  

Smad9 gRNAs were designed by Dylan Bergen. Renata Raele and I performed the microinjections and subsequent 

genotyping for smad9 crispants.  

2.2.1. Guide RNA design and injection  

For the generation of smad9 zebrafish crispants, the two-synthetic guide RNAs (sygRNA) system was 

used. The trans-activating CRISPR RNA (tracrRNA) binds to the CRISPR nuclease. The CRISPR guide RNA 

(gRNA) contains the target recognition sequence, protospace adjacent motif (PAM) and nucleotides to 

bind to tracrRNA. crRNA was designed using MISSION® CRISPR/Cas9 Products and Services (MERCK) to 

target smad9 exon 2 which is the location of the HBM c.65T>C p.Leu22Pro mutation. They were 

checked for off-target effects and gRNAs with a high efficiency over 50% were chosen (see Table 2.6). 

The CRISPR/Cas9 solution contained NLS-SpCas9 (Sigma) at a final concentration of 4 uM, 4 µM cRNA, 

4 µM tracrRNA and 0.1% phenol red for visualisation of the solution entering the egg, all dissolved in 

RNAse free 1x TE buffer (Alfa Aesar) up to 5 µl. The ribonucleotideprotein solution was micro-injected 

into wild-type (WT) eggs into the single cell or yolk. As a control, eggs were micro-injected with 0.1% 

phenol red, 4 µM sygRNA and 4 µM tracrRNA.  

 

 

 

 













































 Investigating the Role of HBM Genes during Osteoblast Differentiation  

 61 

advantage of the 3D culture system is the ability to form co-cultures with osteoblasts on top of 

osteocytes embedded within gels, to further recreate environment of bone tissue in vitro (166,264). 

Vazquez et. al. (2014) also illustrated the ability to mechanically load the 3D co-culture which opens-up 

the ability to investigate the molecular pathways involved in sensing mechanical forces and hence the 

effect on osteoblast and osteocyte activity in an in vitro setting (163). 

 

Despite these in vitro models for studying osteocytes, little research has been done into the molecular 

pathways involved in osteocyte differentiation and function. Thus, studying the role of the HBM 

associated genes in osteocyte biology provides a new avenue in which to understand the full complexity 

into how osteocytes are involved in regulating bone homeostasis. Currently, there are no studies which 

have explored the function and expression of WDR5 and SMAD9 in osteocytes. However, a recent study 

showed that MLO-Y4 osteocytes are involved in regulating bone remodelling via the detection of 

mechanical forces by Piezo1 (268). This resulted in the upregulation of osteoprotegerin, an osteoclast 

inhibitor, and down regulation of RANKL, which subsequently prevented activation of bone resorbing 

osteoclasts (268). Therefore, understanding the expression pattern of SMAD9, WDR5 and PIEZO1 

during differentiation of MSCs into osteocytes using 3D culture will progress our understanding of how 

osteocytes help regulate bone homeostasis.  

3.1.3. Aims  

A number of studies have identified that SMAD9, WDR5 and PIEZO1 are involved in osteoblast 

differentiation but little attention has been given to their spatiotemporal expression during 

differentiation or their role in osteocyte formation. Differentiating osteoblasts from hMSCs is also a 

simple model in which to study the effect of pharmaceutical manipulation of WDR5 on osteoblast 

differentiation and function. This knowledge would contribute to our understanding into the WDR5 

regulated pathways during osteogenesis, and hence provide insight into whether WDR5 would be a 

suitable osteo-anabolic target for osteoporosis treatment.  

 

Hence, in this chapter, I aimed to:  

1. Validate the ability of human derived MSCs to differentiate into osteoblasts  

2. Determine the spatiotemporal expression patterns of HBM associated genes during both 

human osteoblast and osteocyte differentiation  

3. Investigate the effects of pharmaceutical manipulation of WDR5 on osteoblast differentiation 

and function  
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(Figure 3.2 D & F). The lack of significant difference is likely due to patient variability and RT-qPCR 

primer specificity.  

 
These initial studies indicate that mineralising osteoblasts can be successfully differentiated from 

human bone marrow MSCs using osteogenic factors. Differentiation of mature osteoblasts occurs by 

day 14 as seen by the upregulation of osteoblast function marker genes, ALP and COL1A1. Basal hMSCs 

cultured in basal media increasingly expressed ALP over time, which suggests that the hMSCs have 

osteogenic potential which agrees with previous studies (247,271).   
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treated with OICR-9429 had a significant increase in activated caspase 3 levels, suggesting an increase 

in cell apoptosis (Figure 3.7 E & G). 

 

Next, I wanted to assess the role of WDR5 activity in regulating osteoblast differentiation. To do so RT-

qPCR was performed to determine the expression levels of multiple osteoblast differentiation markers 

every 7 days for the duration of OICR-9429 treatment. There was a significant reduction in osteoblast 

maturation markers, COL1A1 and BGLAP (Figure 3.7 I & J). Contrastingly, by day 21 there was a 

significant increase MYC expression, a known WDR5 binding partner (Figure 3.7 K) (275). There was no 

significant change to WDR5 expression in OICR-9429 or DMSO treated cells over 21 days, suggesting 

OICR-9429 does not inhibit WDR5 transcription (Figure 3.7 H).   

 

To conclude, inhibition of WDR5 activity via the WIN site in human osteoblasts results in a reduction in 

mature osteoblast activity indicated by reduced ALP, COL1A1 and BGLAP. In agreement with previous 

studies, WDR5 also plays a role in regulating cell proliferation and apoptosis. Overall, these results 

indicate that WDR5 is an important regulator of mature osteoblast differentiation and activity, and its 

function can be successfully pharmacologically manipulated.  
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3.4. Exploring the role of HBM genes in human osteocytes 

3.4.1. HBM associated genes are expressed by human osteocytes 

The role of the prioritised HBM genes in human osteocyte biology is largely unknown. Therefore, I set 

out to successfully differentiate primary hMSCs into terminally differentiated osteocytes for further 

analyses. To trigger differentiation of osteoblasts into osteocytes, the osteoblasts need to be embedded 

within a bone-like ECM, rather than a 2D monoculture. Therefore, the hMSCs were cultured within a 

3D gel consisting of type I collagen, which is readily found within mature bone matrix, sodium 

bicarbonate and acetic acid (Figure 3.10 A). It is predicted by day 7 osteoblasts have matured and by 

day 10 they have terminally differentiated into osteocytes (Figure 3.10 B) (conversations with 

collaborators Dr Sophie Gilbert and Prof. Deborah Mason). Therefore, at these timepoints the gels were 

collected and processed for cryo-sectioning. Immunostaining was then performed to determine the 

spatiotemporal expression pattern of an early osteoblast marker, RUNX2, a mature osteoblast marker, 

bone sialoprotein 2 (BSPII), and an osteocyte marker, dentin matrix protein 1 (DMP1).  BSPII is a 

component of mineralised bone ECM which is produced by osteoblasts (279). DMP1 helps control 

osteocyte function and metabolism (280). Therefore, I hypothesised if osteocytes were successfully 

formed in 3D collagen gels there would be higher DMP1 expression at day 10 compared to day 7. 

Whereas RUNX2 and BSPII would be higher at day 7 compared to day 10. Under these conditions, 

RUNX2, BSPII and DMP1 were all expressed, but there was no significant difference of the expression 

levels of all three markers between day 7 and 10, likely due to patient variability and culture set up 

(Figure 3.10 C & E). However, there appeared to be a trend towards a reduction in RUNX2 expression 

and an increase in DMP1 at day 10. This suggests that the cells are differentiating into osteocytes (Figure 

3.10 C & E).    

 

Next, the expression levels of the SMAD9, WDR5 and PIEZO1 were assessed in the 3D osteoblast cell 

culture model. At day 7 and day 10, all three HBM associated proteins were expressed but there was a 

slight trend towards an increase in WDR5 and PIEZO1 at day 10, when osteocytes are present (Figure 

3.10 D & F). This might indicate that as well as being required for osteoblast maturation, WDR5 and 

PIEZO1 play a role in terminal differentiation of osteocytes. This would also agree with the known 

mechanosensitive function of PIEZO1 as osteocytes are key players in transducing mechanical signals 

within the bone. Overall, modelling human osteocyte formation in a 3D collagen culture provided an 

indication into the role of HBM genes in osteocyte biology. However, due to formation of osteocytes 

being inconsistent, and issues with extraction of high quality RNA and high levels of antibody 

background staining, this model for investigating osteocyte biology was not explored further. However, 
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in the future, layering osteoblasts above the osteocyte embedded gel could be considered, as this might 

better mimic the bone tissue environment and aid full differentiation and proper function of osteocytes 

within the gel. 

 

Figure 3.10. HBM associated genes are expressed in human osteocytes in 3D culture. (A) Schematic showing the set-up for 3D 
cell culture in each well. (B) Timeline of 3D cell culture to ensure mature osteoblast and osteocyte differentiation. (C) 
Representative images of the expression pattern of osteoblast (RUNX2 and BSPII) and osteocyte (DMP1) differentiation markers 
from immunostained cryosections of 3D gels after 7 and 10 days in culture. (D) Representative images of SMAD9, WDR5 and 
PIEZO1 expression during osteocyte differentiation. (E-F) Quantitative analysis of average fluorescence intensity of protein 
expression. T-test, ns = no significance. N = 3 patients, each data point represents the average of 10 images from a randomly 
selected cryosection per patient, error bars = SD 
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3.5. Discussion  

3.5.1. Summary of Results  

This study has shown that MSCs isolated from human hip bone marrow can successfully differentiate 

into mature osteoblasts capable of mineralisation (Figure 3.1). By day 14 in culture, the osteoblasts 

upregulate ALP, COL1A1 and the WNT target gene MYC, as well as all three HBM associated genes 

(Figure 3.2 & Figure 3.3). These results show a biphasic expression pattern of SMAD9 in which high 

expression is observed at day 1 and day 14 during osteogenic differentiation, with relatively lower 

expression in the intervening period (Figure 3.3). This suggests that SMAD9 may play a role in 

committing MSCs to an osteoblast cell fate and WDR5 and PIEZO1 may aid osteoblast maturation 

(Figure 3.3). SMAD9, WDR5 and PIEZO1 all showed nuclear localisation in osteogenic hMSCs, which fits 

with them  having  a role in transcriptional regulation (Figure 3.4 & Figure 3.5). Inhibiting WDR5 activity 

via the small molecule OICR-9429, resulted in a decrease in ALP activity and a relative decrease in 

mineralisation in both treated hMSCs and zebrafish elasmoid scales (Figure 3.7 & Figure 3.9). There was 

also a reduction in proliferation and an increase in apoptosis in hMSCs treated with OICR-9429 (Figure 

3.7). During the differentiation of osteoblasts while treated with OICR-9429 there was a decrease in 

mature osteoblast markers COL1A1 and BGLAP, though interestingly an increase in MYC expression 

(Figure 3.7). Surprisingly, apoptotic markers CEBPA and ADIPOQ, and intracellular lipid levels, increased 

after the addition of OICR-9429 (Figure 3.8). All in all, these results suggest that OICR-9429 treatment 

triggers an increase in adipocyte differentiation. Hence WDR5 is likely to be involved in regulating the 

decision fate of cells between osteoblasts and adipocytes. Culturing hMSCs in 3D collagen gel partially 

formed terminally differentiated osteocytes which appeared to increase PIEZO1 and WDR5 expression, 

suggesting roles for PIEZO1 and WDR5, and not SMAD9 in osteocyte differentiation (Figure 3.10).  

3.5.2. Smad9 and ribosome biogenesis during differentiation  

The nucleolus is the main site of ribosome biogenesis within eukaryotic cells (281). RNA polymerase I is 

recruited to the nucleolus within the nucleus to transcribe rRNA, and subsequently ribosome subunits 

are formed with the help of multiple protein complexes (281). Ribosome biogenesis plays an important 

role in multiple cellular processes, such as cell division, senescence, apoptosis and cell fate (282). 

Current data suggests that the levels of rRNA synthesis within the nucleolus differs between stem cells 

and differentiated cells (283,284). For instance, embryonic stem cells tend to have one nucleolus which 

is hyperactive with high levels of rRNA transcription, but low levels of protein synthesis (284). Whereas 

differentiated cells tend to have multiple smaller nucleolar sites which have lower levels of rRNA 

transcription but higher levels of protein synthesis  (284). This model is reflected during osteoblast 
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differentiation whereby differentiation of MC3T3 osteoprogenitor cells results in a decrease in rRNA 

transcription and hence a reduction in ribosome biogenesis (285). This also correlates with a decrease 

in nucleolar size (285). Specifically, Neben et. al. (2017), showed that the expression of the RNA 

polymerase I transcription factor UBF1 was localised in nucleoli and its expression decreased during 

osteo-induction (285). Interestingly, in this chapter I have shown that multiple SMAD9 punctate are 

found within the nucleus of differentiating MSCs, an expression pattern which is reminiscent to that of 

UBF1 in the nucleolus of differentiating MC3T3 cells (Figure 3.4 D) (285). This suggests that SMAD9 is 

also colocalising to the nucleolus during osteoblast differentiation. Similarly to UBF1, SMAD9 expression 

also decreased in the nucleus from day 1 to day 14 of osteoblast differentiation, providing further 

evidence that SMAD9 is required to trigger differentiation of osteoprogenitors (Figure 3.4 D & F) (285).  

 

This is the first time that SMAD9 has been linked to osteoblast differentiation via regulation of ribosomal 

biogenesis, but to confirm this hypothesis further experiments are required. Firstly, to confirm SMAD9 

is co-localising to nucleoli rather than nuclear bodies, co-staining of SMAD9 with a well characterised 

nucleolar marker, such as fibrillarin, should be performed (286). It would be also interesting to explore 

whether UBF1 expression also decreased during osteogenic differentiation of MSCs, and also determine 

if the ribosomal transcription factor co-localises with SMAD9. The role SMAD9 plays in ribosomal 

biogenesis could be assessed by genetically knocking-out SMAD9 via CRISPR/Cas9 followed by 

measuring the rate of ribosomal biogenesis via 5-EU incorporation into rRNA which is processed and 

imaged similar to the EdU Click-iT reaction (287). Overall, SMAD9 could be controlling osteoprogenitor 

differentiation via regulating ribosomal biogenesis, but this hypothesis requires further exploration.  

3.5.3. Wdr5 as an epigenetic regulator controlling adipocyte-osteoblast cell fates 

Despite MSCs being capable of differentiating to a variety of cell lineages, the commitment to adipocyte 

or osteoblast lineages has been found to have a high degree of plasticity (288). The transition between 

adipocytes and osteoblasts has been observed both experimentally and clinically. For instance, an 

increase in bone marrow adiposity has been observed in bone loss conditions such as osteoporosis and 

aging (289,290). In particular, osteoblasts in histological sections of trabecular bone from elderly 

individuals highly expressed an adipocyte surface marker (291). In vitro studies also showed cultured 

adipocytes from bone marrow are able to transdifferentiate into osteoblasts (292,293). Conversely, 

cultured osteoblasts derived from trabecular bone samples have the capacity to differentiate into 

adipocytes (294). There are multiple signalling pathways and transcriptional regulators which have been 

implicated to control adipo-osteogenic lineage plasticity (295). ChIP-Seq analysis of during both 

adipogenic and osteogenic differentiation of bone marrow derived MSCs highlighted the importance of 
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epigenetic plasticity in adipo-osteogenic differentiation, and transdifferentiation (296). Co-culture of 

osteoblasts with adipocytes also found that epigenetic changes were a driver in transdifferentiation 

events from osteogenic to adipogenic signatures (291). Specifically, Clabaut et. al. (2021) found that 

transdifferentiation from osteoblasts to adipocytes resulted in a global decrease in DNA methylation 

levels and an increase in reprogramming gene expression (291). The results presented in this chapter 

show inhibition of the histone methyltransferase activity of WDR5 via OICR-9429 treatment resulted in 

a decrease in osteoblast differentiation and a potential increase in adipocyte differentiation. This 

suggests that epigenetic changes regulated by WDR5 are required to maintain an osteoblast cell fate, 

and without this epigenetic profile, osteoblasts transdifferentiate into adipocytes. Wdr5 is also essential 

for H3K4 methylation patterns on histones, therefore a decrease in WDR5 activity could be behind the 

decrease in global methylation observed by Clabaut et. al. (2021) (291). To confirm this hypothesis, 

ChIP-Seq analysis would need to be performed to compare the epigenetic signatures in DMSO and 

OICR-9429 treated MSCs. Also, the adipocyte assays performed in this chapter would need to be 

repeated with more patient samples to increase the power of the results. Interestingly, Sugimoto et. al. 

(2017) observed inhibition of adipocyte differentiation and promotion of osteoblast differentiation 

when PIEZO1 was activated. This suggests that WDR5 and PIEZO1 could be acting in tandem to regulate 

MSC cell fate towards osteogenesis. Therefore, future studies could investigate the WDR5-PIEZO1 

mechanism of regulating the osteoblast-adipocyte axis via genetic and pharmaceutical studies.  

 

This is the first time in the literature that WDR5 has been implicated in adipocyte biology. However, our 

collaborators in Oxford have observed SNPs associated with WDR5 in obese patients (unpublished, 

Costas Christodoulides, University of Oxford) and the UK HBM study found HBM individuals with SNPs 

associated with WDR5 also had high BMI levels (unpublished, Celia Gregson and Neelam Hassan, 

University of Bristol). Therefore, combining in vitro and clinical evidence, WDR5 could potentially be a 

master regulator controlling the balance between adipocyte-osteoblast differentiation. Hence, in a 

proposed simplified model, regulation of DNA methylation via WDR5 determines adipo-osteoblast cell 

fate, whereby an increase in DNA methylation could result in osteogenesis but a decrease could result 

in adipogenesis (Figure 3.11). Overall, WDR5 could be a suitable therapeutic osteo-anabolic target 

whereby the axis from adipogenesis to osteogenesis could be shifted in individuals with age related 

bone loss. However, it would have to be targeted in such a way not to replicate the effects of OICR-

9429 on the WIN site which resulted in a reduction in osteogenesis.   
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3.5.4. The WDR5-MYC axis could influence adipogenesis  

MYC is a transcription factor which regulates a broad range of cellular processes, such as proliferation, 

apoptosis, metabolism, and differentiation (297,298). It is regulated by a range of signalling pathways, 

in particular, it is a major downstream target of WNT signalling (299,300). It is also a well characterised 

oncogene which has been the focus of multiple research studies as a potential target for anti-cancer 

therapies (300). WDR5 is a known binding partner of MYC, via the WDR5-binding motif (WBM) site, 

where it enables MYC recruitment to chromatin sites (275). Specifically in osteoblasts, Wdr5 was found 

to regulate canonical Wnt signalling via changes in Myc expression, whereby silencing studies of Wdr5 

in MC3T3 cells resulted in a decrease in Myc levels (150). Piek et. al. (2009) also showed that Myc is an 

enhancer of osteogenesis in mouse bone marrow derived MSCs (270). Sinha et. al. (2014) proposed a 

model for osteoblast differentiation whereby induction of Sp7 expression in maturing osteoblasts acts 

as a molecular switch which triggers chromatin remodelling via the recruitment of Wdr5 and Myc, 

which subsequently allows for activation of BSPII (301). Therefore, in this chapter it was not surprising 

to see both WDR5 and MYC expression increase in MSCs grown in osteogenic media due to their 

important roles that both WNT signalling and osteoblast differentiation (Figure 3.2 C & Figure 3.3 B). 

Standard co-immunoprecipitation and ChIP studies could be performed to confirm, that as expected, 

WDR5 is binding with MYC in differentiating MSCs to pre-osteoblasts after 14 days in osteogenic media, 

to induce differentiation into mature osteoblasts.  

 

OICR-9429 is a small molecule which has been shown previously to alter WDR5 activity via its WIN 

binding site (272). Cancer studies have found OICR-9429 to be a potential new anti-cancer therapy due 

to it reducing cell proliferation and increasing apoptosis of cancerous cell lines (273,274). Despite MYC 

interacting via the WBM site rather than the WIN site, Zhou et. al. (2021) showed that OICR-9429 

treatment of prostate cancer cell lines did not alter MYC expression levels, but did reduce the 

recruitment and of MYC to promoter regions of WDR5 target genes (274). This altered the level of 

epigenetic markers and hence resulted in a reduction in tumorigenesis (274). Given this evidence it was 

initially surprising to see that osteogenic hMSCs treated with OICR-9429, resulted in an upregulation of 

MYC, but a decrease in osteoblast differentiation markers (Figure 3.7 K). One would have anticipated a 

decrease in MYC due to previous Wdr5 siRNA studies in osteoblast cell lines resulted in Myc 

downregulation (150,302). Yet interestingly, MYC has been identified as an early promoter of 

adipogenesis in adipose stem cells (303). So much so that knock-down of MYC resulted in a decrease in 

adipogenesis target genes, such as PPARG, and a reduction in lipid deposition (303). Cultured adipose 

tissue-derived stem cells also were found to upregulate MYC to maintain high levels of proliferation 

(304). Contrastingly, over expression of MYC in bone marrow derived MSCs resulted in a decrease in 



 Investigating the Role of HBM Genes during Osteoblast Differentiation  

 84 

both osteogenic and adipogenic differentiation (305). Heath et. al. (2000) also illustrated that Myc 

expression inhibits final stages of adipogenesis (306). Therefore, perhaps in my model MYC is 

upregulated during the transdifferentiation from mature osteoblasts to early adipocytes upon 

treatment with OICR-9429 (Figure 3.11). This further highlights the important balancing act both MYC 

plays between proliferation and differentiation in multiple different cell types.   

 

Figure 3.11. A proposed simplified model of how WDR5 controls osteoblast-adipocyte transdifferentiation. High levels of WDR5 
activity maintains osteogenic fates via an increase in DNA methylation and lower levels of MYC expression. Low levels of WDR5 
activity results in a decrease in DNA methylation, and an increase in MYC expression which initiates adipocyte differentiation.  

3.5.5. Conclusion  

To conclude, this chapter has shown that osteoblasts capable of mineralisation can differentiate from 

human bone marrow derived MSCs and during differentiation they upregulate the HBM associated 

genes SMAD9, WDR5 and PIEZO1. I suggest that SMAD9 could be playing an important role in ribosomal 

biogenesis in osteoprogenitors which is likely a driving force to initiate osteogenesis. PIEZO1 and WDR5 

are also involved in the maturation of osteoblasts alongside SMAD9. I have also shown that hMSCs 

could differentiate into osteocytes in 3D culture, and during this process there was a partial increase in 

PIEZO1 and WDR5 expression and a slight decrease in SMAD9. This indicates that PIEZO1 and WDR5 

are implicated more in maturation and terminal differentiation of osteoblasts whereas SMAD9 might 

be more important for initiation of osteoblast differentiation in osteoprogenitors. I have shown for the 

first time that osteoblast differentiation and function can also be pharmaceutically manipulated via the 

inhibition of WDR5 activity by OICR-9429. These results suggest that WDR5 is likely able to regulate 

epigenetic signatures which control the switch from osteogenesis to adipogenesis. Therefore, WDR5 

could be a suitable target to rebalance the transdifferentiation of osteoblasts to adipocytes in 

osteoporotic and aging patients. 
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allows for real time visualisation of bone development using transgenic lines that label skeletal cells 

such as osteoblasts (e.g sp7:GFP) or live mineralisation stains (e.g Alizarin red). As mentioned in section 

1.1.1.19, the zebrafish skeletal system has similarities to that of humans. For example, zebrafish possess 

the same skeletal cell types and some of the same joint types as humans, including synovial joints. They 

also undergo both endochondral and intramembranous ossification, and have the same bone types. 

Similar signalling pathways are also involved both in the development of and repair of zebrafish bone 

as are involved in humans.  Therefore zebrafish are a good model to proxy for some aspects of human 

skeletal development, in which dynamic visualisation of cell behaviour is advantageous. However, it 

should be noted that zebrafish do not have bone marrow and the skeletal body plan of zebrafish differs 

to humans (221). For instance, the zebrafish craniofacial skeleton is also more complex than humans, 

as it contains 74 ossified elements compared to 22 in humans (317).  

 

 

 

Figure 4.1. Diagram of the craniofacial skeletal elements of the zebrafish larvae at 5 dpf. 
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4.2. HBM associated gene expression during skeletal development  

4.2.1. HBM associated genes are expressed during larval development  

The expression pattern of the HBM associated genes smad9, wdr5, piezo1 and sost during 

skeletogenesis is largely unknown. Therefore, initially I performed RT-qPCR using larvae at multiple 

developmental stages from 24 hours post fertilisation (hpf) to 12 days dpf. These stages were chosen 

as this is when key skeletal tissues are formed and patterned within the developing larvae. At 24 hpf, 

neural crest cells start to migrate and differentiate into multiple different tissues, including bone and 

cartilage (325). At 3 dpf, the first intramembranous bone and cartilage structures start to form (21). 

Then at 5 dpf the cartilaginous and bony elements continue to grow until 7 dpf when endochondral 

ossification starts in the jaw (21). Finally at 12 dpf, the vertebral column starts to develop and other 

skeletal structures continue to grow (221). The relative expression of the HBM associated genes was 

compared to the well characterised stable housekeeping gene in zebrafish, eef1a1, and then plotted 

on a negative axis (326). This helped to depict when the expression of the gene had increased or 

decreased, as a positive high Ct value equates to low expression, whereas a negative high Ct value 

equates to low expression. This analysis showed that all four genes were expressed during larval 

development (Figure 3.2). Smad9 had a biphasic expression pattern, which was also observed in 

isolated human osteoblasts, whereby it was highly expressed at 24 hpf then expression decreased at 3 

dpf before it peaked again at 7 dpf (Figure 3.2 A). Wdr5 expression increased from 24 hpf to a peak at 

5 dpf, then expression decreased at 7 and 12 dpf (Figure 3.2 B). Both piezo1 and sost were expressed 

during larval development but their overall expression levels did not significantly change across the 

time period assessed (Figure 3.2 C-D). Wdr5 was the most highly expressed gene up to 5 dpf, smad9 

was the least expressed and sost and piezo1 had similar expression levels. Then by 7 dpf, all four genes 

were equally expressed. These initial expression studies indicate that HBM associated genes are in 

expressed during zebrafish development, but their expression levels differ during key stages of skeletal 

development. Therefore, further studies can be performed to further investigate the spatiotemporal 

expression patterns of the prioritised HBM associated genes.  
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elements but not at joint sites (Figure 4.5 Ci). It was also highly expressed at craniofacial skeletal muscle 

(blue arrowheads, Figure 4.5 C). 

Taken together, the HBM associated genes are all involved in the development of the musculoskeletal 

system in zebrafish, but they were expressed by differing tissues and populations of cells. Smad9 and 

wdr5 were expressed by cartilage elements, whereas piezo1 was mainly expressed by surrounding 

musculature and by developing tendons. Smad9 in particular was expressed distinctly at joint spaces. 

All HBM associated genes were also expressed by osteoblasts, and piezo1 and smad9 were expressed 

in a population of cells at the dorsal tip of the operculum bone.  
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4.2.7. Smad9 and wdr5 are expressed during endochondral ossification  

Endochondral ossification is bone which forms by replacing a cartilaginous template. At the centre of 

the cartilage, proliferating chondrocytes differentiate into non-proliferative hypertrophic chondrocytes 

(6). Osteoblasts and osteoclasts then infiltrate the hypertrophic cartilage to start ossification (314). This 

form of ossification starts at 7 dpf in the ceratohyal cartilage of the zebrafish jaw. Therefore, to 

investigate the role of the HBM associated genes in endochondral ossification, WT larvae were 

immunolabelled to detect smad9, piezo1 and type II collagen (cartilage marker) and wdr5 was detected 

via RNAScope. Bone mineralisation was detected using Alizarin Red staining. At 7 dpf, mineralisation 

occurs around the centre of the ceratohyal cartilage element (Figure 4.10 A). By 10 dpf, more intense 

Alizarin Red staining is observed as the bone expands along the cartilage (Figure 4.10 B). At 7 dpf, 

neither smad9 and piezo1 were expressed within the chondrocytes, but wdr5 was expressed at low 

levels (Figure 4.10 A). Smad9 however was still present at the at the ceratohyal midline. But by 10 dpf, 

smad9 was highly expressed at the sites of mineralisation, with a punctate expression in the 

chondorcytes forming within the cartilage and bright expression at the edge of the cartilage element 

where osteoblasts invade the cartilage (Figure 4.10 B). Low levels of wdr5 expression was also seen at 

the mineralisation site along the edge of the cartilage element, while piezo1 was not expressed in the 

cartilage or mineralising tissue (Figure 4.10 B). These results illustrate that only the HBM associated 

genes, smad9 and wdr5, are involved in the progression of endochondral ossification.  
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4.2.8. Smad9 and piezo1 are expressed in the developing vasculature  

It is well characterised in mice that piezo1 plays a range of roles in the cardiovasculature system (344). 

In particular, it is required for vasculature development and regulating and sensing blood flow (345). 

Recently, piezo1 has also been found to be important in brain vascular and aortic valve development in 

zebrafish larvae (346,347). Here, my aim was to provide proof of concept that piezo1 was expressed in 

zebrafish larval blood vessels, as well as investigating the role of other HBM genes in vasculature 

development. This would help provide an idea of potential off-target effects if either of the HBM 

associated genes were targeted for osteo-anabolic therapies.  

 

The aortic arches in the lateral side of the head were visualised by using kdlr:mCherry transgenic larvae 

at 5 dpf (Figure 4.11 A). Smad9 was partially expressed within the blood vessels (Figure 4.11 B). It should 

be noted that Figure 4.5 A showed smad9 expressed throughout the ventral aorta, though these 

samples were not labelled for vessels. Piezo1 was highly expressed, with almost total colocalisation with 

the blood vessels (Figure 4.11 C). Contrastingly, there was very low, if any wdr5 expression within the 

blood vessels (Figure 4.11 D). Overall, smad9 and piezo1 are both involved in vasculature development 

whereas wdr5 plays less of a role. Therefore, if smad9 and piezo1 were pharmacologically targeted 

there could be cardiovasculature related side effects.  
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significant reduction in the operculum length of sp7:GFP larvae treated with NFP, which demonstrates 

that addition of the pro-drug NFP alone does not lead to osteoblast cell death (Figure 4.12 G). 

 

Overall, sp7:mCherry-NTR reporter line provides a quick and non-toxic way of modelling osteoblast 

regeneration in larvae. This allows the initial exploration into the role of the HBM associated genes in 

the formation of new bone, without the use of adult zebrafish, hence adopting the principal of the 3Rs 

(Replacement, Reduction, Refinement).  
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Firstly, at 24 hpt in DMSO treated larvae, smad9 was expressed in the osteoblasts that form the 

operculum, with stronger expression in the neck of the operculum (Figure 4.14 A). However, after 24 

hpt of NFP treatment, smad9 expression clustered at the dorsal tip of the operculum, in the interzone 

between the operculum and hyosymplectic (white arrowheads, Figure 4.14 A). But there was no 

significant difference in smad9 expression between the control and NFP treated larvae at 24 hpt (Figure 

4.14 B). By 48 hpt, the smad9+ population of cells at the dorsal tip of the operculum was observed in 

both the DMSO and NFP treated larvae (Figure 4.14 C). The images were then 3D rendered so the 

volume of this smad9+ cell population could be measured. Interestingly, there was a statistically 

significant increase of the smad9+ cell population in the pocket of the dorsal tip of the operculum (Figure 

4.14 D). Similar to smad9, piezo1 was expressed throughout the operculum at 24 hpt in the DMSO 

control, and there was no change to piezo1 expression between DMSO and NFP larvae at 24 hpt (Figure 

4.15 A-B). This population of cells at 48 hpt also expressed piezo1, and hence the volume of piezo1+ 

pocket of cells also increased significantly during operculum regeneration (Figure 4.15 C-D). This 

suggests that this population of cells is activated during osteoblast regeneration.  

 

Next, using RNAScope, the expression pattern of wdr5 was determined during osteoblast regeneration. 

Unlike, smad9 and piezo1, total wdr5 expression was upregulated during early osteoblast regeneration 

at 24 hpt, and at 48 hpt there was no difference in wdr5 expression between the homeostatic and 

regenerating operculum (Figure 4.16 A-D). Though there was some expression in the population of cells 

at the dorsal tip of the operculum at 5 dpf, the majority of wdr5 expression was seen throughout the 

operculum and cells surrounding the operculum (Figure 4.16 C). Interestingly, after 24 h after NFP 

treatment, wdr5 was expressed ahead of sp7 and forms the shape of the prospective operculum neck 

(Figure 4.16 A). This suggests that wdr5 is upregulated in immature osteoblasts which are yet to express 

sp7. Overall, these results show that all three HBM associated genes are involved in new bone 

formation. It also provides evidence that the population of cells at the dorsal tip of the operculum are 

a pool of osteo-progenitor cells which express smad9, piezo1 and low levels of wdr5 which expand 

during operculum regeneration.  
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