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Abstract 
Multimorbidity is the condition of living with two or more chronic diseases. A recent meta-analysis 

suggested a 24% increased risk of developing cardiovascular disease (CVD) in patients with 

osteoarthritis (OA). Therefore, a possible genetic link is hypothesised, underlying both diseases, and 

potentially other chronic diseases, causing multimorbidity. A bioinformatics analysis pipeline was 

designed to identify common risk genes between OA and CVD, as well as attempt to reveal common 

pathways underlying multimorbidity pathogenesis. Based on the conducted analysis, 37 genes were 

identified common between OA and CVD, using 133 OA and 2884 CVD Genome Wide Association 

Studies (GWAS). Cathepsin K (CTSK), Transforming Growth Factor Beta 1 (TGFβ1), and Growth 

Differentiation Factor 5 (GDF5) were selected for further functional genomic analysis based on data 

suggesting direct linkage between the three genes, and due to their involvement in additional chronic 

diseases.  

CRISPR-Cas9 genome guide targets were designed to target each gene in zebrafish embryos, aiming to 

investigate their functional role in the musculoskeletal system and heart morphology. Additionally, the 

role of these genes in zebrafish locomotion was monitored to detect the targeting impact on the 

functionality of the skeletal system. Finally, micro-CT scans are utilised to examine the targeting effect 

on later skeletal development. Targeting of ctsk resulted in significant disruption to early cartilage and 

heart development, starting at 3 days post fertilisation (dpf). A similar phenotype was observed when 

tgfβ1a was targeted with milder impact on both structures, suggesting the early involvement of both 

genes in cartilage and heart development. By examining the efficiency of crispants (CRISPR edited 

zebrafish) locomotion, no significant alteration to the activity levels of crispants was detected at the 

larval stage, as well as in adult fish when compared to wildtype controls. However, 12-month-old adult 

ctsk crispants demonstrated a significant increase in bone surface area solely among male adults, 

confirming the resorptive function of Ctsk and implying a distinct gender-specific role. Conversely, 

targeting of gdf5 did not display any alterations to the cartilage and heart morphology at 5dpf. However, 

by examining the bone structure of adult gdf5 crispants, a significant increase in bone mineral density 

and surface area was detected in the absence of gdf5. The swimming abilities of gdf5 crispants, however, 

did not exhibit any changes. Taken together, this suggests a role of gdf5 in later bone maintenance 

through attenuation of bone tissue growth.  

Following the bioinformatics analysis, a direct crosstalk between Ctsk and Tgfβ1 was hypothesised. To 

investigate the validity of this hypothesis, ctsk and tgfβ1a were co-targeted within the same embryo. 

Results indicate a possible recovery to the general morphology of co-targeted larvae when compared to 

separate gene targeted larvae. However, a differential impact of co-targeting was observed in regard to 

the heart morphology, highlighting the different gene function within different tissues. Using 
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quantitative PCR analysis, gene expression levels of ctsk and tgfβ1a were quantified in generated gdf5 

F2 mutants. Data displayed a consistent reduction in the expression of both genes in gdf5 F2 mutants, 

suggesting a direct correlation between the three studied genes that function simultaneously through 

SMAD-dependent and SMAD-independent signalling to attain bone homeostasis. This allows 

disruptions in one gene to affect other correlated genes.  

To summarise, ctsk and tgfβ1a were found essential in the early development of both the 

musculoskeletal and cardiovascular systems, while gdf5 is not involved in the early development. Yet, 

its targeting affects the bone mineral density and surface area in adult zebrafish. Targeting one of the 

tested common risk genes may have a direct effect on the expression level of the other examined genes, 

emphasizing the intricacy of genetic pathogenesis contributing towards multimorbidity. 
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1.  Introduction 
 

1.1. Introduction to multimorbidity  

Multimorbidity is the condition of living with two or more chronic diseases. It is estimated to affect 6 

in 10 people between the ages of 65 and 84 years old.  A dramatic increase is observed in older adults, 

affecting 8 in 10 people over the age of 85 (https://www.versusarthritis.org). Several factors have been 

identified in the pathogenesis of multimorbidity. The socio-economic status of an individual has been 

found to be one of the main factors contributing to the increase in multimorbidity (Kone et al., 2021). 

In fact, multimorbidity tends to start a decade earlier in underprivileged communities with poor living 

conditions and compromised quality of life (McPhail et al., 2016). Subsequently, multimorbidity 

becomes a direct contributor to the early death observed in less privileged communities. In the UK, 

50% of people over the age of 65 suffer from multimorbidity. Treating each individual requires an 

average of £8,000 per year to cover healthcare costs (Sheridan et al., 2019), highlighting the financial 

burden of multimorbidity in addition to the health burden. A recent study of multimorbidity in Ontario, 

Canada, found a 29% increase in the prevalence of multimorbidity between 2003 and 2016, emphasising 

the need for a treatment to address the growing prevalence of this condition. The most common clusters 

of co-occurring chronic diseases are hypertension and osteoarthritis, followed by asthma and 

osteoarthritis (Kone at el., 2021).   

Several biological mechanisms underlying multimorbidity have been linked to ageing and inflammation 

(Lopez-Otin et al., 2013). Some of the hallmarks of ageing associated with the progression of 

multimorbidity include epigenetic defects, telomere shortening, genomic mutations, inappropriate 

protein folding or processing, cellular senescence, stem cell exhaustion, alterations in intracellular 

interactions and mitochondrial dysfunction (Wetterling et al., 2021; Singer et al., 2019; Kennedy et al., 

2014; Barnes et al., 2015).  

Polypharmacy is the current approach to treating multimorbidity, which means that patients are given 

multiple drugs to treat each identified condition separately. The side effects of polypharmacy are 

numerous and unpleasant. In addition, polypharmacy may directly contribute to the development of 

multimorbidity, as some drugs administered to attenuate the pathogenic effects of one disease may 

induce the progression of another disease.  This has already been observed with antipsychotic drugs, 

which have been found to increase the risk of diabetes (Nielson et al., 2010). In addition, anticholinergic 

drugs have been found to increase the risk of developing a cardiovascular disease or lead to cognitive 

impairment (Hanlon et al., 2020). Another example is the co-administration of non-steroidal anti-

inflammatory drugs (NSAIDs) along with selective serotonin reuptake inhibitors (SSRIs), used to treat 

https://www.versusarthritis.org/


2 

 

depression, which leads to gastrointestinal bleeding (Dalton et al., 2003). This illustrates how an attempt 

to treat a disease chemically without considering its effect on other systems can lead to the development 

or progression of multimorbidity. Identifying a possible common cause linking these long-term 

conditions would therefore be the next step in making progress in this area.  

In the UK, studies have found that 50% of patients with diabetes also have hypertension (Petrie et al., 

2018) and a third of people with dementia suffer from depression (Muliyala and Varghese, 2010). 

Several studies have found an increased risk of developing cardiovascular disease development in 

people with osteoarthritis. Ong et al., 2013 observed a 1.53 OR (odds ratio) risk of cardiovascular 

disease occurrence in osteoarthritis patients when compared to healthy controls. A similar pattern was 

observed in a separate study of women with hip osteoarthritis, which showed a hazard ratio of 1.24, 

resulting in a 26.3% mortality from acquired cardiovascular disease among 7889 hip osteoarthritis 

patients (Barbour et al., 2015). Another study of 3099 sample size also showed a 1.22 hazard ratio in 

cardiovascular disease progression in osteoarthritis patients (Veronese et al., 2016). Hence, studying 

the affected key regulatory genes and their functions in relation to multiple systems may facilitate the 

identification of fundamental pathways underlying the development of multimorbidity. This project will 

specifically focus on the link between osteoarthritis and cardiovascular disease.  

1.2. Introduction to osteoarthritis  

Osteoarthritis (OA) is the main cause of disability worldwide and the most common musculoskeletal 

disease. It affects around 10 million people in the UK alone and it is estimated that 80% of the total 

population will start to show some developmental signs of OA as seen in radiography scans (Heidari, 

2011).  The number of OA patients has been increasing across the world, reaching 528 million patients 

in 2019, which signifies a 113% increase since 1990 (GBD, 2020). Knee osteoarthritis is the most 

common acquired form of osteoarthritis, followed by the hand and the hip (Long et al., 2022). The 

prevalence of the disease increases with age, with 73% of diagnosed osteoarthritis patients over the age 

of 55 (GBD, 2020). In addition to the devastating impact of OA on the individual quality of life, there 

is also a heavy financial burden, with treatment of OA costing more than $60 billion annually in the 

USA (Buckwalter et al., 2004).  

1.2.1.  Characterisation of OA 

The disease is characterised by the degradation of cartilage and surrounding bone, as well as structural 

changes in the extracellular matrix (ECM) of the affected cartilage (Maldonado and Nam, 2013). By 

examining OA cartilage structures, some features have been observed in OA cases. These include 

thinning of the cartilage within the joints, which can lead to defects in joint function (DeGroot et al., 

1999). Cartilage degeneration causes friction within the joint and damage to the meniscus, which can 
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lead to further thinning of the cartilage, creating a rougher joint surface (Pollard et al., 2008). This 

results in reduced mobility or limited range of motion in the joint, and in some cases, pain is 

experienced. Other phenotypes observed in the degrading cartilage of osteoarthritis include thickening 

of the joint capsule and degeneration of the underlying bones (Sharma et al., 1999). In some severe 

cases, inflammation of the synovium is observed, leading to thickening of the cartilage as part of the 

repair process, resulting in the formation of small projections known as osteophytes (Felson et al., 

2005). Figure 1.1 highlights the abnormalities observed in an osteoarthritic knee compared to a healthy 

knee.  
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Figure 1.1: Knee morphology in osteoarthritis 

Left side shows a representation of a healthy knee with intact articular cartilage, stable meniscus and 

subchondral bone. The right side shows an osteoarthritic knee with evidence of cartilage degradation, 

inflammation surrounding the cartilage within the synovial capsule, along with damage and thinning of 

the cushioning meniscal layer beneath the cartilage. The subchondral bone is often affected and shows 

abnormal remodelling along with general bone sclerosis. Figure generated using Biorender 

(https://www.biorender.com/).  

 

  

https://www.biorender.com/
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1.2.2. Mechanical inducers of OA 

OA was once considered a simple wear and tear condition, concluded from the late-onset occurrence 

and the increase in its prevalence in older adults, which is further exacerbated by the increase in life 

expectancy. Different factors contribute to the disease’s pathogenesis such as weight gain, weakened 

muscles, and mechanical injuries induced during an exercise or sporadically (King et al., 2013; Alnahdi 

et al., 2012; Buckwalter et al., 2013). Due to the severe pain experienced by OA patients during 

movement, they usually acquire a sedentary lifestyle which leads to the development of other serious 

diseases, including hypertension, depression, and cardiovascular diseases (Skou et al., 2018). 

1.2.3. Molecular mechanisms behind OA progression 

Regulated bone remodelling is essential for the formation and maintenance of healthy bones. The 

process involves the breakdown of damaged bone tissue, and its replacement with new bone material. 

This process is controlled by a balance of activity between bone-building cells, known as Osteoblasts, 

and bone-resorbing cells, called Osteoclasts. Figure 1.2 shows the different types of bone cells and 

their function in bone formation and maintenance. One of the main factors contributing to the 

progression of OA is an imbalance in the activity levels of these critical bone cells, leading to a 

disruption in the process of bone homeostasis. Research has provided clear evidence of a strong genetic 

basis, and in some cases even an inheritance pattern for the disease (Fernandez-Moreno et al., 2008; 

Aubourg et al., 2022). An important example is the TGF-β signalling pathway, which has been 

identified as a key regulator in the musculoskeletal system (Massague et al., 2000). Increased levels of 

TGFβ proteins expression have been found in OA patients (Kraan, 2018). In addition, mutations within 

TGFβ genes have been shown to exhibit pathogenic effects on bone homeostasis, leading to OA 

progression. This includes a T869-C polymorphism mutation detected in TGFβ1 that has been associated 

with spinal osteoarthritis (Yamada, 2000).  Three other SNPs in TGFβ1 (C1348-T, T29-C, and T861-20-C) 

have been detected in southern Chinese women with symptoms of osteoarthritis (Lau et al., 2004). The 

protein has also been found implicated in osteophyte formation through its anabolic role in bone 

homeostasis (Davidson, 2007). In the TGF-β signalling pathway, the role of Suppressor of Mothers 

against Decapentaplegic (SMADs), a group of proteins involved in signal transduction, is significant. 

One important SMAD protein involved in transmitting key regulatory signals is SMAD3. Mutations 

within SMAD3 were also found to induce OA progression by altering the TGF-β signalling, either by 

increasing or decreasing its expression (Muratovic et al., 2022; Yang et al., 2001). Smad3 knockout 

mice show progressive degradation of articular cartilage, mimicking the phenotype observed in humans 

(Yang et al., 2001). However, TGFβ has a variable expression pattern in aged individuals, which has 

also been observed in osteoarthritic mouse models. In murine chondrocytes, TGFβ was found to signal 

via the ALK1-SMAD1/5/8 complex, instead of the ALK5-SMAD2/3 complex, as normally observed. 
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This alteration leads to an activation of catabolic functions resulting in an increased risk of OA 

progression in older adults and osteoarthritic mice (Davidson, 2007; van der Kraan et al., 2012).  

Other key contributors in the progression of OA are certain types of fibroblast growth factors, including 

FGF2 and FGF18. FGF2 exhibits catabolic and anti-anabolic functions in mouse dental pulp cells (Li 

et al., 2012), which is balanced by the function of FGF18 as a cartilage growth factor that is highly 

involved in cartilage maturation as studied in human articular cartilage (Ellman et al., 2008). This 

suggests a critical role in cartilage homeostasis, highlighting the potential of these proteins as promising 

drug targets for osteoarthritis. Other identified molecular regulators are the HIF proteins. HIF1a, like 

FGF18, has an anabolic function (Pfander et al., 2004) and functions in a homeostatic manner with 

HIF2a, which is characterised as a catabolic protein (Saito et al., 2010). HIF2A also directs the 

expression of Mmp13, which targets collagen and induces degradation mainly in the connective tissues 

(Vincenti et al., 1998; Mengshol et al., 2001). Another important player in the regulation of the 

musculoskeletal system is GDF5. GDF5 plays a key role in the maturation of cartilage into bones 

through a process known as endochondral ossification. It is also involved in synovial joint formation 

(Figure 1.1). GDF5 has been implicated in anabolic homeostasis and reduction in its expression has 

been shown to contribute to osteoarthritis development (Mikic, 2004). GDF5 gene will be further 

discussed in Chapter 5.  
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Figure 1.2: Types of bone cells 

Bones are made up of four types of cells. Osteocytes are present in all mineralised bone and are 

responsible for maintaining bone function and health. Osteoblasts are the building blocks of bone tissue 

and are formed as single nucleated cells from mesenchymal precursor cells. Osteoclasts, on the other 

hand, are the breaking blocks in bone tissues, essential for bone remodelling and resorption. They are 

derived from haemopoietic stem cells in a mononucleated form. Several mononucleated pre-osteoclast 

cells then coalesce to form a mature multinucleated osteoclast. Osteogenic stem cells, also known as, 

osteoprogenitor cells, are the undifferentiated cells with the potential to develop into different types of 

bone-related cells. Figure generated using Biorender (https://www.biorender.com/). 

 

https://www.biorender.com/
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1.2.4. Available OA treatments  

There is currently no cure for OA, so patients rely mainly on painkillers on a regular basis, along with 

gentle exercise, supportive devices and, in severe cases, arthroplasty (joint replacement surgery). The 

drugs administrated are NSAIDs and paracetamol, which work by attenuating excessive inflammation 

(Costa et al., 2017). Importantly, excessive inflammation over a prolonged period leads to further 

degradation of cartilage tissue (Sokolove et al., 2013). Current treatments used to attenuate the 

progression of osteoarthritis include steroid injections (Arroll et al., 2004), electrical nerve stimulation 

(Osiri et al., 2000), and hyaluronic acid injections (Migliore et al., 2015), which have been shown to 

prevent further cartilage degradation by stabilising the affected cartilage. Alternative treatments that 

may help improve the symptoms of OA include non-strenuous aerobic exercise (Hunter et al., 2008), 

acupuncture (Selfe et al., 2008), glucosamine (Reginster et al., 2001) and chondroitin sulphate (Henrotin 

et al., 2010).   

1.3. Introduction to cardiovascular disease 

Cardiovascular disease (CVD) includes any condition that affects the heart or blood vessels, such as 

aortic disease, congestive heart failure, or coronary heart disease. According to the World Health 

Organisation (WHO), CVD affects one third of the population and is the leading cause of death 

worldwide (WHO, 2021). It is considered a complex disease, involving many genes and other 

environmental factors such as obesity, diabetes, hypertension, physical inactivity and smoking. A large 

cardiovascular study known as the INTERHEART trial, showed that increasing the intake of vegetables 

and fruit, exercising and avoiding smoking can reduce the risk of CVD by 80% (Yusuf et al. 2004). 

However, as with OA, a genetic basis has also been found, accounting for between 10.3% and 39.4% 

of CVD pathogenesis (Osztovits et al., 2011). 

1.3.1. Molecular mechanisms behind CVD progression  

Identified mutations associated with cardiovascular disease have been linked to ECM regulation. One 

example is illustrated by the overexpression of TGFβ1, which leads to the progression of coronary 

artery disease (CAD) characterised by plaque build-up in the arterial wall due to dysregulation of ECM 

degradation (Tahsiro et al., 2002). Atherosclerosis is another CVD that has been identified as a major 

contributor to cardiovascular mortality worldwide (Rafieian-Kopaei, 2014). Similar to CAD, recent 

studies have demonstrated a clear association between ECM dysregulation and the progression of 

atherosclerosis (Gialeli et al., 2021).  Moreover, increased levels of TGFβ1 in serum were observed 

among patients suffering from atherosclerosis (Gomez-Bernal et al., 2023). 
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Other identified CVD biomarkers genes include NOTCH1, which causes aortic valve disease due to a 

point mutation, resulting in a premature stop codon (Garg et al., 2005). PCSK9, identified in familial 

hypercholesterolaemia with two identified non-synonymous mutations (Abifadel et al., 2003), and a 

point mutation in the MYH7 gene, causing hypertrophic cardiomyopathy (Rose et al., 2020).  

 

1.4. Introduction to Genome Wide Association Studies 

Genome Wide Association Study (GWAS) is an observational study in which millions of individuals 

are tested for their genetic variants by undertaking various types of genome sequencing analysis using 

microarrays and next-generation sequencing to detect Single Nucleotide Polymorphisms (SNPs), 

indels, and Copy Number Variations (CNVs).   GWAS aim to identify genetic biomarkers associated 

with the diseases being studied. First published in the year 2005, more than 50,000 significant 

associations between genetic variants and human traits and diseases have been found (Visscher et al., 

2012; Visscher et al., 2017). While GWAS primarily focus on SNPs, it can also be applied to other 

genomic variants such as CNVs or sequence variations (Siminovitch et al., 2004). These associations 

have shed light on the biology of certain diseases, their likelihood of occurrence, as well as possible 

treatments. One example would be the discovery of the IL-12/IL-23 pathway as a contributor to the 

onset of Crohn’s disease (Wang et al., 2009), which has led to several clinical trials of potential drugs 

targeting this pathway (Moschen et al., 2019). 

1.4.1. Experimental workflow  

There are several steps required to conduct GWAS, including data collection, genotyping, quality 

control, association testing, and post-association analysis. This section provides an overview of the end-

to-end process of the GWAS experimental workflow. 

The first process in a GWAS is data collection, where genetic and phenotypic information is collected 

from study cohorts or from biobanks and repositories. Large human sample sizes are required in order 

to ensure the reproducibility of the associations found. Considerable care is required as the 

characteristics of the study cohort must be carefully selected based on the aim of the study. Using the 

data collected, genotyping of blood samples or tissue biopsies is performed using microarrays, targeted 

SNPs, or next-generation sequencing. Microarrays are most commonly used due to their cost-

effectiveness. However, it is likely that Whole Genome Sequencing (WGS) will become the preferred 

method as the cost of WGS technologies decrease over the years.  
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Quality control is then performed to remove ambiguous positions and individuals, for example if the 

genotyped sex differs from the known sex. It is also used to remove bias when the individuals being 

tested have a high degree of relatedness. The importance of quality control is to reduce noise in the data, 

as well as to reduce the false positive discovery rate (Anderson et al., 2010; Laurie et al. 2010; Marees 

et al., 2018). Using this high-quality dataset, association testing is performed using biometric techniques 

to detect genotype-phenotype associations. The most commonly used techniques are linear regression 

models for continuous data or logistic regression models for binary data (presence or absence of disease) 

(Pirinen et al., 2012). Different p-value thresholds are set for different populations to minimize the risk 

of false positives (Bakker et al., 2005). 

Finally, other post-association tests are performed, such as replication and meta-analysis. Replication 

is the process of repeating the performed tests in multiple independent cohorts in order to verify the 

results, while meta-analysis is the process of using standardized statistical pipelines to combine results 

from multiple cohorts of smaller size.  

Over the past 15 years, genomic risk loci have been identified for multiple diseases and traits including 

anorexia nervosa (Duncan et al., 2017), major depressive disorder (Hyde et al., 2016), subtypes of 

cancer (Milne et al., 2017; Sud et al., 2017), type 2 diabetes (Zhao et al., 2017), coronary artery disease 

(Nikpay et al., 2015), schizophrenia (Li et al., 2017), inflammatory bowel disease (de Lange et al., 

2017), insomnia (Jansen et al., 2019), and educational attainment (Lee et al., 2018), among others. This 

abundance of genotype-phenotype associations was unprecedented before the advent GWAS 

(Lohmueller et al., 2003). 

GWAS risk loci often include multiple genes whose function or relevance was previously unknown 

(Hirschhorn, 2009). Experimental investigation of these loci may lead to the discovery of new biological 

mechanisms underlying a particular disease. One prominent example is the discovery of the role of 

autophagy in Crohn’s disease after studying the SNPs associated with the genomic risk loci in GWAS, 

including the genes ATG16L1 (rs2241880) ch2:233,210,051-233,295,674, and IRGM (rs1000113) 

chr5:150,846,521-150,902,402 (Hampe et al, 2007). 

1.5. Possible links between osteoarthritis and cardiovascular disease 

Several studies on OA and CVD, have identified many factors that are common to both conditions and 

may lead to a general link underlying both pathological mechanisms. Some of these studies suggest that 

CVD is particularly high in patients with late-stage hip or knee OA (Nuesch et al. 2011; Hawker et al. 

2014). This correlation may happen as patients with late-stage hip or knee OA are usually older adults, 

and old patients have a higher risk of CVD. However, diverse findings have been reported from various 

studies. As a result, a comprehensive meta-analysis was conducted in 2016 to consolidate all the data 
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from these studies. Out of 19 studies, 11 suggested that OA patients had a significant increased risk of 

CVD, five others showed no significant difference in the development of CVD, and the remaining three 

studies suggested that OA patients had a lower risk of CVD. Taking into account various factors, 

including age association, the meta-analysis results proved that the risk of CVD is usually 24% higher 

in OA patients compared to non-OA patients (Wang et al., 2016). 

Common factors found to be associated with both conditions include: First, physical inactivity as a 

result of the severe pain that OA patients experience with simple movement, which limit the activity 

levels of OA patients, resulting in increased risk of CVD. Second, the regular use of non-steroidal anti-

inflammatory drugs (NSAIDs) to suppress joint pain, as there are currently no drugs available for OA. 

NSAIDs are known to have adverse effects on the cardiovascular system, which can lead to myocardial 

infarction and hypertension. Thirdly, muscle weakness has been observed in patients with osteoarthritis 

(OA), which can limit their activity and potentially impact the heart as a muscle-dominant organ. 

Fourthly, the observed tissue perfusion or ischemia, which may affect the bones by reducing the amount 

of nutrients supplied to the cartilage, contributing to the progression of OA. And fifth, inflammation, 

which is associated with both diseases (Rahman et al., 2013).  

Another suggested link between OA and CVD is the presence of a metabolic syndrome, as it has been 

observed in 60% of OA patients compared to only 23% in the rest of the population (Puenpatom and 

Victor, 2009; Zhuo et al., 2012). Signs of metabolic syndrome include elevated blood pressure, blood 

glucose level, blood cholesterol and waist circumference. The syndrome is often associated with obesity 

and an increase in adipokines and pro-inflammatory cytokines, which activate cartilage cells or 

chondrocytes. When chondrocytes are over-activated, they produce matrix metalloproteinases (MMPs) 

and pro-inflammatory cytokines, which can dramatically increase the likelihood or severity of both OA 

and CVD (Rocher et al., 2019). Another metabolic factor that can affect chondrocytes and increase 

MMPs production is leptin. Leptin is a hormone produced by fat cells that plays a role in appetite and 

energy regulation. It has been shown to promote collagen degradation leading to cartilage loss (Ding et 

al., 2007). Upregulated levels of leptin have also been linked to myocardial infarction (Kain et al., 

2018). Finally, leptin could be implicated as a common link between metabolic syndrome, OA, CVD, 

and obesity. Adiponectin is another hormone that is abundantly present in adipose tissue and is found 

reduced in metabolic syndrome (Padamalayam and Suto, 2013). However, insufficient information is 

currently available to understand the exact role of adiponectin, as it displays both pro-inflammatory and 

anti-inflammatory functions. One explanation is the existence of different adiponectin isoforms with 

different properties, such as molecular weight and globularity. Although the exact function is unclear, 

the general data suggest an involvement in the meta-inflammation that affects OA and CVD 

(Berenbaum et al., 2013).   
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Recognising that general inflammation and adipokines caused by obesity are major factor in several 

chronic diseases, and that obesity is an easily modifiable factor, a study was conducted to determine the 

effect of weight loss on the level of inflammation and general improvement in wellbeing. The results 

showed a 28% improvement in physical wellbeing following a 10% reduction in body weight. A 

significant decrease in low-grade systemic inflammation was also detected (Woldbaek et al., 2005). A 

recent study on the effect of weight loss on osteoarthritis, confirmed a significant >25% improvement 

in knee osteoarthritis pain, and an overall improvement in health-related quality of life following a 20% 

weight loss (Messier et al., 2018). However, the joint structure should be examined to determine 

whether any changes occur with weight loss.  

 

1.6. Zebrafish as a model organism for functional analysis of GWAS 

hits 

Zebrafish are a great tool for genetic studies, with a number of advantages over in-vitro cellular work 

and mouse models. First, zebrafish have a genome that is 70% similar to that of humans (Howe et al., 

2013). In addition, 84% of the genes found to be associated with human disease have been found in 

zebrafish (Kettleborough et al., 2013). The small size of zebrafish, not exceeding 4 cm, and the large 

number of eggs laid by females, about 100-300 embryos per week, make them easy to maintain in 

designed aquariums. The embryos are fertilised and develop externally which permits simple 

examination as they are physically transparent. Zebrafish possess a fast rate of development, which 

makes it possible to monitor the effect of alterations over several generations. Figure 1.3 illustrates the 

early developmental stages of zebrafish embryos, which reach adulthood at 3 months. Genetic 

manipulation can be easily performed using various methods, including CRISPR-Cas9, and zebrafish 

show high tolerance to such modifications (Varshney et al., 2016). Finally, the availability of 

fluorescent transgenic lines that label different structures allow for clear visualisation of structures of 

interest, providing an excellent tool for developmental studies.  

In the case of examining the functional roles of GWAS hits, zebrafish displays an array of advantages 

that make it an exceptionally good model. Zebrafish provides a sufficient in-vivo system with a 

substantial number of organisms that can be tested at a low cost when compared to mouse models. The 

availability of a sequenced genome and al large number of CRISPR targets, together with high tolerance 

to genetic manipulations, further facilitates the genetic manipulation process. Multiple genes can be 

targeted within the same organism, and the generational effect can be easily followed due to the rapid 

rate of development. In addition, any induced mutation can be selected to produce homozygous and 
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heterozygous mutants. The effect of a mutation can be examined across different body systems rather 

than in a single cell type.  

 

Figure 1.3:  Zebrafish developmental stages 

Zebrafish development from a single cell embryo at 0 hours to adulthood, normally reached at 3 months 

of age. Arrows represent the progress to each stage and the time taken to reach each stage is highlighted 

in hours above the indicated arrow. Figure generated using Biorender (https://www.biorender.com/). 

1.6.1. Zebrafish as a model organism for studying the musculoskeletal system 

The use of zebrafish in musculoskeletal system studies is a growing field (Mackay et al., 2013) due to 

the availability bone-related transgenic lines that allow us to monitor early skeletal system development 

(skeletogenesis) in detail in a live organism. In terms of bone composition, zebrafish and humans share 

many similarities as both bone structures are composed of collagen fibres and hydroxyapatite crystals.  

Zebrafish undergo bone mineralisation (Apschner et al., 2011) and bone tissue formation  and resorption 

similar to humans (Witten et al., 2001). Cartilage and bone can be visualised separately using different 

fluorescent colours, allowing for easier imaging. In musculoskeletal studies, the Tg(Col2a:mCherry) 

transgenic line can be used to visualise the cartilage in red (Hammond et al., 2012), while a bone-

specific transgenic line such as Tg(sp7:EGFP)b1212 is used to highlight the bones in green (DeLaurier 

et al., 2010). At 3dpf, a synovial joint start forming, allowing the jaw area to mimic OA sites such as 

https://www.biorender.com/
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the knee in humans. One study examined six genes known to be associated with OA that were selected 

using GWAS and the ensembl database. Functional studies were performed in zebrafish and the 

expression patterns of all six genes were successfully identified (Mitchell et al., 2013). This highlights 

the remarkable potential of using zebrafish models in functional studies to confirm the role of 

biomarkers identified by GWAS. Furthermore, the use of zebrafish to study OA allows us to eliminate 

the mechanical strain and obesity factors in OA development, due to the weightlessness of the water 

environment. This allows a more comprehensive focus on the genetic link, while restricting the impact 

of environmental factors.   

1.6.2. Zebrafish as a model organism for studying heart structural development 

Zebrafish heart shows high similarity to the heart structure of humans. It consists of a myocardium, 

endocardium, epicardium and fibroblasts, which are highly conserved between the two species. 

Furthermore, critical structures found in the developed human heart including both main chambers, the 

atrioventricular valve, the aortic valve, the pacemaker, and the coronary vasculature, are also found in 

zebrafish (Staudt and Stainier, 2012). Figure 1.4 displays early stages of zebrafish heart development 

up to 5dpf.  

On the other hand, there are some structural differences between the human and zebrafish heart. 

Zebrafish have a single atrium and ventricle, forming a two-chambered heart with a single circulatory 

system, rather than the dual circulation found in humans. The adult zebrafish heart has a different 

structural composition with excessive tuberculation (a process that involves maturation of the heart, 

segmentation of structures to form the different chambers, and looping of structures to achieve correct 

alignment within the organism) when compared to the human heart (Jensen et al., 2016). Nevertheless, 

zebrafish provide an excellent tool for studying structural development in the musculoskeletal and 

cardiovascular systems. Available transgenic lines were used to induce a CRISPR-Cas9 mutation 

targeting the gene of interest. The effect of gene targeting on the musculoskeletal and heart structural 

development was monitored using Tg(Col2a1aBAC:mCherry) (Hammond et al., 2012) and 

Tg(myl7:LifeactGFP) (Reischauer et al., 2014). Cartilage is shown in red and the heart in green.   
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Figure 1.4:  Zebrafish heart development and looping  

The arrows from left to right represent the early development of the zebrafish heart, starting with the 

primitive heart tube present at 1-day post-fertilization (1dpf) with a basic inner endocardium wall and 

outer myocardium. At 1.5dpf, the tube starts ballooning, initiating the formation of the two heart 

chambers and their separation. At 2dpf, a clear separation of the chambers becomes visible, with the 

heart structure looping to align itself in its correct orientation within the embryo. At this stage, an 

outermost layer of epicardium starts forming, along with the valves between the chambers. By 5dpf, 

clear separation of the two chambers is observed, with complete looping of the two chambers and 

functional valves separating the Bulbous arteriosus from the ventricle, and another AV-valve between 

the atrium and ventricle. Figure generated using Biorender (https://www.biorender.com/).  

https://www.biorender.com/
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1.7. Hypothesis and aims  

Several studies have identified an increase in the risk of CVD development in individuals with OA (Ong 

et al., 2013; Veronese et al., 2016). Furthermore, as the number of GWA-studies increases, the same 

biomarker hits started emerging in both OA and CVD studies separately (Tachmazidou et al., 2019; 

Zhang et al., 2021; Pare et al., 2010). Finally, a recent meta-analysis indicated a 24% rise in the risk of 

developing CVD in OA patients by pooling data from 19 distinct studies, looking at the association 

between OA and CVD (Wang et al., 2016). Therefore, a hypothesis can be made regarding a common 

genetic link underlying the pathogenesis of both OA and CVD, alongside other chronic diseases.  

The following list outlines the primary objectives of this study, in the greater aim of identifying common 

links between chronic diseases with a specific focus on OA and CVD. The identification of a common 

genetic link could inform the selection of appropriate drug targets, to avoid polypharmacy, or 

investigate the repurposing of pre-existing drugs.  

• Identifying common risk genes between OA and CVD by combining data from the GWAS 

Catalog and GWAS Central databases from available OA and CVD GWA-studies.  

• Utilizing bioinformatic tools to gain further insights into the functions of the identified genes 

and their associated pathways.  

• Targeting of the identified common risk genes using CRISPR-Cas9 genome editing tool in 

single cell zebrafish embryo, followed by monitoring the impact of the targeting on the skeletal 

and heart development morphology in the Tg(Col2a:mCherry) cartilage line,  and the 

Tg(myl7:lifeActGFP) heart transgenic line. This objective aims to identify the intrinsic role of 

the gene in early development. 

• Examining the impact of targeting on the function of the skeletal system by monitoring the 

swimming abilities of fish during their larval and adult stages.  

• Investigating the effect of targeting on subsequent bone development by examining bone 

structural development in adult zebrafish using micro-CT scans.   

• Attempting to investigate the impact of a single gene targeting on the expression of other 

studied genes. 

 

Taken together, this postulation may provide an explanation for multimorbidity’s nature and the 

concurrent incidence of several chronic diseases within the same individual. Exploring common genes 

and mechanism underlying chronic diseases may reveal fundamental pathways in multimorbidity 

pathogenesis and help identify less detrimental treatment approaches to polypharmacy.  
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1.8. Functional genomic analysis pipeline 

Following the identification of common risk genes between OA and CVD, we designed and executed a 

functional genomic analysis pipeline to explore gene depletion effects and examine our primary study 

objectives. To understand the role of a gene, the consequences of its absence must be examined, which 

will reveal its intended function in the different systems. CRISPR-Cas9 genome editing tool will be 

used to target the identified common risk genes in zebrafish embryos. The effect of specific gene 

targeting will be examined in relation to exhibited phenotype within the context of cartilage and heart 

development. The study will employ the specific fluorescent transgenic lines, Tg(Col2a:mCherry) for 

morphological observation of the cartilage in red and the Tg(myl7:lifeActGFP) line for visualising the 

heart in green.  Genotyping will be conducted on produced crispants to match with the corresponding 

resultant phenotype. Moreover, the functionality of the skeletal system will be assessed by monitoring 

the impact of mutations on the swimming abilities of zebrafish at the larval and adult stages, using the 

Viewpoint Zebrafish Box system. Finally, to investigate the effect of the gene targeting on later bone 

development or maturation, micro-CT scans will be performed on the adult crispants. This pipeline 

facilitates screening for the functional role of different genes across the two examined structures.  
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2. Materials and Methods 
 

2.1. Materials 

Common laboratory reagents were purchased from Sigma Aldrich, Roche Diagnostics, or 

ThermoFisher Scientific, unless otherwise stated. DNA oligonucleotides were synthesised and 

purchased from Integrated DNA Technologies (Leuven, Belgium).  

2.2. General zebrafish techniques 

2.2.1.  Zebrafish husbandry and maintenance 

All zebrafish work was carried out under the regulations of The Home Office Guidance on the Operation 

of Animals (Scientific Procedures) Act 1986 (ASPA), project license: PP9182752 and personal License: 

I38989005. The fish were housed at the Centre for Developmental and Biomedical Genetics (CDBG) 

at the University of Sheffield. They are maintained in a semi-closed environment, where fresh water 

gets inflexed by approximately 10% every 24 hours. The temperature is kept between 26.5 and 28°C 

and the pH is nearly neutral. A 14-hour light/ 10-hour dark cycle is implemented. High-water quality is 

essential for successful nurturing and breeding. To maintain the good quality, water in the aquarium is 

passed through various filters. Starting with a carbon filter to dechlorinate the water, it then passes 

through an ultraviolet steriliser to mutate any micro-organisms. The removal of toxic waste, particularly 

ammonia, is another essential step, and a pressurised sand filter and a biological filter are used to reduce 

the amount of ammonia, then any ammonia that remains is converted to nitrates, which is a much less 

harmful product. To ensure the consistency of healthy breeding, the system water is regularly checked 

to preserve the following mineral concentrations including 0.01-0.02 mg/L ammonia, <25 ml/L nitrate, 

0.5-1.0 mg/L nitrite and 0.00 chlorine. 

Young larvae are fed rotifers and dry food until they are 11 days old, when they are switched to Artemia 

as their primary food source. When the fish are old enough, they are transferred from petri dishes to 

glass tanks containing 10 litres of system water, with a maximum of 40 fish per tank. To breed the fish 

to obtain embryos, two methods can be used depending on the experiment to be performed (Audeeh et 

al., 2012). 

2.2.2. Embryo collection  

The first method is commonly known as marbling. This involves placing a sieve container with different 

coloured marbles fitted in a closed deep container underneath. Fish are attracted to the marbles, so they 
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gather to swim over them, and the females lay their eggs and subsequently males spray their sperm over 

to fertilise the eggs. The eggs fall through the sieve so the fish do not have access to them, otherwise 

they would be eaten by the adults. Fertilised eggs can be easily obtained by draining the tank through 

another finer sieve.  

Alternatively, fish pairing can also be used to obtain the embryos. This method is generally less 

desirable as it involves a lot of handling of the fish to place a male and a female in a small transparent 

container with a clear divider between them. The container has a sieve and is enclosed in another 

transparent container so that the eggs can fall without the fish having access to them. The set-up 

presented in Figure 2.1 is prepared the day before the embryos are required. Fish must be left overnight 

to allow for sufficient time for them to adapt to their new environment and more importantly for the 

females to be ready for egg laying. Otherwise, the males will be ready prior to the females. The next 

morning, dividers are removed, and the fish are allowed to mate. Embryos are collected immediately 

after fertilisation. This is essential for age-sensitive experiments such as the microinjections performed 

in this study, which must be done at the single cell stage. 

 

Figure 2.1: Zebrafish embryo collection methods 

(a) One male and one female are placed in a single smaller tank, separated by a transparent divider. The 

following day, the divider is removed, and the pair is allowed to breed so that the eggs can be collected 

from the lower container. This procedure provides access to embryos that are born at the same time and 

will therefore develop simultaneously for time-critical experiments.  (b) A sieve-bottomed container 

containing marbles is placed in the tank to attract fish to mate. Eggs can be collected from the bottom 

tank at different stages. Once the embryos have been collected, they are maintained in E3 medium 

a) 

b) 
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(0.17mM KCl, 0.33mM CaCl2, 5mM NaCl, 0.33mM MgSO4) with 0.001% methylene blue in a 28.5°C 

incubator with a regulated light cycle. 

2.2.3.  Zebrafish anaesthesia 

Embryos (<5.2 days post fertilisation) are anaesthetised with 0.4% w/v tricaine in E3 (PharmaQ, 

Hampshire). Upon completion of handling, embryos are transferred to fresh E3 medium, and adults are 

monitored while recovering in system water.  

2.2.4. Transgenic lines  

Different transgenic lines were used for different purposes. For the visualisation of the cartilage, the 

transgenic line Tg(Col2a1aBAC:mCherry)hu5900  was used, where cartilage is visible in fluorescent red. 

To study the heart structure the Tg(myl7:lifeActGFP) line was chosen, highlighting the heart in green. 

The widely available wildtype AB fish ZDB-GENO-960809-7, as well as wildtype transparent line 

Nacre were also part of this study.   

Zebrafish Line Structure Reference 

Wildtype AB 

(ZDB-GENO-960809-7) 

  

Wildtype Nacre   

Tg(Col2a1aBAC:mCherry)hu5900 Cartilage in Red Hammond et al., 2012 

Tg(myl7:lifeActGFP) Heart in Green Reischauer et. al. 2014 

Table 2.1: Zebrafish transgenic lines included in this study 

 

2.3. CRISPR-Cas9 genome editing technique 

2.3.1. Single-guide RNA and primer design 

To design the CRISPR sgRNA, the UCSC genome browser (UCSC Genome Browser Home, 2019) 

was used to select the best targets for the guide RNA. The genomic size was approximately 20 
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nucleotides, based on targets with the lowest off-target score and high overall score assigned by UCSC, 

preferably above 900 and located in an exon at the beginning of the gene. The selected sequence was 

then obtained with the addition of 150 bp flanking nucleotides on each side. For guides to be used 

efficiently in CRISPR modulations, suitable primers must be designed around the mutated region for 

later confirmation of induced mutation through genotyping. To confirm the availability of such primers, 

the entire target region with a total of 300 bp of flanking nucleotides was entered into Primer3Plus, 

which automatically selects the most appropriate forward (F) and reverse (R) primers, Table 2.3. All 

our primers were selected within the 50-60% CG ratio to ensure accuracy.  

For each candidate gene, two target-specific sgRNA were designed. These are listed in Table 2.2. Two 

guide RNAs were used to increase the efficiency of the knockout, and to potentially remove a larger 

DNA sequence for easier detection. The use of a single guide RNA designed by Synthego, rather than 

combining two separate crRNA and tracrRNA has been shown to increase the efficiency of the knockout 

and was therefore chosen as the first step in the pipeline. To 1.5nmole of lyophilised target-specific 

sgRNA, 20μl of nuclease-free water was added for reconstitution. A working solution was then prepared 

using 30% of the stock solution and further diluted with nuclease-free water.  

Target Gene Target Exons sgRNA 

tgfβ1a 1 and 2 Guide 1= GAATCCGGAGCGGACGACGA  

Guide 2= GGAACTGTATCGCGGAGTGG 

gdf5 1 and 2 Guide 1= GAGATCTTCGCGTTATCG  

Guide 2= GGTTTTTTCCCACGCGGCAA  

ctsk 4 and 5 Guide 1= GATAGATACCGTTCCAACGT  

Guide 2= GAGGGCACTGACCGCCGCCG  

Table 2.2: CRISPR-Cas9 single-guide RNAs 

Two guide sequences utilised to target specified exons. Sequences selected using the Zebrafish CRISPR 

target tool UCSC (Genome Res. 2002 Jun;12(6):996-1006). 
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2.3.2. CRISPR guides and primers validation 

To validate the designed guides (Table 2.2) and primers (Table 2.3), embryos were injected at single 

cell stage with the designed guides, along with Cas9 protein. DNA was extracted from injected and 

control embryos, and a simple PCR was performed to check for clear bands on a 1% agarose gel 

(ThermoFisher Scientific,17850) at the expected size on the DNA ladder. After confirming that the 

primers are specific to our targets, a fluorescent PCR was performed to detect the efficiency of the 

designed guides in modulating the gene under investigation, indicated by a disruption of the wildtype 

peak observed in control samples.  

Table 2.3: CRISPR primer sequences 

Designed using Primer3Plus. An M13 tail sequence was added to the forward primer (F), while a pigtail 

end was added to the reverse primer (R), allowing the primers to be used for CRISPR-STAT 

(fluorescence PCR) analysis. 

2.3.3. Microinjection of single cell zebrafish embryos 

In preparation for the CRISPR microinjection, borosilicate glass needles are pulled using a P-1000 

flaming/brown micropipette puller to obtain fine needle tips. Agarose moulds are made using 1.5% 

agarose in E3 medium, and embryos are placed in the mould for precise positioning. The injection 

mixture consists of 0.5μl Cas9 protein (Sigma Aldrich, CAS9PROT-50UG), 0.5μl of each 30% working 

solution sgRNA (Synthego), 1μl Dilution buffer, and 1μl Phenol red (Sigma Aldrich, P0290). The 

mixture is prepared and allowed to stand on ice before being used for the injection. The mixture is 

loaded into needles using microloader tips (Eppendorf, Cat no. 5242956003) and fixed to a PV820 

Target Gene CRISPR Primer Sequence 

tgfβ1a 
F= TGTAAAACGACGGCCAGTGGAGGTGGTGAGGAAGAAGC 

R= GTGTCTTGTTTGCTTGGTGCTGACCG 

gdf5 
F= TGTAAAACGACGGCCAGTACTTTCTCTGAGGGCATGGC 

R= GTGTCTTCTCAGAGGAAGATCAGAGGATGA 

ctsk 
F= TGTAAAACGACGGCCAGTATGTACCGCGATCCAGCAAA  

R= GTGTCTTTCATTGTTAGGCTGTGAAATCGT 
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Pneumatic PicoPump (World Precision Instruments). The fine tip of the needle is gently broken using 

forceps and air is pumped through the picopump injector into mineral oil (Sigma, M5904) on a glass 

graticule to calibrate the injection bolus. In this study we injected two consistent volumes of 0.5nl and 

2nl to obtain the final optimal concentrations of each guide RNA (100pmol and 400pmol respectively). 

2.4. Molecular biology techniques 

2.4.1. Zebrafish larval DNA extraction 

For embryonic/larval tissue DNA extraction a Sigma Aldrich Extraction-N-Amp kit (Sigma Aldrich, 

XNAT2-1KT) was utilised to yield high concentration DNA. For each sample, a mixture of 25µl 

extraction buffer and 7µl tissue preparation solution was added to separate wells of a 96-well plate. 

Embryos were incubated at room temperature (RT) for 10 minutes and then boiled at 95°C for 5 minutes 

to dissolve the tissue. 25µl of neutralisation buffer was then added to each well and vortexed briefly to 

mix. A sample of the extracted DNA was then diluted 1:10 in nuclease free water to achieve the 

appropriate DNA concentration required for the PCR reaction.  

2.4.2. DNA extraction from adult fin clips 

For DNA extraction from adult fin tissue a NaOH/Tris method was used. For each fin clip 25µl of 

50mM NaOH (VWR Chemicals, 1310-73-2) was added for full immersion and boiled in a thermocycler 

at 95°C for 5 minutes, followed by a cooling step at 4°C for 10 minutes. 6µl of 500mM Tris-HCL (pH 

8.0) (VWR Chemicals, J831-500ML) was added to each sample and centrifuged for 1,500xg, 5 minutes 

at RT. For PCR reactions 1.5µl of stock DNA was used per 20µl reaction volume.  

2.4.3. RNA extraction 

1ml of TRIzol reagent (Ambion, 15596018) was added to a 1.5ml tube containing 20-50 zebrafish larvae 

(<5.2dpf). Using a pellet pestle attached to a homogeniser, samples were homogenised for 1 minute to 

disrupt tissue and release RNA. Samples were then centrifuged at 4°C for 10 minutes at 13,000 rpm. 

The supernatant was transferred to a fresh 1.5ml tube, and 200µl of 1-bromo-3-chloropropane (BCIP) 

(Sigma Aldrich, B9673) was added per 1ml of supernatant. Tubes were vortexed briefly, and allowed 

to stand for 10 minutes at RT before being further centrifuged for 15 minutes at 4°C. At this stage the 

samples separated to form three distinct layers, phenol chloroform, DNA, and an upper RNA layer. The 

RNA layer was pipetted into a fresh 1.5ml tube and an equal volume of 70% ethanol was added. The 

RNA Clean & Concentrator Kit (Zymo Research, R1019) was used to purify and concentrate the 

extracted RNA. 30µl of nuclease-free water (Zymo Research, W1001) was used to elute the RNA and 

its concentration was measured using a nanodrop. The extracted RNA can be stored at -80°C. 
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2.4.4. Gel electrophoresis 

A 1% agarose gel was prepared by mixing 1g of agarose powder (ThermoFisher Scientific,17850) with 

100ml 1x TAE buffer warmed up in a microwave. The mixture was allowed to cool, and 10µl PAGE 

Gel Red (Biotrend, 41008-T) was added to stain the DNA before being poured into a gel tray with a 

well comb inserted. After allowing the gel to set, then 3µl of the PCR product was mixed with 0.5µl of 

6x DNA loading dye (ThermoFischer, R0611) and loaded into the designated well. 3µl of DNA ladder 

(New England Biolabs, N0550S) was loaded onto the first lane to act as a reference for band sizes. Gels 

were run at 120V for 45 minutes and then imaged in a BioDoc-It 220 Imaging System Transilluminator 

(UVP, 97-0182-02). 

2.4.5. Genotyping using CRISPR-STAT (Fluorescence PCR) 

To initially confirm the presence of a mutation induced by CRISPR targeting, a fluorescence-based 

PCR method known as CRISPR-STAT was our technique of choice. The readouts are peaks at specific 

locations and heights that appear to be disrupted or missing in modulated samples. The key elements in 

this reaction are primers with a fluorescently labelled M13 pigtail ends. This technique was performed 

according to the protocol of Varnshey et al., 2016. The PCR master mix was prepared using 7.94ml 10x 

PCR Buffer II, 795µl 100mM dNTP mix (25mM each), 7.94ml 25mM MgCl2 solution, and 635µl 

AmpliTaq Gold on ice (Applied Biosystems, N8080241). A primer mix was prepared using 485µl TE 

(pH 8.0) (Invitrogen, AM9849), 5µl M13F-tailed forward primer (100µM), 5µl pigtail reverse primer 

(100µM), and 5µl M13-FAM primer (100µM). Primer sequences are listed in Table 2.3. 

To each 100µl of PCR mix, 6µl of M13-FAM primer mix was added and 5µl of this mixture was 

aliquoted into separate wells of a 96-well plate. To each well, 1.5µl of 1:10 diluted DNA was added, 

and samples were left to run in a BioRad thermocycler following the programme in Table 2.4. 
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Cycle Temperature and Duration 

1 94°C for 12 mins 

2-41 94°C for 30s, 57°C for 30s, 72°C for 30s 

42 72°C for 10 mins 

43 4°C hold for infinity 

Table 2.4: PCR thermocycler program 

 

To confirm the success of the PCR, 2.5µl of PCR product was loaded onto a 1% agarose gel to perform 

gel electrophoresis. When clear bands were observed on the gel, 2.5µl of the remaining PCR product 

was loaded into a 96-well Axygen plate (Axygen, AXP440). A mixture of 1:50 dilution of GeneScan 

400HD ROX (Thermofisher, 402985) in HiDi formamide (Thermofisher, 4401457) was prepared and 

10µl volumes added to the PCR product in separate wells. The plate was sealed and heated to 95°C for 

5 minutes, before loading the plate into an ABI 3130xl or 3730xl genetic analyser using pre-set 

CRISPR-STAT module parameters.  

2.4.6. Sequencing 

Sequencing was done via four different providers: The Sheffield Microarray/Genomic Core Facility 

(Sheffield, England), Eurofins (Ebersberg, Germany), Genewiz (Leipzig, Germany) and Source 

BioScience (Nottingham, England).  

Samples were prepared by mixing 5µl FirePol Master Mix (Solis Biodyne, 04-11-00125), 0.5µl forward 

primer, 0.5µl reverse primer, 17µl nuclease-free water and 1µl of stock DNA to be tested in PCR tubes. 

Samples were left to run in a thermocycler following the protocol in Table 2.5. below. 3µl of PCR 

product was run on a 1% agarose gel to confirm the success of the PCR. Samples were then purified 

using 0.05µl of Exonuclease I enzyme and 1µl of Shrimp Alkaline Phosphatase (SAP) (ThermoFisher, 

783901000UN) to every 5µl of PCR product and incubated at 37°C for 15 minutes, followed by 80°C 

for a further 15 minutes to deactivate the enzymes. The DNA concentration was then measured using a 

Nanodrop ND-Spectophotometer to send the appropriate concentration according to the sequencing 

company along with the designed primers.  
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Step Temperature and Duration 

Step 1 95°C for 3 minutes 

Step 2 95°C for 30 seconds 

Step 3 58°C for 30 seconds 

Step 4 72°C for 1 minutes 

Step 5 Repeat step 2-4 30 times  

Step 6 72°C for 5 minutes 

Step 7 Hold at 4°C for infinity 

Table 2.5: PCR thermocycler conditions for sequencing samples 

2.5. Microscopy and imaging 

2.5.1. Stereomicroscope for general morphology imaging 

All brightfield imaging was performed using a ZEISS Axio Zoom V16 microscope (ZEISS, 495010-

0004-000) with an attached ZEISS Axiocam 503 mono (ZEISS, 426560-9040-000). 2D fluorescence 

images were aquired using the same equipment along with an attached HXP 200c illuminator (ZEISS, 

435716-0000-000) and the ZEISS ZEN Pro imaging software. 

2.5.2. Lightsheet microscopy  

Lightsheet microscopy (ZEISS Lightsheet Z.1) is an excellent tool for imaging zebrafish, with a 360° 

angle to access a clear view of all fluorescent structures in different transgenic lines, and therefore can 

be used to generate 3D constructs for visualisation purposes. As shown in Figure 2.2, fish are mounted 

in 1-1.5% low-melting point agarose (Sigma Aldrich, A9414) in glass capillaries. Up to 5 fish can be 

mounted per capillary, and black capillaries were used for mounting fish up to 5dpf. The acquisition 

chamber was filled with MilliQ water for cartilage/bone imaging, while filled with E3 plus 8.4% tricaine 

for heart imaging. Imaging the heart also requires the chamber temperature to be set to 10°C and the 
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fish to be anaesthetised on ice to prevent the heart from beating and moving while the sample is imaged 

as z-stacks. 

 

Figure 2.2: Zebrafish larvae setup for lightsheet imaging 

Fish are mounted in low melting point agarose in glass capillaries. The capillaries are immersed in the 

MilliQ or E3 filled acquisition chamber, and samples are pushed through the liquid to allow for direct 

laser penetration. The capillary has a 360° field of rotation, allowing complete imaging of the structure 

of interest. Figure generated using Biorender (https://www.biorender.com/).  

For cartilage imaging of the Tg(Col2a:mCherry) transgenic line, 25% laser power was passed through 

a 405/488/561 filter, and reflected onto a 560nm mirror line feeding to a 585 camera, visualising 

cartilage in red. Images are acquired in 16-bit depth from a single side laser angle chosen on the basis 

of preview quality. The exposure time is adjusted for each sample. For heart imaging in the 

Tg(myl7:lifeActGFP) line the same parameters were used but the 488nm laser was activated to show 

the heart in green. We also used a higher magnification of 1x on a 10x objective and single sided laser 

projection. All Lightsheet imaging was performed using the ZEISS ZEN Pro imaging software. After 

imaging, the samples were collected for DNA extraction and genotyping. 

2.6. Zebrafish gene expression analysis 

2.6.1. Quantitative Real Time PCR (qRT-PCR) 

Using 1-2µg of extracted RNA (described in section 2.4.3), cDNA can be prepared by reverse 

transcription. A master mix consists of 2µl 10x RT buffer, 0.8µl 25x dNTP, 2µl 10x RT random primers, 

1µl reverse transcriptase, 1µl RNase inhibitor, 1-2µg RNA (variable amount per sample), and x µl 

nuclease-free water to make up a final volume of 20µl reaction. All reagents above are obtained from 

High-Capacity cDNA Reverse Transcription Kit (ThermoFisher Scientific, 4368814). The samples are 

https://www.biorender.com/
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then left to run in a thermocycler according to the programme described in Table 2.6. cDNA is then 

diluted 10-fold by adding 180µl of nuclease-free water to each tube.  

Step Temperature and Duration 

Step 1 25°C for 10 minutes 

Step 2 37°C for 120 minutes  

Step 3 85°C for 5 minutes  

Step 4 Hold at 4°C for infinity 

Table 2.6: Thermocycler conditions for reverse transcription. 

 

For qRT-PCR, a SYBR Green based master mix is prepared using 63.5µl Fast SYBR Green 

(ThermoFisher Scientific, 4385612), 4.22µl 10µM forward primer, 4.22µl 10µM reverse primer, and 

2.11µl nuclease-free water. The primers used are listed in Table 2.7. This master mix is sufficient for 

10 samples. To an appropriate qPCR 96-well plate, 7µl master mix is aliquoted along with 5µl of diluted 

cDNA. The plate is briefly vortexed and run on a Bio-Rad CFX96 C1000 Touch Real Time PCR 

instrument according to the protocol described in Table 2.8. 
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Table 2.7: qRT-PCR (Whole-Coding) primer sequences 

The above primers were used to detect DNA expression levels in qPCR reactions. The same primers 

were also used to generate in situ hybridization probes for specific localised RNA expression detection. 

The primers were designed using Primer3Plus. 

 

 

 

 

 

 

 

 

 

 

 

Target Gene CRISPR Primer Sequence 

tgfβ1a 
F= GGAGGTGGTGAGGAAGAAGC 

R= ATCTTCTGAACCCTGCAGCC 

gdf5 
F= ACTTTCTCTGAGGGCATGGC 

R= AGCGGATGGGAAAGTCACAG 

ctsk 
F= ATGTACCGCGATCCAGCAAA 

R= ACTTCTTGCCTCTCGGTGTG 
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Table 2.8: Conditions for qRT-PCR. 

 

2.6.2. In situ hybridization probe design  

To design suitable primers, the cDNA sequence of the candidate gene was obtained from Ensembl 

(https://www.ensembl.org), taking into account the presence of multiple transcripts, and their variability 

in exon number and location. The cDNA sequence was exported to Primer3Plus to generate suitable 

forward and reverse primers that encompass the exons of interest within the sequence and have a good 

CG ratio. Using the designed primers, a PCR reaction was performed using 5µl FirePol Master Mix 

(Solis Biodyne, 04-11-00125), 0.5µl 10µM forward primer, 0.5µl 10µM reverse primer, 1µl stock 

DNA, and 3µl MilliQ water to give a final volume of 10µl per tube. Mixture was left to run in a 

thermocycler using the protocol listed in Table 2.5.  

3µl of PCR product was run on 1% agarose gel in 1xTAE buffer to confirm the success of the PCR, as 

indicated by strong, clear, single bands at the expected position along the DNA ladder.  

Step Temperature and Duration 

Step 1 50°C for 2 minutes 

Step 2 95°C for 10 minutes 

Step 3 95°C for 15 seconds 

Step 4 60°C for 30 seconds 

Step 5 72°C for 30 seconds 

Step 6 Repeat step 3-5 39x 

Step 7 65°C for 5 seconds 

Step 8 95°C for 50 seconds 

https://www.ensembl.org/
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2.6.3. TOPO cloning protocol 

To amplify the DNA fragment obtained, a TOPO cloning kit was used, which contains a pCRII vector 

(Figure 2.3) with an attached polyT tail overhang. This overhang polymerises with the polyA tail added 

during the PCR reaction, allowing transformation into E. coli bacteria. All reagents were obtained from 

the TOPO cloning kit (Invitrogen, 45-0640) and used in the following amounts: 0.5µl vector, 0.5µl salt 

solution, 1µl of PCR product and 1µl nuclease-free water. The mixture was left at RT for 5 minutes and 

then transferred to ice.  

Cells were allowed to thaw on ice before adding 1µl of reaction mixture. Cells were incubated on ice 

for 30 minutes, then subjected to a short heat shock at 42°C for 30 seconds, followed by a recovery 

incubation on ice for 2-minutes. 250µl RT SOC bacterial growth medium (Sigma Aldrich, S1797) was 

added to the cells, and incubated horizontally at 37°C for 1 hour at 200-350rpm. Bacteria were spun 

down at 3000rpm for 5 minutes at RT, 30µl of supernatant was discarded and the remaining liquid was 

pipetted back with the cell pellet to increase the concentration and plated onto ampicillin agar plate 

(Sigma A0166. 100μg/mL). Plates were pre-warmed at 37°C for 30 minutes, then 40µl of Xgal 

(ThermoFisher, R0404) and 40µl of IPTG (Merck, I6758) were added to the plate, which was allowed 

to dry for a further 30 minutes before the bacteria were spread over it. The plates were then incubated 

overnight at 37°C to allow for bacterial growth. Successful recombinant cells will appear as white 

colonies. 4-6 white colonies were selected and resuspended separately in 10µl MilliQ water. A colony 

PCR reaction was performed on each resuspended colony to determine if transformation of the desired 

fragment had occurred. For this, 5µl of colony suspension was added to 0.4µl of 10µM forward primer, 

0.4µl of 10µM reverse primer (Table 2.7), 10µl FirePol, and 4.2µl MilliQ water. The reaction was then 

run on a thermocycler using the programme in Table 2.9. 
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Figure 2.3: pCR-II TOPO cloning vector 

Figure presents vector map used for cloning fragment of interest, including restriction sites for specific 

enzymatic restriction digestion and linearisation. Construct map obtained from Snapgene. 

Step Temperature and Duration 

Step 1 94°C for 2 minutes 

Step 2 94°C for 20 seconds 

Step 3 60°C for 20 seconds 

Step 4 Drop 1°C per cycle  

Step 5 72°C for 45 seconds 

Step 6 Repeat steps 2-5, 9 times 
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Step 7 94°C for 20 seconds 

Step 8 50°C for 20 seconds 

Step 9 72°C for 45 seconds 

Step 10 Repeat steps 7-9, 14 times  

Step 11 72°C for 3 minutes 

Step 12 10°C for 5 minutes  

Table 2.9: Colony PCR reaction program 

 

3µl of PCR product was run on 1xTAE agarose gel for 45 minutes at 110 volts. If positive, the remainder 

of the colony/milliQ mixture was used to grow transformed colonies, which were processed in a plasmid 

miniprep kit (Zymo Research, D4200-B) to extract the desired plasmid. Plasmids were sent for 

sequencing using an M13R primer to check the orientation of the insert within the plasmid and to select 

a restriction enzyme to cut at the 5’ end to generate an antisense probe. 

Once a suitable restriction enzyme has been selected, a digestion is performed by mixing 10µl DNA, 

5µl Cutsmart buffer (New England Biolabs, Catalogue No. B7204), 0.5µl restriction enzyme and 34.5µl 

MilliQ water. The mixture is incubated overnight at 37°C and purified the next day using the Qiagen 

PCR Purification Kit (Qiagen, 28104) or the DNA Clean and Concentrator Kit (Zymo Research, 

D4033). At this stage the plasmid should be fully linearised. To check the state of linearization, 1µl of 

the presumed linearised DNA is mixed with 4µl MilliQ water and 1µl loading dye and run on a 1% 

agarose gel for 2 minutes at 100 volts. As a negative control, an additional sample is prepared with 

0.5µl of the original non-linearised plasmid, 4.5µl MilliQ water and 1µl loading dye is added to the gel. 

If the plasmid has been linearized, a single band will appear on the gel, whereas if the plasmid failed to 

linearise, it would appear as an intact structure in the form of multiple bands or a thick smeared band.  

The linearised plasmid can then be used to transcribe the probe. A digoxygenin (DIG) RNA labelling 

mix (Roche,11175033910) was used to label the RNA probes. 2µl DIG RNA Labelling Mix was added 

to 2µl transcription buffer, 1µl RNAse out, 2µl RNA polymerase, 1µg of linearised DNA and a variable 

amount of MilliQ (depending on DNA concentration) to give a final volume of 20µl. The reaction was 
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incubated at 37°C for 2 hours. 1µl of DNAse was then added to the tube, briefly vortexed and incubated 

for a further 15 minutes at 37°C. The labelled RNA probe was then purified using the RNAeasy Kit 

(Qiagen, 74004) before being used for in situ hybridization staining.  

2.6.4. Whole mount in situ hybridization  

In situ hybridization is a widely utilised technique in zebrafish research as it allows the expression levels 

of specific RNAs of interest to be clearly visualised in a localised manner within the organism. The 

technique relies on the binding specificity of RNA probes designed as described in section 2.6.2. 

Zebrafish larvae are fixed in 4% PFA overnight at 4°C with gentle agitation. Embryos were then washed 

in 1xPBST for 5 minutes at RT. This step was repeated three times to ensure complete removal of PFA 

before dehydration in a series of 30%, 50%, 70% and 100% methanol dilutions to preserve the structure 

of the fish. Each wash was performed on a rocker for 5 minutes at RT and the final 100% methanol 

wash was repeated 3 times before the embryos were stored at -20°C until required for staining.  

To initiate the staining process, fish was rehydrated by reversing the dehydration process with 70-30% 

methanol/PBST washes before a final step of 4x 5-minute 1xPBST washes. For larger RNA probes to 

penetrate, and to reduce non-specific probe binding during hybridization, proteinase K (proK) was used 

at different concentrations and time durations depending on the embryo/larval stage at which the 

samples were fixed. Young embryos at 24 hours were incubated in 10µg/ml proK for 5 minutes at RT, 

while for 5dpf samples, embryos were incubated in 20µg/ml proK for 20 minutes at RT on a rocker. 

Proteinase K was then be replaced with 4%PFA-PBS for 20 minutes at RT for fixation. Embryos were 

then washed 5 washes with 1x PBST.  

Hybridization buffer (Hyb-) was prepared as described in Table 2.10. For prehybridization 50µg/ml 

heparin and 500µg/ml tRNA were added to 1ml hybridization buffer per reaction tube. Embryos were 

prehybridized for at least 1 hour at 70°C before hybridization was started by incubating samples in 

hybridization buffer containing probe (1:100 dilution) at 70°C overnight.  

The probe was removed, and the embryos washed briefly in 100% Hyb- at 70°C. A series of 75%, 50% 

and 25% Hyb- washes were performed for 15-minute at 70°C, followed by 2x SSCT, 15-minute wash, 

then 0.2xSSCT for 30 minutes, repeated twice, all at 70°C. All reagents up to this stage require 

preheating prior to addition to the samples. All other steps from this point were performed at RT. A 

series of 75%, 50% and 25% 0.2xSSCT washes for 10 minutes were performed before a final wash for 

a further 10 minutes in 1xPBST. Embryos were then incubated in blocking buffer for at least 2 hours at 

RT before incubation in 1:50 Anti-Digoxigenin-AP Fab fragments overnight at 4°C with agitation.  
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The next day, antibodies are discarded, and the embryos are washed 8 times in 1xPBST for 15 minutes 

each at RT. To prepare for staining, embryos are first washed 3 times for 5 minutes in staining buffer. 

Staining solution is then added (1:50 NBT/BCIP in staining buffer) is then added and embryos are 

incubated at RT in the dark with agitation. Depending on the probe, staining may take a variable amount 

of time to develop and should be monitored frequently under a dissecting microscope. Once staining 

appears, the reaction can be stopped by washing off the staining solution with 1xPBST 3 times for 5 

minutes. To fix the stain, embryos were incubated overnight in 4%PFA-PBS at 4°C. Finally, PFA was 

removed by 2 washes in 1xPBST for 10 minutes each and the embryos were dehydrated again in a series 

of 30%, 50%, 70% and 100% methanol washes. Stained embryos can be stored in 100% methanol at 

4°C until imaging. Embryos were imaged in Murray’s BBA solution (2:1 benzylbenzoate: 

benzylalcohol) to reduce background and obtain clearer images. 
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Reagent Contents  Final 
Volume 

Source 

DEPC- treated water 
(autoclave) 

1 ml DEPC  
1 L Milli Q water 

1 L  (Sigma Aldrich, D5758-5ML) 

1x PBS 10 PBS tablets 
1 L DEPC water 

1 L (Sigma Aldrich, P4417-100TAB) 
(Sigma Aldrich, D5758-5ML) 

10x PBS 10 tablets 
100 ml DEPC water 

100 ml  (Sigma Aldrich, P4417-100TAB) 
(Sigma Aldrich, D5758-5ML) 

20x SSC 70.12 g NaCl  
35.28 g Sodium Citrate 
400 ml DEPC water 

400 ml (Sigma Aldrich, S9888-25G) 
(Fisher Scientific, 6132-04-3, 68-
04-2) 
(Sigma Aldrich, D5758-5ML) 

2x SSCT 5 ml 20xSSC 
45 ml 1xPBS 
250 µl 20% tween 20 

50 ml (ThermoFisher Scientific, 
15557044) 
(Sigma Aldrich, P4417-100TAB) 
(Sigma Aldrich, P1379-100ML) 

20% Tween 20 10 ml tween 20  
40 ml DEPC water 

50 ml (Sigma Aldrich, P1379-100ML) 
(Sigma Aldrich, D5758-5ML) 

100% methanol in 
PBST 

50 ml Methanol 
250 µl 20% tween 20 

50 ml (Sigma Aldrich, P1379-100ML) 

75% methanol in 
PBST 

37.5 ml Methanol 
12.5 ml 1xPBS  
250 µl 20% tween 20 

50 ml (Sigma Aldrich, P4417-100TAB) 
(Sigma Aldrich, P1379-100ML) 

50% methanol in 
PBST 

25 ml Methanol 
25 ml 1xPBS 
250 µl 20% tween 20 

50 ml (Sigma Aldrich, P4417-100TAB) 
(Sigma Aldrich, P1379-100ML) 

25% methanol in 
PBST 

12.5ml Methanol 
37.5 ml 1x PBS 
250 µl 20% tween 20 

50 ml (Sigma Aldrich, P4417-100TAB) 
(Sigma Aldrich, P1379-100ML) 

4% PFA-PBST 10 ml 16% PFA 
30 ml 1x PBS 

40 ml (Thermo Scientific, 28906) 
(Sigma Aldrich, P4417-100TAB) 

PBST 5 ml 10xPBS 
45 ml DEPC water 
250 µl 20% tween 20 

50 ml (Sigma Aldrich, P4417-100TAB) 
(Sigma Aldrich, D5758-5ML) 
(Sigma Aldrich, P1379-100ML) 

Proteinase K 1 µl Proteinase K stock 
1 ml PBS  
250 µl 20% tween 20 

1 ml  (Sigma Aldrich, P4417-100TAB) 
(Sigma Aldrich, P1379-100ML) 

1M Citric Acid 14.705 g trisodium citrate 
dihydrate  
50 ml DEPC water 

50 ml (Sigma Aldrich, D5758-5ML) 

Hybridization buffer 
(Hyb-) 

25 ml Formamide  
12.5 ml 20xSSC 
250 µl 20% tween 20 
460 µl 1M citric acid 
11.24 ml DEPC water 

50 ml (Honeywell, 616-052-00-8) 
(ThermoFisher Scientific, 
15557044) 
(Sigma Aldrich, P1379-100ML) 

75% Hyb 37.5 ml wash hyb 
12.5 ml 2xSSC 
250 µl 20% tween 20 

50 ml (ThermoFisher Scientific, 
15557044) 
(Sigma Aldrich, P1379-100ML) 

50% Hyb 25 ml wash hyb 
25 ml 2xSSC 
250 µl 20% tween 20 

50 ml (ThermoFisher Scientific, 
15557044) 
(Sigma Aldrich, P1379-100ML) 

25% Hyb 12.5 ml wash hyb 
37.5 ml 2xSSC 

50 ml (ThermoFisher Scientific, 
15557044) 
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Reagent Contents  Final 
Volume 

Source 

250 µl 20% tween 20 (Sigma Aldrich, P1379-100ML) 
0.2x SSCT 0.5 ml 20xSSC 

49.5 ml 1xPBS 
250µl 20% tween 20 

50 ml (ThermoFisher Scientific, 
15557044) 
(Sigma Aldrich, P4417-100TAB) 
(Sigma Aldrich, P1379-100ML) 

75% 0.2x SSC 37.5 ml 0.2xSSC 
12.5 ml 1xPBS 
250 µl 20% tween 20 

50 ml (ThermoFisher Scientific, 
15557044) 
(Sigma Aldrich, P4417-100TAB) 
(Sigma Aldrich, P1379-100ML) 

50% 0.2x SSC 25 ml 0.2xSSC 
25 ml 1xPBS 
250 µl 20% tween 20 

50 ml (ThermoFisher Scientific, 
15557044) 
(Sigma Aldrich, P4417-100TAB) 
(Sigma Aldrich, P1379-100ML) 

25% 0.2x SSC 12.5 ml 0.2xSSC 
37.5 ml 1xPBS 
250 µl 20% tween 20 

50 ml  (ThermoFisher Scientific, 
15557044) 
(Sigma Aldrich, P4417-100TAB) 
(Sigma Aldrich, P1379-100ML) 

Blocking Buffer 20 mg/0.02g BSA 
200 µl sheep serum 
9.8 ml PBST 

10 ml (Sigma Aldrich, A3059-50G) 
(Sigma Aldrich, S3772) 

DIG-AP antibody in 
blocking buffer  

0.2 µl Anti-Digoxigenin-
AP Fab fragment 
1 ml blocking solution 

1 ml (Roche Diagnostics, 11093274910) 

Staining Buffer  5 ml 1M tris-HCl  pH9.5 
5 ml 500mM MgCl2 
5 ml 1M NaCl  
34.75 ml DEPC water 
250 µl 20% tween 20 

50 ml 
(make 
fresh) 

(Alfa Aesar, J62084) 
(Sigma Aldrich, S9888-25G) 
(Sigma Aldrich, D5758-5ML) 
(Sigma Aldrich, P1379-100ML) 

Staining Solution 22.5 µl 100mg/ml NBT 
35 µl 50mg/ml BCIP  
9.9425 ml staining wash 

10 ml (Roche Diagnostics, 11383213001) 
(Roche Diagnostics, 11383221001) 

Table 2.10: In situ hybridization reagents 
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2.7. Zebrafish behavioural analysis 

2.7.1. Larvae behavioural analysis  

The Viewpoint software (https://www.viewpoint.fr/) was used to detect any changes in the behaviour 

of crispant or mutant larvae up to 5dpf. Using a square based 96-well plate in the Viewpoint Zebrafish 

box machine, a 10-minute analysis was performed to look at the behaviour of fish in separate wells 

under two different conditions of light and dark throughout the 10-minute cycle. Fish were placed in 

300µl of E3 medium, which was consistent across all wells. From the obtained Excel data sheet, the 

inadur (inactivity duration) and the lardur (hyperactivity duration) were our chosen parameters, these 

were averaged for each fish throughout the cycle and this value plotted in Graphpad prism to analyse 

using a student non-parametric t-test comparing the average time embryos spent in each category of 

motion for wildtype compared to crispants or mutants. Larvae should be handled minimally and 

carefully using a wide Pasteur pipette to minimise disturbance and stress to the larvae. In addition, the 

age of the larvae tested, and the time spent in the Viewpoint box should be carefully considered to avoid 

surpassing the unregulated stage without taking appropriate actions.  

2.7.2. Adult behavioural analysis  

The Viewpoint Zebrafish Adult system was used to test the effect of candidate gene modulation on 

adult fish locomotion. Up to 10 fish were placed in the system chamber to be monitored, as shown in 

Figure 2.4. Each fish was placed in a separate tank containing 600ml of system water. The tanks were 

stacked, and the fish were monitored by the system for 8 hours under two different conditions of light 

and dark throughout the whole cycle. The first hour was excluded from the analysis as fish require an 

adaptation period when transferred to the different environment of the chamber. Inadur (duration of 

inactivity) and Lardur (duration of hyperactivity) were the two parameters of interest as they indicate 

the time spent by each fish in an inactive state or in a hyperactive state of rapid movement. The data 

can be interpreted in several ways, such as a single average speed of the fish throughout the experiment, 

or a consistent monitoring of speed changes over time. Fish should be handled and transferred with 

care. When fish are transferred from the aquarium to the behavioural analysis room, they should be 

transferred in a black box with minimal movement and sufficient amount of system water. Experiments 

should be scheduled according to the light cycle and feeding times of the aquarium.   

https://www.viewpoint.fr/
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Figure 2.4: Adult behavioural analysis setup 

Fish are housed separately in tanks filled with system water. Up to 10 tanks can be stacked per run. 

Tanks are monitored to detect any individual changes in behaviour. 

The time spent by each fish in each state was averaged and compared with wildtypes using a student 

non-parametric t-test between the two groups. Alternatively, the behaviour of each fish over the 7-hour 

monitoring period was also examined to detect any possible patterns suggesting rapid exhaustion as 

indicated by a sudden decrease in speed or rather an increase in movement over time in 

crispants/mutants compared to wildtype controls of the same age.  

 

2.8. Tailfin injury-regeneration model  

Inducing an injury to the zebrafish embryo tailfin is a common tool used to study the regenerative 

capacity of the organism under different conditions. Prior to performing the injury, 3-5dpf larvae were 

anaesthetised in 1ml of 0.4% Triciane in 50ml of E3 medium. A blunt cut was made using a sterile 10a 

scalpel (Swann-Morton, 0302) as shown in Figure 2.5. Fish were then placed in fresh E3 and left for 

24 hours. The next day, the fish were imaged using a ZEISS Axio Zoom V16 microscope in the 

brightfield display and the images were analysed in ImageJ by measuring the growth length of the 

regenerated notochord.  
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Figure 2.5: Tailfin injury-regeneration model 

Anaesthetised fish are placed horizontally under a light microscope. A minor incision is induced using 

a 10a scalpel just below the notochord. Fish are allowed 24 hours to recover and regenerate tissue at the 

incision site. Images of fish were taken using a stereomicroscope in brightfield, and the length of the 

regenerated notochord is measured using Fiji (ImageJ) to measure the effect of experimental fish 

regenerative abilities versus wildtypes. 

 

2.9. Microcomputed tomography scans 

2.9.1.  Phosphotungstic acid staining  

This method is used to stain the soft tissue to visualise different organs from micro-CT scans along with 

the bones. Fish were fixed in 4% PFA overnight at 4°C. The next day, the PFA was removed with a 

1xPBS wash for 10 minutes, repeated 3 times. Fish were then transferred to 35% ethanol to be washed 

on a rocker at RT for 20 minutes, followed by a further wash of 50% ethanol for 20 minutes under the 

same conditions. Finally, 0.3% phosphotungstic acid stain (PTA) (Sigma Aldrich, 12501-23-4) 

prepared in 100% ethanol was added to the samples and left at RT for 24 hours. The following day, a 

series of ethanol dilution washes (70%, 90%, 95% and 100%) were performed for 30 minutes at room 

temperature with gentle rocking. The samples were stored in 100% ethanol at 4°C until scanning (Lin 

et al., 2018). 

2.9.2.  Micro-CT fish scanning  

For adult fish bone visualisation, Skyscan 1172 desktop x-ray high-resolution microtomography was 

used. Fish were fixed in 10% neutral buffered formalin overnight at 4°C with rocking. When ready for 

scanning, the fish were wrapped in clingfilm to ensure a secure fit in the plastic moulds. Skyscan 1172 

software was used to perform scans using the 0.5mm AI filter, medium camera binning 2000x1048, and 
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6µm pixels as constants for all scans. Fish skull scans take 15 minutes and full body scans take about 2 

hours. 

2.9.3.  Micro-CT analysis and 3D construct generation  

The scans were first processed using the software NRecon (Micro Photonics Inc.) to reconstruct cross-

sectional slices from scanned angle projections. The brightness histogram was set to 0-0.16 and the ring 

artefact to 10. The reconstructed images were then uploaded to the analysis software CTAn (CT-

Analyser, Bruker) and the region of interest was manually selected every 5-10 slices across the scans 

to limit the area analysed and remain as close as possible to the region of interest. This is essential due 

to the variation in the region of interest through the fish body. The tail has a much smaller region of 

interest compared to the belly. Eliminating irrelevant background, increases the quality and accuracy of 

the software measurements. A binary threshold was also manually selected to limit background noise 

while preserving the structure of interest. A task list of parameters was set; filtering of Gaussian blur in 

3D space with a radius of 0.65, threshold based on the selected binary threshold as a low value and 255 

as a standardised high threshold, despeckle to remove white speckles in 2D space for an area of less 

than 10 pixels and saving bitmaps as TIFF files for further analysis. Finally, 3D analysis, which includes 

all the baseline measurements to obtain total bone volume and bone mineral density. The software 

generates an Excel sheet with the specified measurements, and 3D constructs were then created using 

the same reconstructed images in CTvox (Bruker).  

2.10. Bioinformatics analysis pipeline 

To identify common risk genes between the two studied diseases, we combined available GWAS data 

acquired from both GWAS Catalogue (https://www.ebi.ac.uk/gwas/) and GWAS Central 

(https://www.gwascentral.org/). A bioinformatics analysis pipeline was designed to extend our 

knowledge of the identified genes by determining any known function (KEGG) 

(https://www.genome.jp/kegg/), pathway involvement (WebGestalt) (https://www.webgestalt.org/) and 

protein-protein interactions (STRING) (https://string-db.org/). Common SNPs were also detected using 

the same GWAS data analysed with Venny 2 (https://bioinfogp.cnb.csic.es/tools/venny/). Genes 

associated with the identified SNPs were determined using the NCBI 1000 genome browser 

(https://www.internationalgenome.org/). The pipeline is discussed in detail in Chapter 3.  

 

 

 

https://www.internationalgenome.org/
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2.11. Statistics and reproducibility 

All statistics were generated using GraphPad Prism Software (Version 9). For single comparison 

graphs, a student t-test was performed, while a one-way ANOVA test was used for multiple group 

comparisons to account for the false discovery rate (FDR). Details of each statistical test are given in 

the figure legend with the exact calculated p-value. For accurate statistical comparison, each experiment 

was repeated three times, unless otherwise stated in the figure legend.  
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3. Common Risk Genes and Pathways underlying the Pathogenesis of 
OA and CVD 

3.1. Common risk genes identified between OA and CVD 

In the aim of unravelling the common risk genes between OA and CVD, and in order to understand 

more about the pathways in which they are involved and their indicated functions, a bioinformatic 

analysis pipeline was designed, shown in Figure 3.1. Data were retrieved from 133 osteoarthritis and 

2884 cardiovascular disease GWA-studies documented in the GWAS Catalog 

(https://www.ebi.ac.uk/gwas) and the GWAS Central (https://www.gwascentral.org) databases as Excel 

sheets. The data were filtered using OpenRefine software (https://openrefine.org) to remove duplicates 

or errors. Common genes and SNPs between all data sets were determined using Venny 2.0.1 

(https://bioinfogp.cnb.csic.es/tools/venny). 37 genes were identified as common between the two 

diseases and are shown in Figure 3.4, along with 3 common SNPs (Figure 3.5) For the identified 

common genes, KEGG (https://www.genome.jp/kegg/pathway.html) and Reactome 

(https://reactome.org) were used to assign their function, combined with literature searches to identify 

additional functions. Figure 3.2 shows the identified common pathways and molecular functions, 

including TGF-β signalling, osteoclast differentiation, cytokine-cytokine receptor interactions, which 

have an impact on elastic fibres formation and extracellular matrix organisation.  WebGestalt 

(http://www.webgestalt.org) was used to link candidate genes with associated diseases and pathways. 

Identified common risk genes were found to be highly involved in inflammatory bowel disease (IBD), 

tuberculosis (TB), leukaemia and pancreatic cancer, as well as several infection and inflammatory 

response pathways. To determine the baseline expression levels of candidate genes in different tissues, 

we used the FUMA GWAS online tool (https://fuma.ctglab.nl). Figure 3.3 highlights the baseline 

expression pattern of all identified genes in different tissues. Purple rectangles indicate tissues of 

particular interest due to their abundant presence in the skeletal or cardiac structures. This analysis 

revealed a positive correlation between the expression pattern of CTSK and TGFβ1 across almost all 

tissues. Identifying potential protein interactions between the common genes was another approach 

taken to decipher the link between these pathways. Therefore, protein-protein interactions between the 

identified common genes were explored using STRING (https://string-db.org). In this analysis, only 

evidence-based interactions sourced from experiments, databases and text mining with the highest 

confidence (0.900) were considered. The same protein-protein analysis was performed twice, on human 

and zebrafish data to observe any difference in protein interactions between the two organisms, but no 

difference in interactions was observed and the network model is shown in Figure 3.4, showcasing the 

37 identified common risk genes.  

https://www.gwascentral.org/
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Figure 3.1: Bioinformatics workflow for the identification of common risk genes in OA and CVD 
retrieved from GWAS data 

This pipeline is designed to identify common risk genes and understand more about their properties and 

the pathways in which they are involved. It starts with GWAS data obtained from the GWAS Catalog 

and GWAS Central.  Venny 2.0.1 was used to identify the common genes and common SNPs. Two 

separate routes are followed for the genes and SNPs. For gene analysis, KEGG and Reactome were 

used to assign the function and identify common pathways. WebGestalt was used to link candidate 

genes with identified associated diseases and involved pathways. FUMA GWAS was used to determine 

baseline expression levels in different tissues. Protein-protein interactions are also examined using 

STRING to reveal other possible links. The other route follows the common SNPs and maps them to 

their candidate genes using the 1000 Genome Browser on NCBI. 
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Figure 3.2: Associated pathways and molecular functions 

(a) WebGestalt analysis of the identified common risk genes showing high involvement with the 

presented diseases, as shown by their high enrichment ratio (x-axis), and a high -Log10 of False 

Discovery Rate (FDR) (y-axis). This highlights a low likelihood of false discovery and an accurate 

association with the diseases, becoming more significant up the y-axis. Several identified common 

diseases are associated with inflammation and cancer (http://www.webgestalt.org). (b) Analysis 

performed using KEGG (https://www.genome.jp/kegg/pathway.html) and Reactome 

(https://reactome.org), showing high involvement of common risk genes in several receptor/cytokine 

binding pathways, TGF-β signalling and ECM organisation. Many are associated with rheumatoid 

arthritis and osteoclast differentiation.  

https://www.genome.jp/kegg/pathway.html
https://reactome.org/
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Figure 3.3: Baseline gene expression levels in different tissues 

The figure shows the baseline expression levels of identified common risk genes in different tissues. 

Highly expressed genes appear in the red part of the scale, while low expression is shown in a blue 

gradient. Black rectangles highlight genes that have been studied at a functional level in this project. 

Purple rectangles highlight tissues of interest due to their association with the cardiovascular or 

musculoskeletal systems. CTSK and TGFβ1 genes show a positive correlation in their baseline 

expression pattern across different tissues. Figure generated using FUMA GWAS 

(https://fuma.ctglab.nl/). 

https://fuma.ctglab.nl/
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Figure 3.4: Protein-Protein interactions between encoded proteins of the 37 identified common 
risk genes 

Figure highlights direct protein-protein interactions between all common risk genes identified between 

OA and CVD. Data were filtered to exclusively show evidence-based interactions with the highest 

confidence (0.9000) to rule out any unsupported data. Interactions between proteins are highlighted by 

coloured lines connecting their respective spheres. The length of the connecting lines does not correlate 

to the directness of the interaction. Each colour of the lines indicates different resources from which the 

interaction was detected. Figure generated using STRING (https://string-db.org/). 

 

  

https://string-db.org/
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The most prominent interaction found is between TGFβ1 and SMAD3 via TGFβ receptors, which can 

phosphorylate SMAD3. This interaction is discussed further in Chapter 6. Other important interactions 

include a link between MAPT and CAMK2B. Microtubule-associated protein tau (MAPT) is the gene 

that encodes for the TAU protein. TAU is one of the two major pathogenic proteins involved in the 

pathogenesis of Parkinson’s disease and Alzheimer’s disease, section 6.1.4. The main functional role 

of TAU is the formation and stability of the microtubule cytoskeleton, particularly in neurons. Tau acts 

as a linker between axonal microtubules and neural plasma membrane components increasing the 

stability of the neuronal cytoskeleton (Cleveland et al., 1977). When found in an abnormal state, the 

protein can cause irregular clumps known as neurofibrillary tangles, which are accumulated misfolded 

proteins that localise within neurons or the brain, leading to the aforementioned associated diseases 

(Bloom., 2014; Zhang et al., 2018). In addition, MAPT has been found to be highly expressed in 

cardiomyocytes, smooth muscle cells and fibroblasts, suggesting a strong involvement in structural 

regulation that is not limited to the nervous system. Calcium/calmodulin-dependent protein kinase type 

II subunit beta (CAMK2B) is a kinase that is abundantly expressed in the brain and regulates several 

signalling pathways. It requires the binding of calcium to calmodulin, leading to autophosphorylation 

of the subunit. CAMK2B has been shown to regulate the formation of dendritic spines and synapses 

between neurons. It also regulates the organisation of the actin cytoskeleton, making it an essential 

element in neural plasticity (Koller et al., 2020).  The protein also plays a role in skeletal muscle through 

its function in regulating the sarcoplasmic reticulum, a specific type of ER specialised in calcium 

regulation for muscle movement (Abisambra et al., 2013). CAMK2B and MAPT show a significant co-

expression pattern as CAMK2B was discovered to phosphorylate TAU in Alzheimer’s patients (Panda 

et al., 2003).  

In terms of SNPs analysis, three SNPs, rs1126464 (Tachmazidou et al., 2019; Zhang et al., 2021), 

rs13107325 (Tachmazidou et al., 2019; Pare et al., 2010) and rs11591147 (Nelson et al., 2019; Qiu et 

al., 2017) were found to be shared between OA and CVD. The 1000 Genome Browser (NCBI) is an 

online tool that generates libraries of human genetic variants based on sequencing data from thousands 

of people. It can therefore locate the SNPs that have been studied to their associated genes.  Each of the 

three common SNPs identified was mapped to its candidate gene and found to be located on the DPEP1, 

SLC39A8 and PCSK9 respectively (Figure 3.5). 
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Figure 3.5: Two out of the 3 identified common SNPs are linked to zinc transportation 

Following the initial step of identifying common risk genes and SNPs using OA and CVD GWAS data, 

3 SNPs were found to be common between the two diseases and are presented in this figure. (a) 

rs1126464 located on the DPEP1 gene. (b) rs13107325 located on the SLC39A8 gene. (c) rs11591147 

located on the PCSK9 gene in humans. Associated genes were mapped using the NCBI 1000 Genome 

Browser (https://www.ncbi.nlm.nih.gov/genome/gdv/). 

https://www.ncbi.nlm.nih.gov/genome/gdv/
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Furthermore, using murine cartilage microarray data generated in our laboratory from mouse hip injury 

samples, the fold change in expression level of the identified common genes was examined, 4 hours 

post injury. This information allows us to detect genes that are highly involved in the inflammatory 

response following injury or rather associated with tissue repair. Figure 3.6 presents the results 

obtained. Il11, Gdf5, Smad5, and Fgf18 show the highest increase in expression 4 hours post hip injury. 

Among the three genes studied in this project, to be described in detail in the following chapters, Gdf5 

was found to be highly upregulated post-injury with a 4.50-fold change. Tgfβ1 showed a similar pattern 

with a 1.32-fold increase in its expression level after injury. In contrast, Ctsk showed a significant 

reduction in its expression after injury with a -1.78-fold change. 

 

Figure 3.6: Heatmap of gene expression profile of candidate genes in murine cartilage before and 
after injury 

The figure summarises the change in expression levels of identified common risk genes in healthy 

wildtype murine cartilage samples (WT-CTRL1-3) compared to injured murine cartilage (WT-4H1-3), 

4 hours post-injury induction. Data obtained by interrogating the transcriptomic data from the 

microarray and highlighting gene overexpression through a gradient that goes up to bright red, while 

blue indicates a reduction in gene expression levels. Il11, Gdf5, Smad5, and Fgf18 show the highest 

increase in expression levels 4 hours post injury. Among the genes studied in detail in this project, Gdf5 

shows a significant increase of 4.50-fold post-injury, along with Tgfβ1, which also shows an increase 

in expression of 1.32-fold. Conversely, Ctsk was downregulated by -1.78-fold at 4 hours post-

injury. Figure was generated using Morpheus   (https://software.broadinstitute.org/morpheus/).  

https://software.broadinstitute.org/morpheus/
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3.2. Possible link to zinc transportation  

Interestingly, two out of the three common SNPs found between OA and CVD were located on the 

genes DPEP1 (rs1126464) and SLC39A8 (rs13107325), Figure 3.5. Both genes display a role in zinc 

transportation. DPEP1 encodes the enzyme dipeptidase 1, which among other similar proteins, is 

essential for the metabolism of glutathione via dipeptide hydrolysis, releasing amino acids that can be 

used for energy production or further metabolism (Eisenach et al., 2013; Cui et al., 2019). This protein 

requires zinc as a cofactor for its transport and activity (Kawasaki et al., 1993). Currently, there is 

limited information on the role of DPEP1, but it was found to be highly expressed in colorectal cancer 

samples when compared to healthy mucosa (Eisenach et al., 2013). This study established the elevation 

of DPEP1 as a reliable marker for colorectal cancer, but the exact mechanism of action remains elusive. 

Recently, a role in kidney disease has been identified, revealing an additional aspect of DPEP1’s cellular 

functions. A variant of a single genetic locus, rs164748, was found to be associated with the 

development of kidney disease through ferroptosis due to a defect in iron trafficking and the locus was 

mapped to DPEP1 (Guan et al., 2021). This highlights an additional role in iron transport and 

modulation. 

SLC39A8, also known as ZIP8, is a member of the solute carrier family 39 (SLC39). It is an integral 

membrane protein recognised as a zinc transporter that regulates the influx of zinc from the extracellular 

matrix into the cytoplasm (Begum et al., 2002). Defects in this protein can be the major cause of a 

number of disorders due to the essential role of the zinc in numerous molecular processes. One example 

is acrodermatitis enteropathica (AE), a disease characterised by inefficient zinc absorption due to a 

mutation in the SLC39A8 gene, resulting in a weakened immune system, skin rashes and hair loss 

(Lehneret et al., 2006). SLC39A8 has also been implicated in several neurological disorders, including 

autism, but the mechanism of pathogenesis remains undetermined (Wahlberg et al., 2018). 

Schizophrenia has recently been linked to a mutant variant of SLC39A8, known as rs13107325, which 

was found to regulate zinc concentration, which affects dendritic spine density, and is commonly found 

in schizophrenia (Li et al., 2022). Another variant, A391T, which causes a significant decrease in serum 

manganese levels, has been reported to increase the risk of cardiovascular disease (Waterworth et al., 

2010) and Crohn’s disease (Li et al., 2016), while surprisingly having the opposite effect on Parkinson’s 

disease by decreasing the risk of prognosis (Pickrell et al., 2016).  

This observation sheds light on the importance of zinc and its precise regulation. It also adds a layer to 

our understanding of the underlying prognosis of chronic diseases caused by an alteration in the mineral 

concentration in the body. Several indicators and previous studies hinted to the presence of a link 

between zinc transportation defects and the studied chronic diseases (Huang et al., 2018; Li et al., 2021). 

Firstly, zinc is abundant in connective tissues, which makes up a large part of the joints and the heart. 
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Thus, this metal ion is essential for structural development as well as for later function. One study 

generated Slc39a13 knockout mice, which is another zinc transporter belonging to the same SLC39 

family. It has 67% similarity to the protein sequence of SLC39A8. The knockout mice showed defective 

development of chondrocytes, osteoblasts and fibroblasts in several connective tissues. This study also 

confirmed the link between zinc metabolism and the BMP/TGF-β signalling pathway (Fukada et al., 

2008). In addition, another study looked at SLC30A3 and found it to be essential for MAPK signalling. 

All mentioned pathways have been identified as key regulators of the two diseases studied, as well as 

other chronic diseases (Zhang et al., 2021), and will be discussed further in section 3.3.   

3.3. Common pathways between OA and CVD 

Based on the performed bioinformatic analysis, in addition to literature searches, the following 

signalling pathways were found to be involved in OA and CVD. There are four common pathways that 

showed the highest correlation, which include the JAK/STAT (Mascareno et al., 2001; Malemud, 2018), 

MAPK/JNK (Muslin, 2008; Loeser et al., 2008; Sadoshima et al., 2002; Ge et al., 2017), 

PI3K/AKT/mTOR (Aoyagi and Matsui, 2011; Chen et al., 2012), and NF-κB (van der Heiden et al., 

2010; Rigoglou and Papavassiliou, 2013) signalling pathways. In the following section, the 

consequences of the dysregulation of these pathways will be discussed, thus highlighting the potential 

theoretical molecular mechanisms underlying OA and CVD.  

3.3.1. JAK/STAT pathway  

The JAK/STAT signalling pathway is responsible for transducing signals from a wide range of 

cytokines and growth factors that control essential cellular processes such as proliferation, 

differentiation, migration and apoptosis (Rawlings et al., 2004). Primary activation is initiated by the 

binding of a ligand to JAK receptors (JAK1, JAK2, JAK3 and TYK2), which brings the receptor 

subunits into close proximity, forming either a homodimer if the ligand is erythropoietin or a growth 

factor (Renuald et al., 2003), or a heterodimer if interferons or interleukins have been bound to the 

receptor (O’Shea et al., 2012). Trans-phosphorylation occurs, allowing subsequent phosphorylation of 

proteins known as STATs, signal transducer and activator of transcription (Ivashkiv et al., 2004).  

The pathway can be positively regulated by three mechanisms, providing a direct single pathway that 

translates external signals into a transcriptional response. Dysregulation of the JAK/STAT signalling 

pathway can lead to several diseases including cutaneous leishmaniasis when downregulated 

(Fernandez-Figueroa et al., 2016), and several types of leukaemia when present in an upregulated state 

(James et al., 2005; Ripoll et al., 2016). In osteoarthritis, as in rheumatoid arthritis, JAK signalling is 

hyperactivated, leading to an increase in the expression levels of MMPs, a decrease in apoptosis of 

inflamed synovial tissue and an increase in the apoptosis of chondrocytes (Malemud, 2018). Several 
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cardiac diseases have been found to have a genetic pathogenic basis linked to the JAK/STAT signalling 

pathway, such as myocardial ischemia (MI). Upregulation of the ANG gene caused by an increase in 

STAT signalling, contributes to the development of MI (Mascareno et al., 2001).  

Regarding the suppression mechanism of the JAK/STAT pathway, three other factors have been found 

to negatively regulate the JAK signalling pathway. Suppressor protein groups are protein inhibitors of 

activated STATs (PIAS), which were found to inhibit the JAK/STAT pathway by inhibiting the 

phosphorylation of STATs (Niu et al., 2018), similar to PTPs, protein tyrosine phosphatases (Bohmer 

et al., 2014), and suppressors of cytokine signalling (SOCS) (Liau et al., 2018).  

 

Figure 3.7: JAK/STAT regulatory pathways 

Ligand binds to JAK receptor subunits, which form a dimer and release a phosphate. 1) STAT proteins 

are phosphorylated at a tyrosine residue near their C-terminus. Phosphorylated STATs can now enter 

the nucleus. 2) StIPs are protein scaffolds that can bind to JAKs or unphosphorylated STATs and help 

in the phosphorylation process to facilitate the entry of STATs into the nucleus. 3) The final step of the 

pathway relies specifically on JAK1 and JAK3 to phosphorylate STAMs, the phosphotyrosine proteins 

containing ubiquitin-interacting and SH3 domains. In the nucleus, STATs and STAMs can activate or 

repress target genes.  Figure generated using Biorender (https://www.biorender.com/).  

https://www.biorender.com/
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3.3.2. MAPK pathway 

Mitogen-activated protein kinases (MAPKs) comprise of three families of protein kinases: extracellular 

signal-regulated kinase (ERK), p38 MAPK and c-Jun kinase (JNK). They regulate various cellular 

functions, such as cell cycle regulation, proliferation, differentiation, transformation and apoptosis 

(Zhang et al., 2002; Wada et al., 2004). Endothelial growth factors such as VEGF can activate the ERK 

signalling pathway and thereby regulate the cell cycle (Pedram et al., 1997). p38 MAP kinases transduce 

signals into intracellular responses via serine-threonine kinases that regulate gene expression, and 

subsequently many processes in the cell. It plays a role in the differentiation and survival of adipocytes, 

chondroblasts and cardiomyocytes, which has a direct effect on the progression of OA and CVD 

(Nebreda and Porras, 2000).  

JNK is another member of the MAPK family (Li et al., 2015). Some cytokines such as TNF-a or IL-1β, 

along with other growth factors bind to extracellular receptors, which get phosphorylated and activate 

several proteins, leading to the activation of JNK 1 or JNK 2. Upon their activation, JNKs can 

phosphorylate the c-Jun transcription factor at two serine residues near the N-terminus (Weston and 

Davis, 2007). NF-KB transcription factors act as scaffolding proteins to assist in the activation of JNK 

proteins (Zhang et al., 2015). Our group has identified a direct link between the JNK pathway and 

aggrecan degradation in osteoarthritis. The signalling pathway RAF-6/TAK-1/MKK-4/JNK-2 pathway, 

which is induced by IL-1, increasing aggrecanase levels in the matrix and JNK2 knockout mice showed 

delayed progression of osteoarthritis in murine experimental models (Ismail et al., 2016).  

The MAPK pathway was also found to be highly involved in the development and maintenance of the 

cardiovascular system. ERK1/2 and JNK are essential members of the MAPK family, which were 

identified for their role in cardiovascular development (Srivastava, 2006; Wagner et al., 2007). ERK1/2 

have been shown to play a role in morphogenesis during early heart growth. Several FGFs and VEGFs 

signal through ERK1/2 and contribute to cardiomyocyte formation and valve assembly (Lavine et al., 

2005; Rajasingh et al., 2007).  

Jnk has also been implicated in early cardiac development through the non-canonical Wnt ligand, 

Wnt11 (Eisenberg et al., 1999; Pandur et al., 2002). Jnk has been shown to be activated downstream of 

Wnt11 to promote early cardiac cell differentiation and orientation for morphogenesis (Zhou et al., 

2008; Gerits et al., 2007). In the context of cardiovascular disease, the overexpression of MEK1, which 

is an upstream activator of ERK1/2 signalling, has been shown to increase the expression of Ras in 

transgenic mouse models, contributing to the increase in cardiomyocyte hypertrophy (Bueno et al., 

2000).  
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3.3.3. PI3K/AKT/mTOR pathway 

The third identified common signalling pathway is PI3K/AKT/mTOR, which has an impact on two 

crucial processes that occur during the development of OA; ECM degradation and chondrocyte 

depletion in synovial joints (Li et al., 2013; Huang et al., 2021). This is due to the overactivation of the 

signalling pathway, leading to an increase in reactive oxygen species and pro-inflammatory cytokines 

leading to chondrocyte apoptosis (Facchini et al., 2011). PI3K/AKT overactivation can also increase 

the activity of matrix metalloproteinases (MMPs), particularly MMP-13, MMP-3 and MT1-MMP 

(Prasadam et al., 2013).  

MMPs are known for their role in ECM degradation, and some are involved in the P3K/AKT/mTOR 

pathway through several cofactors, including Runx3, which is required for MMP-13 production 

(Mengsgol, 2001), IL-1β by inducing MMP-3 (Shakibaei et al., 2007), the IL-6 cytokine family 

(including IL11), which increases both MMP-1 and MMP13 (Litherland et al., 2008). Additionally, 

leptin, a hormone over-represented in obesity, which has been shown to increase the expressions of 

several MMPs (Hui et al., 2012). Similar activation of signalling pathways has been observed in some 

types of cardiovascular disease, such as cardiac fibrosis, where IL-1β, IL-6 and TNF-a protein levels 

are increased, thereby increasing the activity of PI3K/AKT/mTOR signalling pathway (Atefi et al., 

2011; Song et al., 2010; Comstock et al., 1998; Yamauchi-Takihara et al., 1995). 

3.3.4. NF-kB pathway  

The NF-kB pathway is involved in several processes including proliferation, differentiation, apoptosis, 

immune regulation and ageing (Guttridge et al., 1999; Khandewal et al., 2011; Li et al., 2002; Salminen 

et al., 2008). It is found in an over-activated state in some cases of OA and CVD (Goldring and Marcu, 

2009; Tilstra et al., 2011). NF-kB is normally repressed by IkB proteins, which bind to the NF-kB 

members and inhibit their effect. When IkB kinases (IKK) are activated, they cause the subsequent 

phosphorylation of IkB proteins. Following phosphorylation, IkB proteins get degraded and are 

therefore unable to bind NF-kB to inhibit their migration to the nucleus. Once the NF-kB complexes 

are free, they enter the nucleus to begin regulating target genes that express inflammatory-related 

molecules (Yan et al., 2008; Wan et al., 2010; Snow et al., 2016). Induced genes include MMPs (Wu et 

al., 2011), TNF-a (Tian et al., 2005), IL-1β (Greten et al., 2007) and other cytokines that spread to 

further activate other inflammatory signalling pathways. This suggests that NF-kB may affect both 

diseases through its structural regulation or inflammatory regulatory properties. 
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3.4. Selected genes for functional genomic analysis  

Of the 37 identified common risk genes, 3 genes were selected for further functional genomic analysis 

by targeting them in zebrafish embryos using CRISPR-Cas9. CTSK, GDF5 and TGFβ1 were 

specifically chosen due to their involvement in other common chronic diseases in addition to OA and 

CVD. The three genes have all been found involved in Alzheimer’s disease (Dauth et al., 2011; Wu et 

al., 2021; Bernhardi et al., 2015), Parkinson’s disease (McGlinchey et al., 2020; Goulding et al., 2022; 

Comino et al., 2022) and various types of cancer, including prostate cancer (Wu et al., 2022; Conti et 

al., 2021; Shiota et al., 2021). Based on the FUMA GWAS analysis, CTSK and TGFβ1 showed a 

positive correlation pattern across most tissues, suggesting a direct linkage between the two genes. 

Additionally, GDF5 and TGFβ1 are both members of the TGFβ superfamily. They are known to 

function simultaneously within the BMP and TGFβ signalling pathways, which indicates the presence 

of a link between the two genes. Studying these genes would therefore cover a range of common chronic 

diseases in humans, allowing us to consider their function in a broad sense as key regulators of 

multimorbidity. It will also allow us to detect common patterns and common pathways behind the 

pathogenesis of multimorbidity, which would allow us to explore the potential of drug targeting of key 

regulators and limiting polypharmacy. 
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3.5. Discussion 

Using 133 osteoarthritis and 2884 cardiovascular disease GWAS obtained data, 37 risk genes were 

identified to be common between the two diseases. Through further research following the generated 

bioinformatic analysis pipeline and pathway analysis, candidate genes were found to exhibit two main 

functional roles. First, a structural role in tissue maintenance and extracellular matrix was identified 

based on the high involvement of the analysed genes in the TGF-β and Hippo signalling pathways, both 

of which are essential for cell proliferation, differentiation and apoptosis (Moustakas et al., 2002; 

Harvey et al., 2003; Jia et al., 2003). Additionally, genes have been found to be critical for osteoclast 

differentiation, elastic fibre formation and extracellular matrix formation and degradation. The second 

major function identified is in inflammation and the regulation of the inflammatory response. Candidate 

genes exhibit essential functions in regulating cytokine-cytokine interactions during an inflammatory 

response. They were also found to be highly associated with rheumatoid arthritis, a disease recognised 

for its pathogenic basis that leads to inflammatory and structural disruptions (Silman and Pearson, 2022; 

Kurko et al., 2013; Dedman, 2020).  

The analysis pipeline also revealed a positive correlation between the expression levels of TGFβ1 and 

CTSK, genes selected for functional genomic analysis. Based on the FUMA GWAS, which shows the 

baseline expression levels in different tissues, both genes showed a similar pattern in most tissues. They 

were highly expressed in heart tissues and moderately expressed in skeletal muscle cells suggesting a 

critical role in both systems, which was concluded by our experimental work on these two genes and 

will be discussed in detail in the following chapters. Additional interactions were also revealed by 

STRING analysis of direct protein-protein interactions. The analysis revealed links between TGFβ1 

and SMAD3, which have been studied and discussed extensively. It also revealed interactions between 

MAPT and CAMK2B, which have been previously implicated in Alzheimer’s disease (Panda et al., 

2003). However, both genes encode for proteins that are highly functional in the musculoskeletal cells 

(Abisambra et al., 2013) and the vascular smooth muscles (Zhang et al., 2018), making them good 

candidates for further investigation in the context of OA and CVD, as well as ageing multimorbidity. It 

should be noted that this interaction does not currently show a direct effect on bone maintenance to 

provide a direct link to OA, but MAPT is known for its role in microtubule stability within muscle 

fibres (Goedert et al., 1989). Therefore, a possible link may be mediated by muscle-bone crosstalk. The 

involvement of CAMK2B in both diseases is an observation that deserves attention, especially as 

CAMK2B is a calcium-dependant protein kinase and therefore its pathogenic effect could be a result of 

mineral dysregulation in calcium signalling.  

The following obtained result also flagged the importance of cellular metal ion regulation, which when 

dysregulated can manifest in an array of diseases including OA and CVD. When the identified single 
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nucleotide polymorphisms (SNPs) from the GWAS data of both diseases were examined, 3 SNPs were 

found to be common, two of which are associated with zinc transportation. The SNPs were mapped to 

the DPEP1 and SLC39A8 genes, which either utilise zinc as a cofactor, or regulate its transport from 

the extracellular matrix to the cytoplasm. Recently, DPEP1 was also found to regulate iron trafficking 

in kidney cells (Guan et al., 2021). Taken together, the separately obtained data highlight the importance 

of trace metal ion regulation through concentration or transportation on several systems, which may 

underly the increase in multiple chronic diseases within the same individual, multimorbidity.  

Using microarray data generated in our laboratory, the change in gene expression levels of the identified 

common risk genes was determined. IL11, GDF5, SMAD5, and FGF18 showed the highest increase in 

expression levels 4 hours after hip injury in mice. This may highlight their role in tissue repair post 

injury, or a role in the inflammatory response, or both.  

Of the 37 identified common risk genes, CTSK, GDF5 and TGFβ1 were selected for further functional 

genomic analysis using CRISPR-Cas9 gene-targeting approaches in zebrafish embryos, as described in 

section 1.8. These genes were specifically selected based on the correlation in their expression patterns 

detected in the FUMA GWAS analysis, specifically CTSK and TGFβ1. In addition, their pathogenic 

involvement in other prevalent chronic diseases, along with OA and CVD, renders them remarkable 

candidates to study for the investigation of common pathways underlying multimorbidity. Moreover, 

the varying significant changes in their expression levels observed in the murine hip injury microarray 

data, suggest a possible role of these genes in tissue repair, or the inflammatory response. Therefore, 

targeting those genes as part of a functional genomic analysis could potentially reveal some of their 

cellular functions. Finally, the designed bioinformatic analysis pipeline revealed a high correlation of 

four pathways between the two diseases, from the identified common risk genes. The four pathways 

include the JAK/STAT (Tang et al., 2017; Godoi et al., 2023), MAPK/JNK (Lee et al., 2018; Thouverey 

and Caverzasio, 2015; Zhang et al., 2019; Zaidi et al., 2010; Tian et al., 2019), PI3K/AKT/mTOR (Chen 

et al., 2021; Hinoi et al., 2015; Zhang et al., 2013), and NF-kB (Krum et al., 2011; Bitzer et al., 2000; 

Freudlsperger et al., 2013) signalling pathways. An association has been found between the identified 

pathways and the selected genes, which justifies performing the functional genomic analysis on these 

genes, in the aim of unravelling the common underlying mechanisms behind multimorbidity. The 

following chapters will explore the roles of ctsk, gdf5, and tgfβ1a genes in the musculoskeletal and heart 

structural development in zebrafish.  
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4. Cathepsin K is Essential for Early Skeletogenesis and Heart 
Development  

 

4.1. Introduction 

Cathepsin K (CTSK), also known as CTSO2, PYCD and PKND, is a member of the papain family of 

lysosomal cysteine proteases, which consists of more than 15 different proteases, mainly found in the 

endosomal and lysosomal regions (Shi et al., 2000; Yadati et al., 2000). The family exhibits a range of 

molecular functions including ECM regulation (Buck et al., 1992; Everts et al., 1996), antigen 

presentation (Shi et al., 2000), in addition to other regulatory functions in the immune system (Asagiri 

et al., 2008). The encoded enzymes are synthesised in an inactive form due to an endogenous inhibitor 

present in the pro-domain that regulates the catalytic domain within the protein. The protein is activated 

following the cleavage of the catalytic peptide (Turk et al., 1997). Similarly, Cathepsin K is activated, 

exhibiting critical roles in bone remodelling, resorption and osteoclast function through the digestion 

of essential bone matrix proteins, such as collagen, osteonectin and osteopontin (Troen., 2004; Bonnet 

et al., 2017; Yoshida et al., 2018). By studying its complex mechanism of action, CTSK has been 

identified for its involvement in various processes including protein metabolism (Invest et al., 2003) 

and homeostatic regulation of different body systems (Zaidi et al., 2018). CTSK has also been 

discovered to play a role in the development of various systems, such as the respiratory system (Buhling 

et al., 2004), the nervous system (Dauth et al., 2020), the cardiovascular system (Hua et al., 2015; Guo 

et al., 2018), and the musculoskeletal system (Wilson et al., 2009).  

4.1.1. Activation and regulation of CTSK  

CTSK precursors are synthesised in the endoplasmic reticulum and then are transported to the Golgi 

apparatus where they bind to a high-mannose oligosaccharide chain, mannose-6-phosphate (M-6-P). 

M-6-P is considered an essential lysosomal enzyme signal for CTSK transport to lysosomes via clathrin-

coated vesicles (Alimena et al., 1988). CTSK is mainly secreted by osteoclasts in their active state 

(Kirschke et al. 1995). However, subsequent research revealed that osteoblasts and osteocytes also 

secrete CTSK (Mandelin et al., 2006). Once secreted, it is activated either through the activity of other 

proteases or autocatalytically by cleaving its own propeptide, activating its enzymatic function 

(McGlinchey et al., 2015).  

The CTSK gene can be activated through RANK ligand (RANKL) binding to the RANK receptor via 

the NF-kB pathway (Troen, 2006). This pathway activates the pro-osteoclastogenic factor nuclear factor 

of activated T-cells (NFATc1), which translocate to the nucleus within osteoclasts, activating Ctsk 
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(Balkan, 2009). Other stimulatory factors can also activate the same pathway, including some 

interleukins, TNFα, vitamin D and parathyroid hormone (Troen, 2006). TGF-β signalling is another 

pathway that has a direct effect on the regulation of CTSK expression. It has been shown to be essential 

for the processing of pro-CTSK into active CTSK through the activation of C4-S GAGs (a collagen IV-

derived glycosaminoglycans that play an important role in the development and remodelling of tissue 

membranes), which cleaves the endogenous inhibitor region of CTSK, thereby increasing the activity 

of CTSK (Flanagan-Steet et al., 2018).  

Other conditions can affect the activation of CTSK, such as the pH levels, which must remain acidic 

(Christensen and Shastri, 2015). To achieve this acidic state, an acidified milieu layer is formed around 

osteoclasts to allow for CTSK secretion and activation (Takito et al., 2018). When stored in lysosomes, 

the pH must remain below 5 for optimal regulation (Turk et al., 2012). Mechanical loading has also 

been found to stimulate the expression of osteoblastic Ctsk, as well as Ctsk in osteocytes (Bonnet et al., 

2018). 

Region-specific expression patterns of CTSK have been discovered where inflammatory cytokines such 

as IFN-Y, IL6 and TGF-a can induce the expression of CTSK from macrophages (Kamolmatyakul et 

al., 2001; Li et al., 2019; Singh et al., 2021). Meanwhile, TGF-β was found to inhibit CTSK in fibroblasts 

(van der Brule et al., 2005). 

4.1.2. Cathepsin K cellular function 

Cathepsin K was first identified as a collagen I degrading protease (Garnero et al., 1998). Collagen I is 

an abundantly present protein that makes up about 90% of the bone matrix. However, CTSK was later 

found to also degrade collagen II (Kafieneh et al., 1998), emphasising its essential role in bone 

resorption. CTSK can also cleave other matrix-related proteins to optimise bone resorption, including 

the matrix metalloprotease 9, MMP9 (Christensen and Shastri, 2015). It has therefore been identified 

as a catabolic factor in bone homeostasis (Costa et al., 2011). However, further studies revealed the role 

of cathepsins as anabolic factors in some cases, depending on the cell type in which they are expressed 

(Durdan et al., 2022). Wenqian Fang et al., 2019 showed that targeting Ctsk in mice may lead to an 

increase in cardiac fibrosis and cause cell death post myocardial infarction, highlighting a protective 

role of Ctsk as when impaired or inhibited, an increase in cardiomyocyte death was observed.  

4.1.3. Skeletal diseases associated with Cathepsin K 

Mutations in CTSK can lead to a heritable bone disorder known as Pycnodysostosis. First identified by 

Gelb in 1996, it was classified as an autosomal recessive disorder caused by a CTSK mutation that 

results in a loss of function of the enzyme, which prevents the protein from degrading collagen I. This 
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leads to abnormal musculoskeletal development with an overall increase in bone mineral density, 

leading to bone hardening and increased susceptibility to fractures, facial and skeletal deformities, and 

dwarfism (Gelb et al., 1996). Carriers usually suffer from a variety of progressive symptoms including 

dental problems and cavities, scoliosis due to the deformed vertebral column, and obstructive sleep 

apnoea due to disruptions in the upper airway. This disease was investigated in mice, where knocking 

out Ctsk resulted in phenotypes similar to those observed in patients with pycnodyspstosis. Knockout 

mice developed osteopetrosis due to a reduction in bone matrix resorption and showed an overall 

increase in bone mass (Saftig et al., 1998). Conversely, overexpression of Ctsk showed an increase in 

bone turnover rate (Kiviranta et al., 1992). More recently, a study revealed a mechanism of articular 

cartilage protection in Ctsk homozygous knockout mouse models. The mutants had delayed progression 

of OA due to a reduction in bone turnover in the already degrading cartilage (Sokki et al., 2018). 

Changes affecting CTSK expression or activation leading to a disruption to its finely tuned homeostatic 

role can lead to osteopetrosis or osteoporosis. Osteopetrosis is characterised by a remarkable increase 

in bone mineral density due to the reduction of resorption in the absence or reduction of CTSK activity, 

leading to larger more brittle bones (Lotinun et al., 2013). Conversely, the abundant presence of CTSK 

in its active state can lead to osteoporosis, which is a condition characterised by a reduction in total 

bone mass and density due to the increased resorptive activity of CTSK during bone remodelling (Logar 

et al., 2007).  

Regarding its disease-specific expression, OA patients show increased CTSK expression levels in 

cartilage tissue, synovial fluid and serum when compared to healthy individuals (Logar et al., 2007). 

The increase in CTSK expression shows a direct correlation with the severity of OA (Konttinen et al., 

2002). Furthermore, an upregulation of CTSK mRNA expressions has also been observed in 

osteoarthritic cartilage of mice, suggesting an enzymatic role in the pathogenesis of osteoarthritis 

(Morko et al., 2004). On the other hand, microarray data obtained in our laboratory from murine 

cartilage, 4-hours post a scalpel-induced minor hip injury, suggest a significant decrease in Ctsk 

expression of -1.78-fold change.  

A function of CTSK was discovered in patients with periodontal disease (PD). Periodontitis is a 

localised chronic gum infection that results in serious damage to the gums and bone surrounding the 

teeth. Using microarray data, qPCR and immunohistochemistry, CTSK was found to be highly 

expressed in PD patients suggesting an essential role of the protease in osteoclast differentiation through 

a paracrine signalling response (Heo et al., 2021). Although CTSK has been discovered and extensively 

studied for decades now, there remains several gaps in our knowledge regarding its mechanism of 

action. Several upstream factors that activate CTSK expression have been identified, yet the mechanism 

behind CTSK downregulation or inhibition to attain bone homeostasis remains unknown. Limited 



62 

 

knowledge is currently available regarding the interactions between CTSK and other cathepsins, as well 

as, the post-translational modifications undertaken following transcription, which could provide clues 

to the negative regulation of the gene. In addition, most research on CTSK has focused on its role in 

bone development and regulation, with little reference to its impact on non-skeletal tissues. Several 

studies have pointed to a notable role of CTSK in the respiratory and cardiovascular systems suggesting 

a direct involvement of the gene, but the mechanism remains elusive.  

4.1.4. Cardiovascular diseases associated with Cathepsin K 

Cathepsin K has been found to be highly expressed in several cardiovascular diseases. In patients with 

chronic heart failure (CHF), high levels of CTSK were found in serum samples (Zhao et al., 2015). 

High levels of CTSK were also observed in the plasma of patients with coronary heart disease (CHD) 

and myocardial infarction (MI) (Fang et al., 2019), atherosclerosis (Dubland and Francis, 2015), 

hypertension (Cheng et al., 2006) and cardiac hypertrophy patients (Hua et al., 2013). 

Atherosclerosis is a cardiovascular disease characterised by the accumulation of plaque within the 

arteries. High levels of CTSK were detected in atherosclerosis patient samples, suggesting a significant 

contribution to the development or progression of the disease. Such elevation result in an increase in 

the degradation of collagen and other ECM related proteins, leading to plaque formation and 

accumulation in the arteries (Dubland and Francis, 2015).  

Furthermore, aortic aneurysm (AA) has also been found to be associated with elevated CTSK levels 

(Zhao et al., 2015). In this condition, the aorta becomes enlarged and more fragile, which may lead to 

fatal tears within the aorta. Studies in Ctsk knockout mice demonstrated the role of CTSK in AA 

progression by inducing smooth muscle cell apoptosis, elastin degradation and T-cell proliferation, 

suggesting the use of a CTSK inhibitor as a promising treatment (Sun et al., 2011). CTSK protein levels 

are found to be elevated in patients with cardiovascular disease. Therefore, Hua et al., 2015 investigated 

the correlation between ageing and the development of cardiovascular disease in mice. Mice exhibited 

the same elevated levels of CTSK, along with several cardiac abnormalities, such as changes in heart 

morphology, contractility, and calcium levels, which could lead to heart failure. In this study, Ctsk 

knockout mice were generated and showed a significant attenuation to heart failure progression when 

compared to wildtype aged mice. Ctsk knockout also displayed a cardioprotective role in diabetic mice, 

and significantly reduced cardiac oxidative stress (Guo et al., 2017).  

The role and effect of CTSK is not only limited to its expression levels in tissues; precise localisation 

of the protein is also essential, and impairments in this process can lead to a variety of diseases.  One 

example is congenital heart defects (CHD), where CTSK mislocalisation alters TGF-β signalling, 
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leading to myocardial and valvular deformities. These adverse effects were attenuated through the 

inhibition of CTSK, restoring the heart function of CHD mouse models (Lu et al., 2020).  

To date, elevated levels of CTSK have been detected in several types of cardiovascular disease, but the 

molecular mechanism behind this observation remains to be determined. Available studies that 

generated Ctsk knockout mice models to study the heart examined the knockout effect in relation to a 

cardiovascular disease rather than its intrinsic role in early development. Therefore, studying the effect 

of targeting CTSK on the structural development of the heart may provide additional information about 

the nature of the function displayed by the encoded protein. 

4.1.5. Cathepsin K expression pattern in zebrafish  

In zebrafish, ctsk gene expression starts as early as 5.25hpf and is essential for subsequent early 

developmental stages such as segmentation, pharyngula and hatching (Thisse et al., 2004). Using In situ 

hybridization, Ctsk has been found present in tissues associated with various systems including the 

cardiovascular, digestive, nervous, muscular, respiratory and sensory systems. In musculoskeletal 

tissues, it is highly expressed in the bone, cartilage and skeletal muscle, particularly in osteoclasts, and 

at a lower level in chondrocytes (Thisse et al., 2004; Petrey et al., 2012).  Thus, zebrafish provide a 

suitable model to further investigate the functional role of ctsk in the musculoskeletal system and heart 

development in zebrafish.  
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4.2. Hypothesis and aims 

GWAS have identified CTSK as a potential marker for osteoarthritis (Tachmazidou et al., 2019; Boer 

et al., 2021) and cardiovascular disease (LeBlanc et al., 2016). The gene has also been identified as a 

biomarker for other chronic diseases, including prostate cancer (Wu et al., 2022) and type-2 diabetes 

(Saxena et al., 2007).  Therefore, I hypothesise that targeting ctsk would have a remarkable impact on 

the skeletal and heart structural development in zebrafish and may provide insights regarding the gene 

function in other systems, and potentially multimorbidity.  

In this chapter, I aim to:  

• Investigate the impact of targeting ctsk using CRISPR-Cas9 mutagenesis on early 

skeletogenesis in zebrafish. The focus will be on the jaw cartilage structure, as there are 

observed similarities between zebrafish jaw cartilage and common osteoarthritis joints. Also, 

the synovial like joint present within the zebrafish jaw is the only joint structure in zebrafish 

that experiences mild mechanical loading as part of the feeding process. Mechanical loading is 

a known contributing factor to the progression of osteoarthritis in human joints, therefore, 

studying the jaw specifically would make the study more comparable to the OA observed in 

humans.  

• Examine the effect of targeting ctsk on the heart development in the Tg(myl7:lifeActGFP) 

transgenic line, highlighting the heart in green.  

• Test the swimming efficacy of ctsk targeted larvae and adult fish, to determine any alterations 

in the skeletal system's functionality caused by the induced mutations.  

• Assess the ongoing necessity for ctsk in bone maintenance and later skeletal development by 

conducting micro-CT scans of adults crispants.   
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4.3. Results 

4.3.1. Ctsk protein domain and selected CRISPR guide targets in zebrafish  

CTSK is located on chromosome 1: 150,796,208-150,807,434 in humans and chromosome 16: 

29,492,749-29,502,787 in zebrafish. In both species it consists of 8 exons. The gene consists of 329 

amino acids (333aa in zebrafish) which are translated to form the enzyme with a V-shaped catalytic 

diad cysteine-histidine active site (McGrath et al., 1997).  The protein alignment performed using the 

Ensembl genome browser shows 64.5% similarity between the human and zebrafish Ctsk encoded 

proteins. The most highly conserved exons with available PAM sites for CRISPR-Cas9 targeting, are 

exons 4 and 5. Therefore, two CRISPR RNA guides were designed to target both exons for mutagenesis 

and are shown in Figure 4.1. 

Figure 4.1: Cathepsin K gene composition and protein domain 

(a) CTSK is composed of 8 exons in both human (top) and zebrafish (bottom). The blue rectangles 

highlight the location of selected CRISPR target guides in zebrafish ctsk with their exact position and 

the targeting score guide 1= 999 and guide 2= 987 (blue rectangle, left) based on the USCS genome 

browser tool (UCSC, 2019, https://genome.ucsc.edu/). (b) Zebrafish ctsk encodes a 333 amino acid 

protein with two conserved subunits, Inhibitor_I29, which prevents substrate from binding to the active 

site and can only allow protein activation through the interaction with a secondary peptidase or via an 

autocatalytic cleavage. The second subunit is a Peptidase C1 unit, which encodes for the lysosomal 

enzyme activated following the cleavage of inhibitor_l29. Yellow triangles represent the four active 

sites present in the encoded protein. Figure generated using Biorender (https://www.biorender.com/).  

https://www.biorender.com/
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4.3.2. Abnormal cartilage development in ctsk targeted zebrafish larvae 

To investigate the effect of targeting ctsk on early skeletogenesis, single cell zebrafish embryos were 

injected with two CRISPR-Cas9 guides (Figure 4.1) targeting exons 4 and 5. Both exons are conserved 

across the two species and have pre-identified high-scoring CRISPR targets based on UCSC data and 

were therefore selected for injection into single cell embryos. 400pmol of ctsk guide RNAs were 

injected into each embryo along with Cas9 protein. The efficiency of the designed guides was tested in 

a trial injection followed by genotyping using CRISPR-STAT to confirm the disruption of the wildtype 

allele peak, with the expected size of 306.4. Loss of this peak indicates successful targeting of the ctsk 

gene. Larvae were allowed to grow and imaged at 3dpf using a stereomicroscope to examine the general 

morphology of crispants compared to wildtype controls. Lightsheet imaging was also performed to 

visualise the jaw cartilage structure using the Tg(Col2a:mCherry) transgenic line, which labels collagen 

II with red fluorescence (Figure 4.2).  Our analysis began at 3dpf, the stage at which the jaw cartilage 

structure becomes visible within the Tg(Col2a:mCherry) transgenic line.  

The ctsk targeted larvae exhibit a distorted overall appearance (Figure 4.2 C&D), manifested by a 

curved and stunted body length compared to the control group (Figure 4.2 A&B). Additionally, the 

cranial structure appears to be disproportionally smaller with reduced eye size and a retracted or 

underdeveloped jaw in comparison to the control larvae. While these were the most common 

abnormalities found, extreme variability in phenotype was also observed, as demonstrated in (Figure 

4.2 C&D) and (Figure 4.3 C&D). Starting from 3dpf, there were clear deformities observed in the jaw 

cartilage of ctsk crispants. These deformities included misaligned smaller Meckel’s cartilage, non-

developed or partially developed synovial joint (green arrow,  c&d), irregular paraquadrate cartilage 

(yellow arrow) and an array of abnormalities to ceratohyal cartilage orientation. The latter appeared 

less arched and bent (c&d). Due to variations in the acquired phenotype, conducting comparable 

measurements in the larvae posed a challenge. Therefore, we opted to classify the observed phenotypes 

based on the severity of their deformities in general. At 5dpf, the phenotype persisted, and additional 

abnormalities were apparent due to the continuous rapid development of the musculoskeletal system. 

When examining the general morphology of the larvae, spinal curvature remained noticeable, and the 

swim bladder failed to develop in 66.6% of the targeted larvae (Figure 4.3 C&D). The same cartilage 

structures exhibited comparable abnormalities to those of targeted larvae at 3dpf. Additionally, at this 

stage, the basihyal structure (yellow circle) developed and was found to be smaller in size with a 

deformed shape in 30% of the analysed crispants (Figure 4.3 c&d). This underscores the fundamental 

role of ctsk in early skeletogenesis in the form of cartilage development starting from 3dpf.  
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Figure 4.2: Cathepsin K is essential for early skeletogenesis at 3dpf 

The upper panel illustrates the overall morphology, and the lower panel presents the corresponding jaw 

cartilage structure of the larvae under examination. Panels A and B show the brightfield ventral view 

of the wildtype controls (n=32), while panels C and D exhibit two distinct phenotypes when targeting 

ctsk (n=32). C displays a mild phenotype manifested by a retracted smaller jaw (n=15), whereas D 

exhibits a severe monstrous phenotype characterized by a significantly shorter and disrupted skeletal 

structure and a distinct retracted jaw (n=9); however, some larvae did not exhibit any phenotype in their 

general structure (n=8).  Regarding the control group, un-injected larvae obtained from 

Tg(Col2a:mCherry) line display the expected cartilage structure in red, as observed from a lateral view 

(n=20). 400pmol ctsk sgRNA targeted larvae (n=26) showed an abnormality in their jaw cartilage where 

the structures of Meckel’s (MK) and Palatoquadrate (pq-yellow arrow) were bent and exhibited non-

uniform overall shape as demonstrated in c (n=12). Meanwhile, more severe deformities were observed 

in d (n=5), whereas some subjects did not exhibit any abnormal phenotype (n=9). The modulation 

seemingly affects the synovial joint (SJ) (indicated by the green arrow), while the ceratohyal (ch) 

cartilage shows less impact at this stage. The data was obtained from three different experimental 

replicates. The scale bar is measured at 100µm. 
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Figure 4.3: Persistence of abnormal skeletogenesis in ctsk crispants at 5dpf 

The top panel compares the morphology of ctsk crispants (ventral view) (C&D) (n=23) to that of 

wildtype controls (A&B) (n=24). The bottom panel displays the corresponding jaw cartilage structure 

in the larvae presented and are matched to their genotype at the bottom (a’-d’). Control larvae (a&b) 

obtained from the Tg(Col2a:mCherry) line show the expected cartilage structure in red lateral view at 

5dpf (n=24). (c&d) 400pmol ctsk targeted larvae exhibited abnormal jaw cartilage, which affected the 

Meckel’s (MK), Basihyal (bh-yellow circle), Palatoquadrate (pq-yellow arrow), synovial joint (SJ-

green arrow) and ceratohyal (ch) structures (n=30). Of those, (n=14) developed mild abnormalities, 

illustrated in c, while (n=9) developed more severe defects, illustrated in d. Furthermore, (n=7) showed 

no phenotype, and larvae in this group appeared to develop jaw cartilage in a similar manner to wildtype 

controls. (a’&b’) The CRISPR-STAT analysis demonstrates the anticipated wildtype allele peak of the 

intact ctsk at 306.4 (red star), whereas (c’&d’) affirm the loss of the wildtype allele (indicated by the 

green star) in targeted larvae. The data was obtained from three distinct experimental replicates. The 

top panel scale bar is 1000µm, and the bottom panel scale bar is 100µm. 
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4.3.3. Abnormal heart structure and volume in ctsk targeted embryos  

Although CTSK has been extensively researched in relation to bone homeostasis, its effect on heart 

development has not yet been identified, despite emerging evidence of its involvement in several 

cardiovascular diseases, as described in section 4.1.4. Therefore, to ascertain the impact of ctsk 

mutagenesis on heart development, I injected the same sgRNAs targeting ctsk described previously into 

the Tg(myl7:lifeActGFP) transgenic line to visualise the heart structure through fluorescently tagged 

cardiomyocytes.  For this experiment, two different concentrations of ctsk single-guide RNAs were 

injected to assess the possibility that a lower concentration would result in a partial knockout, avoiding 

the detrimental effect observed with the higher concentration, and enable crispants to be raised to 

adulthood. Embryos were injected with 100pmol (0.5nl) and 400pmol (2nl) of two CRISPR single-

guide RNAs. As negative controls, embryos were injected with 400pmol of tyrosinase targeting guides 

to confirm the success of the injection. Tyrosinase plays a crucial role in the production of pigmentation 

in zebrafish, and when it is targeted, larvae appear transparent. This provides a great screening tool to 

visualise the efficiency of CRISPR targeting and to ensure that the obtained phenotype is not due to the 

invasiveness of the needle during the injection process. At 3dpf, 100pmol injected larvae showed a mild 

effect on general structure of the larvae in 30.8% of 26 targeted larvae, while 400pmol targeted larvae 

displayed much significant deformities in the general structure as described in section 4.3.2, leading to 

a mild phenotype in 47.4% of the 19 embryos and a severe phenotype in 21% of the injected fish (Figure 

4.4 and Figure 4.6). Furthermore, the heart also showed different phenotypes in the two concentrations. 

In the lower concentration, hearts develop a similar morphology to wildtype, with the exception of some 

shape irregularities and a smaller ventricle chamber in 37% of 100pmol targeted larvae (Figure 4.5 

e&f). However, higher concentration hearts show a disruption in the looping process that is essential 

for correct orientation of the heart within the organism, resulting in heart misorientation or complete 

inversion in 80% of larvae at 3dpf (Figure 4.5 g&h). 

When larvae reached the 5dpf stage, 43% of the targeted group failed to develop a swim bladder when 

injected with 100pmol (Figure 4.4 E&F), while 62.5% of 400pmol targeted larvae failed to develop 

the swim bladder (Figure 4.6 G&H). Defective heart looping was also observed even in the lower 

concentration of targeted larvae (Figure 4.5 e&f), as well as the higher concentration (Figure 4.5 g&h). 

Additionally, both the atrium and ventricle chambers appear smaller in 400pmol (Figure 4.5 g&h). 

This was further confirmed by the heart volumetric measurements performed using Imaris Software 

and shown in Figure 4.8 that determined a significant (p-value= 0.0185) decrease in the heart volume 

of 400pmol targeted larvae surprisingly when compared to 100pmol targeted larvae, but not significant 

when compared to wildtype controls (p-value= 0.4639).  
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Figure 4.4: Clear deformities in whole body structure of 400pmol ctsk crispants at 3dpf 

(A&B) The general morphology of wildtype controls was imaged in brightfield ventral view (n=24). 

(C&D) tyrosinase targeted larvae as negative controls showing loss of pigmentation that indicated 

successful targeting and displayed no abnormalities in the whole-body structure. This confirms that 

observed phenotypes were not a result of needle invasiveness during the injection (n= 8). (E&F) 

100pmol ctsk targeted larvae (n= 18) showing unaffected structure that appears to develop in a manner 

similar to the wildtype controls. F shows slight curvature of the spine, observed in n=3. (G&H) 

400pmol ctsk targeted larvae (n= 14), some display monstrous severe phenotype as shown in G (n= 5), 

while others display mild abnormalities such as a retracted jaw and slight curvature as shown in H 

(n=8), (n=1) do not show a phenotype. Scale bar= 100µm.  
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Figure 4.5: Abnormal heart development in ctsk crispants at 3dpf 

(a&b) Wildtype un-injected larvae (n=16) representing the expected heart structure (outlined in yellow) 

at the 3dpf stage in the Tg(myl7:lifeActGFP) transgenic line to visualise the heart in green (lateral view). 

(a’&b’) CRISPR-STAT genotyping shows ctsk wildtype peak at 306.4 (red star) (c&d) 400pmol 

tyrosinase CRISPR targeted larvae (n=8) as negative controls and their corresponding genotype 

(c’&d’). (e&f) 100pmol ctsk targeted larvae (n=8) appears to have smaller irregularly shaped ventricles 

in some generated crispants (n=3), while the rest of targeted larvae display no phenotype (n=5), and 

confirmation of the successful targeting is shown in the corresponding CRISPR-STAT (e’&f’). A green 

star indicates the expected peak position when absent. (g&h) 400pmol ctsk targeted larvae (n= 14) 

showing a highly disrupted heart morphology in 5 of the examined crispants, a mild phenotype similar 

to 100pmol crispants was observed in 8 of crispants, while only one larva exhibited no phenotype. Both 

chambers appear smaller than controls, but has not been measured separately, and the modulation of 

ctsk was confirmed (g’&h’). Additionally, misorientation of the heart is observed causing inversion of 

the heart. V= Ventricle, A= Atrium. BA= Bulbus Arteriosus. Scale bar= 100µm. 
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Figure 4.6: Clear deformities in whole body structure of 400pmol ctsk crispants at 5dpf 

(A&B) The general morphology of the wildtype controls was imaged in a brightfield ventral view 

(n=22). (C&D) tyrosinase targeted larvae were used as negative controls showing loss of pigmentation 

indicating successful targeting with no signs of abnormalities in the whole-body structure (n= 8). (E&F) 

100pmol ctsk targeted larvae (n= 8) showing mildly affected structure with body curvature and skull 

abnormalities in 3 of examined larvae, while the remaining 5 did not display any skeletal defects. 43% 

failed to develop an inflated swim bladder. (G&H) 400pmol ctsk targeted larvae (n= 20), some display 

monstrous severe phenotype as depicted in G (n= 10), while others demonstrated mild abnormalities 

such as a retracted jaw, smaller skull and slight curvature as shown in H (n=9), (n=1) do not show a 

phenotype. Out of the 20, 400pmol ctsk targeted larvae, 62% failed to develop an inflated swim bladder. 

Scale bar= 1000µm. 
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Figure 4.7: Persistence of heart shape irregularities up to 5dpf 

(a&b) Wildtype un-injected larvae (n=16) representing the expected heart structure (outlined in yellow) 

at the 5dpf stage in the Tg(myl7:lifeActGFP) transgenic line, showing the heart in green fluorescence 

(lateral view). (a’&b’) CRISPR-STAT genotyping illustrates a ctsk wildtype peak at 306.4 (red star) 

(c&d) 400pmol tyrosinase CRISPR targeted larvae (n=8) as negative controls and their corresponding 

genotype (c’&d’). (e&f) 100pmol ctsk targeted larvae (n=8) appears to have smaller atrium and 

ventricle of irregular shape in some generated crispants (n=3), while the rest of targeted larvae display 

no phenotype (n=5), and confirmation of successful targeting is shown in the corresponding CRISPR-

STAT (e’&f’). Green stars indicate the expected peak position when absent. (g&h) 400pmol ctsk 

targeted larvae (n= 14) showing a highly disrupted heart morphology in 5 examined crispants, a mild 

phenotype similar to 100pmol crispants was observed in 8 of crispants, while only one larva showed no 

phenotype. Both chambers appear smaller than controls and the modulation of ctsk was confirmed 

(g’&h’). V= Ventricle, A= Atrium. BA= Bulbus Arteriosus. Scale bar= 100µm. 
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Figure 4.8: Significant decrease in heart volume of 400pmol ctsk targeted larvae compared to the 
100pmol targeted larvae at 5dpf 

No significant change in heart volume was observed at 3dpf (a). Nevertheless, at 5dpf (b), targeted 

larvae with the lower concentration (100pmol) (n=5) have a non-significantly larger heart volume (p-

value= 0.4639) in comparison to un-injected (n=7) and tyrosinase negative control (n=6). Using a 

higher concentration of 400pmol (n=6), the developing heart appear smaller than both controls, and 

only showing significant reduction in volume when compared to enlarged hearts of lower concentration 

(p-value= 0.0185). Statistical analysis was conducted as a One-way ANOVA with multiple 

comparisons using GraphPad Prism.   
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To investigate whether ctsk is essential for earlier heart development, a myl7 in situ hybridization probe 

(Noel’s Lab) was used to stain the heart at 1dpf in fixed 400pmol ctsk targeted larvae and uninjected 

wildtype controls. As shown in Figure 4.9, an anomalous cardiac phenotype can be detected as early 

as 1dpf in ctsk crispants. The location and orientation of the heart was consistently misaligned. It should 

be noted that the general head size of ctsk crispants appear smaller, which could potentially contribute 

to the observed phenotype (Figure 4.9 c-f). This experiment was conducted only once, with a limited 

sample size of 4 crispants tested against 2 wildtype controls, and therefore requires validation through 

repetition. Furthermore, negative controls injected with tyrosinase were not stained, which would have 

provided a better control for this experiment. Taken together, acquired data suggest high involvement 

of ctsk in the early stages of heart development, potentially as early as 1dpf. Targeting ctsk has 

detrimental effects that are not just exclusive to the heart structure, but also to its positioning by 

disrupting the looping process.  
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Figure 4.9: Cathepsin K is involved in early stages of heart development 

In situ hybridization-stained hearts (highlighted in yellow outline) using myl7 specific RNA probe to 

visualise the heart structure at 1dpf (dorsal view). (a&b) control un-injected nacre larvae that display 

the anticipated heart size and orientation at the 1dpf stage. (c-f) 400pmol ctsk targeted larvae that were 

raised to 1dpf, fixed in PFA and stained for heart visualisation. ctsk targeted larvae (n=4) exhibited an 

abnormal heart structure that is tilted to the left side with an unexpected localization behind the left eye 

when compared to wildtype controls (n=2). The eye structures were unintentionally visible due to 

background staining and were highlighted using green arrows.  
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Figure 4.10: General morphology phenotype of ctsk targeted larvae 

(a) Wildtype controls demonstrate 100% normality of whole-body structure. (b) Tyrosinase, used as a 

negative control, displays only 2.9% percentage abnormality indicating a mild impact of injection on 

larvae phenotype at 5dpf. (c) 69.2% of 100pmol injected 0.5nl display no alterations in their overall 

morphology, while 30.7% show a mild phenotype characterised by a shorter, curved body structure, 

smaller head or abnormal jaw (Figure 4.6, F). (d) 400pmol targeted larvae by injecting 2nl of injection 

mixture. 31.6% show no phenotype even in the presence of a mutation, 47.4% show mild phenotype 

such as general skeletal figure curvature, and 21% show completely disrupted whole body structure 

(Figure 4.6 G). 
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4.3.4. Impact of ctsk mutation on larval activity duration and speed  

After observing a disruption in the overall structure of larvae starting at 3dpf, alterations in the 

swimming behaviour of larvae were suspected at 5dpf. To examine this hypothesis, 5dpf larvae were 

monitored over 10-minute cycles in the presence and absence of light using 16 larvae of each injected 

concentration, with both mild and extreme deformities, and uninjected controls. Larvae display an 

increase in movement in the presence of light compared to darkness. The two light states were 

performed separately as an additional condition to identify any significant changes in behaviour linked 

to a nervous system phenotype. Larvae injected with 400pmol showed a significant reduction (with 

light, p= 0.0004) (without light, p= 0.0452) in inactivity duration in both light conditions when 

compared to the 100pmol injected larvae (Figure 4.11 a&c), indicating an increase in general 

movement. However, in both light conditions, 400pmol larvae displayed a significant (with light, p= 

0.0048) (without light, p= 0.0443) decrease in speed when compared to 100pmol injected larvae 

(Figure 4.11 b&d). This indicates that at 400pmol concentration, larvae are less sedentary than 

100pmol larvae, but similar to wildtype movement. Although 400pmol seem to show more movement, 

they show significant reduction in their ability to perform rapid swimming also when compared to 

100pmol larvae, but not to wildtype controls. Surprisingly, yet in correlation with previously obtained 

heart volume results in section 4.3.3, 100pmol and 400pmol show opposite observations that causes a 

significant change between the two groups that is not apparent when both groups are compared to 

wildtype controls. Furthermore, no correlation can be drawn between larval behaviour and light 

conditions to suggest a possible involvement of ctsk in the nervous system.  

A possible explanation to the swimming behaviour detected in 400pmol targeted larvae in regard to the 

increase in general activity, yet reduction in rapid movement could be a result of the highly disrupted 

skeletal morphology, which disables the larval free swimming, yet larvae display more frequent subtle 

movements or fidgeting, which is detected by the viewpoint system as an activity. Another factor could 

be the reduction in heart volume of 400pmol ctsk targeted larvae causes a reduction in their fast 

movement ability. This experiment was only conducted once; therefore, further repeats may help us 

understand the opposite pattern displayed by the two concentrations. Additionally, sequencing of 

individual larvae may explain a correlation between the genotype of targeted larvae and the displayed 

phenotype.  
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Figure 4.11: Significant increase in general activity of 400pmol compared to 100pmol ctsk 
targeted larvae, while showing a significant reduction in hyperactivity at 5dpf 

(a)  In the presence of light, ctsk targeted larvae of low concentration (100pmol) (n= 12) do not exhibit 

a significant change in inactivity duration compared to controls (n= 11). On the other hand, ctsk targeted 

larvae of higher concentration (400pmol) (n= 12) appear to have an increase in the general activity 

compared to 100pmol (p-value= 0.0004), although they were unable to move as fast as 100pmol larvae 

(b) (p-value= 0.0048). (c&d) in the absence of light, larvae exhibit the same movement pattern as in 

the presence of light with significance (Inactivity duration p-value= 0.0452) (Hyperactivity duration p-

value= 0.0443). One-way ANOVA with multiple comparison was used to analyse presented data. 

Figure generated using Graphpad Prism.  
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4.3.5. Non-significant change in adult locomotion speed of 100pmol ctsk targeted 

fish  

To examine the impact of the mutation on the functionality of the skeletal system, the activity levels of 

12-month-old zebrafish adult crispants was monitored.  Using the adult Viewpoint behavioural analysis 

system described in section 2.7.2, the time spent in an inactive state is calculated for each fish, as well 

as the time spent in a hyperactive state. In this section, only 100pmol crispants data is included, as 

injections of the higher concentration (400pmol) significantly harmed the embryonic development, 

preventing us from raising the larvae past 5dpf due to animal welfare concerns. However, 100pmol 

targeted larvae were raised, and presented data was exclusively conducted from the 100pmol ctsk 

targeted fish. All fish were fin clipped and sequenced to confirm the successful targeting of ctsk (Figure 

4.17).  All sequenced fish exhibited varying mutations, indicative of mosaicism and confirming 

mutagenesis as expected from founder crispants. 

 10, 12 months year-old adults, 4 wildtype controls (2 male and 2 females) and 6 crispants (3 

males and 3 females), were monitored over 7 hours to detect any change to their swimming behaviour. 

This experiment was conducted 3 times under two different conditions of absence and presence of light 

separately. Initially, male and female subjects were analysed individually against their sex-matched 

controls, taking into account the difference in swimming speed where males typically outswim females 

due to their diminutive size (Leris et al., 2013). As shown in Figure 4.12, no change was detected in 

both light conditions for both sexes in 100pmol ctsk targeted founders. When all repeats and sexes were 

merged (Figure 4.13), no significant difference in swimming behaviour was detected. Finally, the 

swimming behaviour of individual fish over the 7-hour monitoring duration was analysed to determine 

any changes throughout the experimental period, and fish appear to have a consistent behaviour through 

the whole duration (Figure 4.14). Sequences of crispants used in this analysis are shown in Figure 

4.17. In conclusion, ctsk targeting using 100pmol sgRNAs does not exhibit significant changes in adult 

swimming speed and efficiency of crispants. 
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Figure 4.12: No remarkable change in adult ctsk F0 movement duration or speed in the presence 
or absence of light 

Figure comparing the behaviour of adult wildtype control with 100pmol ctsk targeted fish at the 

adulthood stage. (a) No significant change in the duration spent by adult crispants (n=6), 3 females in 

an inactive state when compared to wildtype controls (n=4) in the presence of light within both sexes 

(females p-value= 0.8967; males p-value= 0.615). (b) ctsk crispants did not exhibit a significant 

alteration in the duration they spent in a hyperactive swimming state when in the presence of light 

(females p-value= 0.4031; males p-value= 0.8628). (c) The same pattern observed in the presence of 

light was also shown in the absence of light, indicating no effect of mutation on adult inactivity of both 

sexes (females p-value= 0.7295; males p-value= 0.8509). (d) as seen in the presence of light, no change 

in duration spent in hyperactive state was detected in both sexes (females p-value= 0.9794; males p-

value= 0.6773). Figure summarises data from three different experimental replicates within the two 

light conditions. Red indicating a measurement obtained in the first replicate, while green is data from 

second replicate experiment and blue is the third replicate. Each point represents the average time spent 

by a single fish through the 7-hour experimental period.  Analysis was conducted as One-way ANOVA 

with multiple comparisons using the Graphpad prism software.  
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Figure 4.13: No remarkable change in total adult ctsk F0 movement pattern in the presence or 
absence of light 

Figure comparing the behaviour of wildtype control adults with 100pmol ctsk targeted fish at the 

adulthood stage. (a) no significant change in duration spent by crispants (n=6) in an inactive form when 

compared to controls (n=4), both sexes combined in the presence of light (p-value= 0.3505). (b) no 

significant change in duration of hyperactivity movement in the presence of light (p-value= 0.6046). 

(c) unaffected movement in the absence of light (p-value= 0.8825), two sexes combined, and the same 

pattern observed in the hyperactivity duration (d) (p-value= 0.6647). Each point represents average 

time spent by an individual fish and the graph shows data for 3 replicates combined. Control= wildtype 

control, gctsk= ctsk crispant. Analysis was conducted by combining all repeats and tested using an 

unpaired student t-test.  



84 

 

 

Figure 4.14: No remarkable change in movement pattern of ctsk targeted adult founders over the 
7-hour experimental duration 

Under both light conditions, ctsk founders appear to spend similar duration in an inactive state when 

compared to wildtype controls without changes overtime (a&c). Furthermore, (b&d) the fish also do 

not display a difference in hyperactivity duration of the 7-hour experimental period in the presence or 

absence of light. Control fish represented in yellow, while ctsk founders (gctsk) are shown in purple. 

Figure generated using Graphpad Prism. 
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4.3.6.  Micro-CT analysis for adult ctsk zebrafish crispants 

Skeletogenesis is a continuous process that commences with cartilage generation at 2dpf (Schilling et 

al., 1997), followed by the first functional joint observation at 3dpf (Brunt et al., 2017). First sign of 

bone development following mineralisation of developed cartilage starts at 4-6dpf and the skeletal 

system is typically fully formed by 2 months (Bird et al., 2003). Therefore, visualising the developed 

bone structure in adult ctsk crispants could provide novel insights into the role of ctsk in bone 

mineralisation, maintenance and degeneration at later stages. To follow the effect of ctsk targeting on 

later bone development, six 100pmol targeted fish were fixed at 12 months of age in 4%PFA, and then 

imaged as per the protocol detailed in section 2.9. Results are displayed in Figures 4.15 & 4.16, 

indicating a non-significant change in bone volume (females: p-value= 0.1783; males: p-value= 

0.8757). and bone mineral density of 100pmol crispants compared to uninjected controls (females: p-

value= 0.5009; males: p-value= 0.2426). However, there was a significant increase in bone surface area, 

which was only detected in male crispants (females: p-value= 0.9836; males: p-value= 0.0188).  This 

finding suggests that there may be a differential effect between the sexes. Nevertheless, as the number 

of tested adults was limited, further repetitions are necessary to confirm this observation. 
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Figure 4.15: ctsk crispants show a significant increase in bone surface area, only in males 

Micro-CT scans show the bone structure comparison of adult ctsk crispants (d-i) against wildtype 

control (a-c) at 12 months. The first row depict the lateral view (a,d&g), the second row displays the 

ventral view (b,e&h), and the third row shows the dorsal view of zebrafish skull (c,f&i). To view the 

entire 3D construct, please scan the QR code located at the bottom left. 
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Figure 4.16: Significant increase in bone surface area of male ctsk adult crispants 

Results obtained from micro-CT scans of 6, 12-month-old crispants. a. unaffected general bone volume 

of crispants when compared to wildtype controls (females: p-value= 0.1783) (males: p-value= 0.8757). 

b. unaffected bone mineral density of crispants when compared to controls (females: p-value= 0.5009) 

(males: p-value= 0.2426). c. significant increase in bone surface area of male crispants (females: p-

value= 0.9836) (males: p-value= 0.0188).  Each data point represents an individual fish and statistical 

analysis was conducted as One-way ANOVA with multiple comparisons using Graphpad Prism.  
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Figure 4.17: Sequencing data of ctsk crispants utilised in adult behavioural analysis and micro-
CT scans 
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Figure 4.17: Sequencing data of ctsk crispants utilised in adult behavioural analysis and micro-
CT scans (continued). 

(a-c) 3 male crispants exhibiting a mosaic genotype. (d-f) 3 female crispants showing clear mosaicism, 

with various mutations observed in a sole organism, as anticipated in founder crispants. Top part of 

each panel represents the percentage of each mutation in the sequenced fish, while the bottom section 

shows the traces. Figure generated using Synthego ICE sequencing Analysis Tool.  
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4.4. Discussion 

Although cathepsins have been identified for decades, yet our understanding of their mode of action 

remains limited due to the complexity of the system and its high involvement in numerous processes in 

different tissues. At present, our knowledge of the functional role of CTSK is primarily focused on bone 

development and remodelling (Gelb et al., 1996; Saftig et al., 1998; Garniero et al., 1998; Nygaad et 

al., 2004). This was linked to the role of CTSK in ECM regulation (Buck et al., 1992). CTSK also plays 

a crucial role in regulating the immune system (Riese et al., 2000; Troen., 2006). This suggests a high 

level of involvement in various systems (Buhling et al., 2004). As more information is revealed about 

CTSK function, the gene becomes increasingly intriguing. Much of the existing research on CTSK 

focuses solely on its role within the musculoskeletal system, with limited understanding of how it 

impacts non-skeletal tissues. Although elevated levels of CTSK have been identified in various studies 

related to OA and CVD, the underlying mechanism for this increase remains unknown. The most 

straightforward explanation would be an elevation in pro-inflammatory mediators that amplify the 

activation of pathways upstream of CTSK, like TGF-β signalling (Flanagan-Steet et al., 2018), MAPK 

signalling (Lee et al., 2018) and Calcium signalling pathways (Bai et al., 2018).  

As discussed in section 4.1.4, studies revealed an increase in CTSK levels in CVD cases that was 

associated with the disease progression as when inhibited, signs of recovery were observed (Hua et al., 

2015). Conversely, Ctsk knockdown in CVD mouse models worsened the symptoms and increased 

cardiomyocyte death indicating a protective anabolic role of CTSK in cardiac tissue (Fang et al., 2019). 

All investigations of CTSK functions in the cardiovascular system have been associated with diseases, 

neglecting the role of CTSK in early heart development. Therefore, in this study, we examined the role 

of ctsk in early zebrafish skeletogenesis. The effect of targeting ctsk on heart development was also 

tested for the first time, to our knowledge. Additionally, the effect of the skeletal phenotype was tested 

for its impact on the functionality of the musculoskeletal system by detecting changes in movement of 

targeted larvae, as well as in the adulthood stage of raised crispants. Our data confirmed the essential 

roles of ctsk in the early development of the musculoskeletal system. It also revealed its crucial function 

in the early heart development in zebrafish.  

ctsk targeted larvae displayed clear disruptions in the general body morphology. At 5dpf, 30.7 % of 

100pmol targeted larvae displayed a mild phenotype of a shorter curved figure with smaller eyes and 

skull, no signs of a severe phenotype were detected at this concentration. In the higher concentration of 

400pmol, 47.4% of larvae showed described mild phenotype, while 21% displayed a severe phenotype 

with remarkable disruptions in the overall morphology that can be referred to as monsters. 43% of the 

100pmol targeted larvae failed to develop an inflated swim bladder, while the percentage increases to 

62.5% in 400pmol larvae, highlighting a role of ctsk in swim bladder development.  
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Looking at the jaw cartilage structure in the Tg(Col2a:mCherry) transgenic line at 3dpf, abnormal 

development in the Meckel’s, palaquadrate and synovial joint structures was detected. However, it 

appears that the ceratohyal cartilage is less impacted compared to other cartilage structures. Only 

400pmol ctsk targeted larvae were generated in the Tg(Col2a:mCherry) transgenic line for cartilage 

visualisation. Unfortunately, due to time limitations, the lower concentration tested in the heart was not 

performed in the cartilage line. However, in 400pmol targeted larvae, 46% of larvae showed a mild 

phenotype including bents in the Meckel, ceratohyal and palaquadrate structures. 20% displayed more 

severe defects, resulting in complete disruption to the shape of the jaw, and loss of the synovial joint.  

The abnormal phenotype was persistent till 5dpf and displayed additional abnormalities in the 

ceratohyal cartilage and the basihyal cartilage, which develops post 3dpf and was found affected at 

5dpf.  47% of targeted larvae showed persistence in the mild defects previously discussed, and 30% 

showed persistence of the severe phenotype, preventing us from further raising the affected larvae. The 

effect of targeting ctsk on the musculoskeletal system has been previously investigated in mice and was 

found to induce osteopetrosis in normal mice (Gowen et al., 1999) and delay the progression of 

osteoarthritis in OA models (Kozawa et al., 2012). Here we present the effect of ctsk targeting in 

zebrafish on early skeletogenesis, which results in various disruptions to the whole skeletal structure of 

larvae and general downsizing. Additionally, remarkable jaw cartilage defects were observed due to 

insufficient cartilage remodelling.   

Regarding the heart, 100pmol targeted larvae showed a mild impact on the heart development starting 

at 3dpf, with the ventricle appearing marginally smaller than in the control group. This is a mere 

observation that requires a method of separate chamber volumetric measurements to confirm. However, 

at the higher concentration of 400pmol, the impact is more detrimental, particularly on the looping 

process, which occur inefficiently resulting in misalignment or inversion of the heart in 80% of 400pmol 

targeted larvae. At 5dpf, the phenotype remained present in both concentrations. 100pmol ctsk targeted 

larvae exhibited mild shape irregularities and a smaller ventricle in 37% of crispants. In 400pmol, an 

increased proportion of 57% exhibited the same deformities, with a further 36% of targeted larvae 

displaying severe defects in the heart, leading to complete disruption of its shape, as seen in Figure 4.5 

g&h. Additionally, the conducted heart volumetric measurements revealed no significant change 

between 100pmol or 400pmol and the wildtype control. Interestingly, 400pmol larvae showed 

significantly lower heart volume (p-value = 0.0185), when compared to the 100pmol group, but not to 

uninjected controls (p-value= 0.4639). This suggests a differential effect of the two concentrations, 

whereby the concentration of 100pmol could possibly induce a partial knockout of the gene, compared 

to the 400pmol, resulting in an opposite effect on the heart volume. It must be noted that this analysis 

was performed on a limited number of larvae images, therefore, require further repeats to validate this 

hypothesis.  
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To detect if the targeting has an impact on the heart morphology at an earlier stage, the heart structure 

was examined at 1dpf in ctsk targeted larvae using RNA In situ hybridization. A myl7 probe was used 

to stain the cardiomyocytes and visualise the heart. Heart appears to be affected by the mutation as early 

as 1dpf, causing misalignment to the heart within the skull. This experiment was only conducted once 

with 4 crispants tested against 2 wildtype controls, therefore, further repetitions are necessary to confirm 

this observation. It should also be mentioned that the skull of injected fish appears smaller as compared 

to controls, which could possibly account for the misaligned position within the skull. Although I 

examined the detrimental effect of targeting ctsk on heart development, various studies previously 

showed how ctsk targeting in some defective states could rather help repair or limit disease progression. 

Ctsk knockout mice showed a restriction in ageing related cardiac dysfunction (Hua et al. 2015). Ctsk 

targeting also reduced cardiac oxidative stress in diabetic mice (Guo et al., 2017). In cardiac 

hypertrophy mouse models, where the heart muscles thicken resulting in increased blood pressure, Ctsk 

targeting was shown to attenuate the symptoms. The suggested mechanism for this effect is inhibiting 

rapamycin and ERK pathway signalling, which are typically activated during cardiac hypertrophy (Hua 

et al., 2013). Again, all studies focused on the association of Ctsk in cardiovascular disease mouse 

models, yet no data is currently available regarding its developmental role within the cardiovascular 

system. Our data suggest high involvement of ctsk in early heart development, as early as 1dpf, that 

affects its size and orientation within the organism, as apparent via the initial in situ hybridization heart 

staining data. Different target guide concentrations may lead to a partial or complete knockout of a 

gene, potentially resulting in opposing effects on the heart volume in targeted crispants. However, it is 

necessary to sequence individual larvae in order to confirm their genotype and establish a correlation 

between heart volume phenotype and genotype. This will enable us to arrive at a reliable conclusion. 

Due to the abnormalities discussed above in the musculoskeletal system, a consequent impact on larval 

swimming abilities was suspected. To test this, the duration spent by the larvae at 5dpf in different 

speed categories was examined in the presence and absence of light, as additional conditions. This 

analysis was performed using the Viewpoint Zebrafish system. The results showed that 400pmol larvae 

displayed a statistically significant increase in activity in comparison with 100pmol larvae, but not with 

uninjected controls. Although the high concentration targeted larvae appear to move more, they exhibit 

a noteworthy drop in high-speed movement when compared to the 100pmol group, but not when 

compared to uninjected controls. Surprisingly, this outcome contradicts our expectations of observing 

a consistent reduction in activity with ctsk target concentration increase. However, these findings 

correspond with the observed pattern in heart volume measurements, where 100pmol larvae exhibit a 

mild increase in heart size followed by a sharp decrease at 400pmol. This decrease is statistically 

significant when compared to the lower concentration of 100pmol, but not when compared to the 

uninjected controls. A possible explanation for the reduction observed in activity duration of 400pmol 
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larvae, indicating more movement when compared to 100pmol could happen due to the limitation of 

movement in crispants due to severe skeletal deformities. This allows larvae to display subtle movement 

or fidgeting that would be detected by the system as movement. The significant reduction in rapid 

movement goes in line with this hypothesis. Also, the significant reduction in heart volume of 400pmol 

when compared to 100pmol targeted larvae would theoretically have an impact on crispants movement 

and add to their inability to display rapid swimming. Another aspect revealed by this data is the effect 

of Ctsk load on structural development. The use of two concentrations that manifested as different 

phenotypes highlight the differential effect of partial or complete targeting of ctsk. As previously 

mentioned, further analysis must be performed to confirm this hypothesis and check for partial and 

complete knockout difference between the two tested concentrations. Generation of mutant lines to 

create a stable mutation and investigate its specific genotypic effect using sequencing would also 

provide more information regarding the basis of the detected phenotypes.  

As only 100pmol targeted larvae were raised due to the severe detrimental effect of the higher 

concentration on the embryos, the adult behavioural analysis was solely conducted on the 100pmol ctsk 

crispants at 12 months. Fish showed no alterations in their activity levels in the presence or absence of 

light, as part of the sex split analysis, collective data, or the 7-hour monitoring period of the experiment. 

However, a substantial alteration in the 400pmol targeted fish is anticipated due to the severe 

phenotypes that were solely detected at this concentration and not in the 100pmol ctsk targeted fish, but 

unfortunately, they remain elusive. Therefore, it is essential to repeat the injection with the two different 

concentrations followed by sequencing to match any detected phenotype or lethality to the genotype. 

This may also allow us to raise some 400pmol injected larvae if a more tolerable mutation is present.  

Finally, by examining the effect of the induced mutation on later bone development using micro-CT 

scanning, it was observed that there were no significant alterations in terms of bone volume (females: 

p-value= 0.1783) (males: p-value= 0.8757), or bone mineral density (females: p-value= 0.5009) 

(males: p-value= 0.2426) between 100pmol targeted crispants and uninjected fish. Nevertheless, a 

significant elevation in bone surface area was detected among adult males (p-value= 0.0188), as 

opposed to females (p-value= 0.9836). Irregularities in the bone structure of adults may cause 

projections, which increases the surface area of the bone without demonstrating an increase in its total 

volume, thus resulting in an increase in bone surface area.  Detailed micro-CT analysis must be 

performed on selective structures to examine any visible changes in the surface area. As the significant 

increase was only observed in males, this suggests a possible differential role of ctsk in bone 

maintenance in males, as opposed to females. However, due to the small size of tested organisms, a 

larger sample number must be tested to confirm the observed results.  
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Considering our current knowledge regarding the involvement of CTSK in various disease 

pathogenesis, the need for a specific CTSK modulator has been on the rise and became a target of 

interest in the drug development sector. Several pharmaceutical companies aim to develop a specific 

inhibitor for CTSK in attempt of providing a treatment for discussed diseases, especially for common 

musculoskeletal diseases. Balicatib (AAE581) was one of the first CTSK inhibitors developed by 

Novartis for the treatment of osteoporosis and knee osteoarthritis. After reaching Phase II, trials were 

terminated in 2010 due to the rise of undesirable skin related side effect, including rashes and morphea-

like changes (Gall et al., 2008). The side effects were suggested to be a result of abnormal collagen 

accumulation within skin tissues due to the lack of CTSK necessary for excess collagen degradation. 

However, additional trials are still ongoing as balicatib has demonstrated anti-tumour effects in 

melanoma and breast cancer (Quintanilla-Dieck et al., 2008; Gall et al., 2007).  

Another CTSK inhibitor is Odanacatib, which Merck and Co. developed over a 12-year period. 

Odanacatib has demonstrated promising outcomes, having a remarkable impact on the treatment of 

postmenopausal osteoporosis by significantly increasing bone mineral density and reducing fractures 

(Bone et al., 2010). The drug passed several large-scale clinical studies and was in the process of being 

approved as an osteoporosis treatment, before trials were stopped in 2016, due to adverse cardiovascular 

side effects, especially an increase in stroke incidents among study participants (Mullard, 2016). In 

addition to the disastrous cardiovascular side effects, skin rashes were commonly seen as with Balicatib 

trials (Bone et al., 2010). A rise in upper respiratory tract infections was also commonly observed 

(Eisman et al., 2011).  Like balicatib, initial trials were terminated, however, there are currently several 

ongoing trials for the optimization of odanacatib as a potential cancer and anti-metastatic drug with a 

focus on breast cancer.  

As described in section 4.1.4., several studies on cardiovascular diseases have demonstrated an 

elevation in CTSK levels in patients suffering from CVD. This suggests that inhibiting CTSK should 

help limit the progression or even recover the heart function. As described above and to our surprise, 

treatment of OA patients using the CTSK inhibitor Odanacatib resulted in an increase in the risk of 

developing CVD. Once again, this observation underscores the intricacy of the system, yet it directs us 

towards crucial measures to be considered for future CTSK drug targets. One of which is the reduction 

of off-target effect by ensuring the drug is tissue specific to avoid undesirable inhibition in other organs 

or tissues. Secondly, the dose of administrated inhibitor should be given careful consideration. As with 

our heart volumetric measurements and larval behaviour where we observed different and sometimes 

opposite effects on heart volume and larval activity using two concentrations of CRISPR guides 

possibly by inducing a partial knockout or a complete knockout. Similarly, carefully considering the 

partial or complete inhibition of CTSK could change its effect as a treatment. Most importantly, the 

interactions between CTSK and other pathways should be further studied to understand how these drug 
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targets unintentionally affect related pathways. This will be discussed further in following chapters to 

display data obtained in this project which reveal genes and pathways linked to CTSK.  

A proposal for future investigation regarding the negative impact of odanacatib involves exploring 

cardiac calcification. Cardiac calcification entails the deposition of calcium in heart valves and walls, 

which can lead to aortic stenosis and coronary artery calcification. Cardiac calcification has been 

associated with an increased risk of strokes and blood clots (Hermann et al., 2013; Wang et al., 2022), 

which was frequently observed in OA patients post odanacatib treatment. Some mechanisms that can 

lead to heart calcification include chronic inflammation resulting in a significant rise in Interleukin-1β 

(IL-1β). As a result, vascular smooth muscle cells differentiate into osteoblast-like cells, forcing them 

to act like bone cells and produce MMPs (Alves et al., 2014; Ceneri et al., 2016). Such inflammation 

can be caused due to the CTSK imbalance and the effect of CTSK on inflammation have been found in 

several conditions (Hao et al., 2015; Yue et al., 2020). Moreover, as CTSK is involved in ECM 

regulation, inhibition of CTSK can disrupt its regulation and allow for matrix vesicles containing 

phosphates, calcium, along with other ions to fuse to the heart walls, similar to bone mineralisation in 

bone formation and hardening (Li et al., 2022).   

There are several limitations to consider in the presented data. Firstly, the range of phenotypes obtained 

in different crispants, which makes pinpointing a specific defect correlated to the mutation more 

challenging. Obtaining precise cartilage measurements could have disclosed distinct patterns in jaw 

cartilage morphology in ctsk crispants. However, these measurements were not undertaken across the 

extensive variety of phenotypes observed, resulting in significant detrimental effects, which in many 

cases impeded the identification of certain structures. Additionally, the severe detrimental effect of 

400pmol ctsk sgRNA targeting prevented us from raising the larvae to adulthood to avoid any suffering 

to the organism. Therefore, adult behavioural analysis and micro-CT scans were not performed on the 

400pmol targeted fish. Further repeats are necessary to validate the obtained results including testing 

more larvae using in situ hybridization to confirm the heart phenotype rising as early as 1dpf and 

replicates for larval behaviour analysis, as only one replicate was performed for this experiment. More 

images of crispant hearts would be beneficial to analyse their total volume and validate initial obtained 

data. Negative controls were siblings obtained from the same parents to injected fish. For the 

Tg(myl7:lifeActGFP) injections utilised for heart visualisation, a tyrosinase control was added to ensure 

detected phenotype is unrelated to the injection process. However, using tyrosinase controls would also 

be advantageous for the Tg(Col2a:mCherry) injections for cartilage phenotype comparison. Yet, 

cartilage ctsk injections were performed in parallel to other genes in separate larvae, and observed 

phenotype was not present in larvae targeted for other genes. Most importantly, generation of a mutant 

line by outcrossing raised crispants to wildtype to follow up with clean F2 generation carrying a single 
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mutation with elimination of any possible off targets would help us understand the effect of exact 

induced mutation by linking it to their phenotype.  
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5. Investigating the Role of gdf5 in the Development of the Skeletal and 
Cardiovascular Systems 

 

5.1. Introduction 

Growth/Differentiation Factor 5 (GDF5), also referred to as, Cartilage-derived morphogenetic protein 

1 (CDMP1), Lipopolysaccharide-associated Protein 4 (LAP4) or Bone Morphogenetic Protein 14 

(BMP14), belongs to the TGF-β/BMP superfamily and acts as a growth factor (Ducy and Karsenty, 

2000). The protein precursor encoded by the gene plays a critical role in the development and control 

of bone, cartilage, and tendon tissues (Hotten et al., 1996; Francis-West et al., 1999). It forms an active 

ligand, which binds to type I and type II serine-threonine kinase receptors such as BMPR1B. In humans, 

GDF5 mutations are known for their effect on the musculoskeletal system and cause several heritable 

diseases, including Acromesomelic dysplasia, Brachydactyly (OMIM reference: BDA2, MIM 112600; 

BDC, MIM 113100; MIM 228900), and Grebe- and Hunter-Thompson-type chondrodysplasia (AMDH, 

MIM 201250), which are characterized by the shortening of the skeletal elements and abnormal 

development of some joints.  

5.1.1. Cellular function of GDF5 

GDF5 and BMPs are members of the TGFβ family. GDF5 has a similar structure to BMPs, enabling it 

to bind to their receptors and is known to be highly involved in the positive and negative regulation of 

the BMP signalling pathway. The BMP pathway is known for its involvement in the development of 

the skeletal system. In line, GDF5 has been known for its critical role during joint formation at the site 

of cavitation (Storm and Kingsley, 1996). In-vitro models have confirmed the anabolic function of 

GDF5 in maintaining cartilage. This has been achieved through the identification of a direct role of 

GDF5 in chondrogenic differentiation, along with chondrocyte hypertrophy, through the BMP 

signalling pathway. This latter is an essential transitional stage in the ossification process where 

cartilage develops further to form mature bones (Coleman et al., 2013).   

Regarding its specific signalling, GDF5 was found to activate the BMP pathway by binding to the 

BMPR1B receptor, as well as BMPR1A, with a lower affinity (Nickel et al., 2005). Recently, a study 

found that binding of GDF5 to BMPR1B receptor compared to BMPR1A provide higher stability to the 

developed cartilage by limiting chondrocyte hypertrophy, commonly observed when GDF5 binds to 

BMPR1A (Mang et al., 2020). Both are transmembrane serine/threonine kinase receptors, which get 

phosphorylated following the binding process and transmit the signal through a cascade of SMADs, 

including SMAD1, SMAD5 and SMAD8. The 1/5/8 SMADs complex can then bind to the 
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unphosphorylated SMAD4 and translocate to the nucleus where it increases transcription of TGF-β 

target genes, including Collagen-I and Aggrecan (Juarez et al., 2010), by binding to intranuclear 

coactivators. This leads to a favourable regulation of chondrogenic tissue differentiation through the 

MAPK pathway. Subsequently, it results in an increase in cell proliferation and osteoblast 

differentiation, building the cartilage structure during early skeletogenesis.  

The MAPK pathway was found to be a crucial downstream pathway for GDF5. When comparing Gdf5 

knockout mice to wildtypes, a significant boost in SMAD phosphorylation, accompanied by an 

inhibition to the MAPK pathway activity was observed in cardiomyocytes. This study revealed the 

practical significance of GDF5 in the MAPK pathway, while highlighting the variety of alternative 

cytokines/growth factors involved in SMAD complex assembly and phosphorylation (Chen et al., 

2006). On the other hand, GDF5 can negatively regulate the BMP pathway upon interacting with the 

protein Noggin, encoded by the NOG gene. This interaction hinders chondrogenic differentiation, 

aiming to maintain equilibrium and prevent excessive muscle loss, particularly after denervation. 

Denervation refers to the loss of nerve supply to the muscle, leading to muscle mass loss. The observed 

muscle weakening indirectly affects cartilage by increasing the movement load for compensation. One 

missense mutation in GDF5 was found to increase the prochondrogenic activity and create insensitivity 

to noggin interactions, resulting in the development of synostosis syndrome. This condition is 

characterised by the fusion of the carpal and tarsal bones, often leading to an irregularly shaped skull 

(Seemann et al., 2009).  

5.1.2. Role of GDF5 in the skeletal system function and development 

Studies performed using mouse models revealed an early involvement of the Gdf5 gene in 

skeletogenesis. High expression levels of Gdf5 were detected at the beginning of the skeletogenesis 

process in the mesenchymal condensation stage in knee and elbow joints. This assists in the positioning 

of the articulation between the metacarpal and proximal phalanges bones (Storm and Kingsley, 1996). 

The critical involvement of GDF5 in the skeletal development was also confirmed when the 

overexpression of Gdf5 showed an increase in size of the skeletal volume during early condensation till 

after the formation stage (Buxton et al., 2001). Gdf5 was found to play a role in mesenchymal cell 

recruitment and proliferation of chondrocytes in both mice and chickens (Sumaki et al., 1999; Buxton 

et al., 2001). The expression of Gdf5 is maintained at high levels during chondrogenesis.  However, 

during joint maturation and synovial joint cavitation, Gdf5 levels show a significant decrease, and its 

expression is limited to the lateral joint edges (Merino et al., 1999). Its expression is detected in the 

epiphyseal cartilage to increase proliferation and finally allow for the transformation of cartilage into 

osteoblasts to form mature bone structure in chickens (Buxton et al., 2001). One study that advanced 

our understanding of Gdf5 function during early development examined the role of Bmp4 and Gdf5 as 
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two essential cartilage formation and remodelling regulators. It was found that Bmp4 is mainly involved 

in the formation and maturation of cartilage nodules and can also signal to mesenchymal cells to express 

different cartilage regulatory markers. However, Gdf5 had a distinctive role mainly in prechondrogenic 

mesenchymal condensation enhancing cell aggregation and increasing the cell response to 

differentiation markers, such as BMP4. Moreover, Gdf5 did not display a direct effect on cartilage 

nodules or a direct regulatory effect on the expression of involved differentiation markers, as seen with 

BMP4 (Hatakeyama et al., 2004). This data highlights the importance of GDF5 during early 

skeletogenesis.  

5.1.3. GDF5 expression pattern in osteoarthritis 

One study found a significant reduction in GDF5 mRNA and protein expression in osteoarthritis 

cartilage when compared to healthy cartilage (Mauck et al., 2006). However, recent studies suggest the 

opposite observation. Kania and Colella, 2020 exhibit a rise in GDF5 gene expression levels in the 

articular cartilage and synovium from OA patient samples. Additionally, they found the same 

expression pattern in mice following a Destabilization of the Medial Meniscus (DMM) surgery. DMM 

is a well-established model for the induction of osteoarthritis in mouse models that involves creating a 

small incision in the knee joint to destabilise the medial meniscus. Another more recent study confirmed 

this observation and found a direct correlation between OA severity and the increase in GDF5 

expression levels in patients’ synovial tissue. In the study, OA progression was assessed using the 

Kellgren and Lawrence classification (KL) system in grade 3 and 4 osteoarthritis patients. GDF5 gene 

expression levels were measured using quantitative Real-time PCR.  An increase in GDF5 with a 

median fold change of 1.81 was found in KL3 samples, while a remarkable 3.50 median expression was 

observed in KL4 patient samples. These findings demonstrate the correlation between GDF5 gene 

expression levels and disease progression and severity (Witoonpanich et al., 2022). 

5.1.4. Role of GDF5 in cardiovascular system regulation 

Limited information exists on the exact function of GDF5 in heart development or cardiovascular 

disease progression. Nonetheless, some studies indicated a role of GDF5 associated with some 

cardiovascular diseases (Zaidi et al., 2010; Shikatani et al., 2023). A 2010 study investigated the role 

of Gdf5 in cardiac repair following a surgically induced myocardial infarction (MI) in wildtype and 

Gdf5 knockout (Gdf5-KO) mice. Wildtype mice exhibited an increase in Gdf5 expression after the 

surgery, suggesting a role in tissue repair. At 4 days post-surgery, Gdf5-KO mice displayed an increase 

in cardiomyocyte apoptosis with a decline in anti-apoptotic gene expression levels. 28 days post-

surgery, Gdf5-KO exhibited an expansion of scar tissue in the infarct region with thinning of the 

arteriolar wall density when compared to wildtypes and an enlargement of the left ventricle. This 
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indicates that its reparative mechanism of GDF5 includes limiting tissue disruption after MI, supporting 

cardiac repair via an anti-apoptotic effect (Zaidi et al., 2010). The same research group has recently 

published a follow-up paper that focuses on the role of Gdf5 in cardiac rupture post-MI. In this study, 

loss of Gdf5 reduced the risk of post-MI cardiac rupture and, as a result, decreased the mortality rate. 

Additionally, Gdf5-KO mice showed a lower heart to body weight ratio and increased expression of 

ECM genes. To summarise, Gdf5 appears to be crucial in the process of cardiac repair following 

myocardial infarctions, potentially by inhibiting apoptosis to limit tissue scarring expansion. It can also 

induce the MAPK pathway, activating cardiac fibroblast differentiation (Zaidi et al., 2010). Moreover, 

Gdf5 plays a vital role in regulating cardiac ECM following MI (Shikatani et al., 2023). Due to the 

involvement of GDF5 in critical structural development process such as ECM regulation and fibroblast 

cell differentiation, we hypothesise a critical role of the gene in heart development, which has not been 

investigated yet.  
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5.2. Hypothesis and aims 

Based on previous Gdf5 studies in mice, combined with several human studies and GWAS data, which 

indicate significant involvement of GDF5 in the musculoskeletal system (Storm and Kingsley, 1996; 

Tachmazidou et al., 2019), I hypothesise a similar function of gdf5 in the musculoskeletal system 

development of zebrafish.  Additionally, following the identification of the role of Gdf5 in cardiac tissue 

repair post myocardial infraction in mice (Zaidi et al., 2010; Shikatani et al., 2023), as well as several 

CVD related GWAS studies identifying GDF5 as a hit biomarker (Evangelou et al., 2018; Xie et al., 

2020; Groenland et al., 2022), I hypothesise that gdf5 plays a crucial role in musculoskeletal and heart 

development in zebrafish.  

To test this hypothesis, my objectives are to:  

• Investigate the effect of targeting the gdf5 gene using CRISPR-Cas9 mutagenesis on the 

structural development of the skeleton. 

• Explore the role of gdf5 in heart development, through its depletion, using zebrafish models.  

• Examine fish movement efficiency and speed in order to determine the potential functional role 

of gdf5, and the effect of its loss across generations.  

• Assess the impact of gdf5 disruption on the developed adult bone structure.  

• Investigate the role of gdf5 in tissue repair post-injury using the caudal injury regeneration 

model. 
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5.3. Results 

5.3.1. Zebrafish gdf5 shares high homology with human GDF5  

To determine the relevance of studying GDF5 in zebrafish, it is necessary to have sufficient similarity 

between the gene and proteins, when compared to the human variants. We found that GDF5 is 

considered a conserved gene, located on different chromosomes in different species. For instance, in 

humans, the gene can be found on chromosome 20: 35,433,347-35,454,746, while in zebrafish, it is 

located on chromosome 6: 52,637,308-52,661,824, showing 82% orthologue synteny. GDF5-201 is the 

verified transcript found in both humans and zebrafish, comprising two exons as shown in Figure 5.1a. 

However, an additional transcript, GDF5-202, was also discovered, comprised of 4 exons in humans 

and 2 exons in zebrafish. The encoded Gdf5 protein shows 64.6% similarity in identity to human GDF5 

(Zebrafish: ENSDARG00000002760 and Ensembl Genome Browser, Human: ENSG00000125965). 

The protein domains in both species demonstrate a TGFβ propeptide and a TGF-beta-GDF5 domain 

with a homodimer interface, accompanied by additional smaller domains, DUF3767, PTZ00449 and 

PHA03247, that are exclusively present in the human protein (Figure 5.1b).  
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Figure 5.1: GDF5 gene composition and protein domain 

(a) GDF5 gene composition in humans (top) and zebrafish (bottom). The blue rectangles show selected 

CRISPR target guides in zebrafish with their exact location. The targeting scores for guide 1 is 994 and 

for guide 2 is 993 respectively (blue rectangle, left) based on data from the UCSC Genome Browser 

(UCSC, 2019; https://genome.ucsc.edu/). (b) GDF5-201 protein domain in humans (top) composed of 

five highly conserved protein domain structures. The two main domains - TGF-β propeptide and a TGF-

β domain – have also been found in zebrafish (bottom), with a similar homodimer interface for active 

binding to TGF-β/BMP receptors.  
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5.3.2. Jaw cartilage structure appear unaffected in gdf5 crispants 

Targeting Gdf5 in mouse models led to mutants with severe skeletal defects, such as a shorter figure, 

curved long bones, loss of joint formation ability and rather a fusion of the bones due to disruption in 

articulation between the metacarpals and proximal phalanges bones (Settle et al., 2003). Based on these 

findings, it was anticipated that zebrafish crispants would display skeletal abnormalities, including an 

absence of articular joint formation, alongside deformities in chondrocyte shape and organization within 

the jaw. To investigate this hypothesis, two CRISPR-Cas9 guide targets were injected along with Cas9 

protein to target both exons of gdf5 in single cell embryos. To our surprise, targeted embryos showed 

no morphological alterations in the general body structure of gdf5 modulated larvae (Figure 5.2 E&F). 

gdf5 crispant larvae appear to develop normally to adulthood and were able to be raised to reach the F2 

generation similar to the uninjected control larvae (Figure 5.2 A&B), as well as the tyrosinase negative 

control (Figure 5.2 C&D). To detect the effect of gdf5 targeting on early skeletogenesis, the jaw 

cartilage structure in CRISPR targeted larvae was examined using lightsheet microscopy and the 

Tg(Col2a:mCherry) transgenic line to visualise the cartilage at 5dpf. No significant morphological 

changes were detected between control uninjected group (Figure 5.2 a&b), tyrosinase negative 

injection controls (Figure 5.2 c&d), and the gdf5 crispants (Figure 5.2 e&f), regarding the morphology 

of the jaw cartilage. Cartilage structures examined, including the Meckel’s, ceratohyal, basihyal, 

synovial joint and palaquadrate cartilage, all seemed to develop normally despite successful targeting 

of gdf5, as confirmed by the corresponding genotype (Figure 5.2 e’&f’). 

Although the above gdf5 targeting injections has been performed four times separately to ensure 

sufficient repeats, the data from a single repeat is presented. The remaining three attempts were 

unsuccessful due to unhealthy uninjected control embryos, which by 1dpf showed 52% death in repeat 

1, 64% mortality in repeat 2 and 62% mortality in repeat 3. Furthermore, abnormal phenotypes were 

also observed in a number of the uninjected controls, leaving the obtained data unreliable for further 

analysis. 

Finally, an examination was conducted on the synovial joint structure within the zebrafish jaw to 

determine if the joint has developed with the expected gap necessary for appropriate articulation and 

movement or if the cartilage fused together as seen in mice (Storm and Kingsley,1996; Settle et al., 

2003). Figure 5.3 shows some representative images of synovial joint close-ups, which show the 

expected gaps within the joint of gdf5 crispants (Figure 5.3 c&d). Although the gap size was not 

quantified, the initial obtained data suggest that unlike in mice, gdf5 is unnecessary for early cartilage 

development or joint formation in zebrafish. However, further repeats must be performed to confirm 

the observation and it is vital to monitor over an extended period to detect the impact on juvenile skeletal 



105 

 

development. This is necessary to achieve a comprehensive understanding of the function performed 

by gdf5 in skeletal development.  

 



106 

 

 

 

 



107 

 

Figure 5.2: Unaffected jaw cartilage development in gdf5 crispants at 5dpf 

The top panel examining the overall morphology, while the bottom panel exhibits the corresponding 

jaw cartilage structure within the larvae presented. (A&B) general morphology of wildtype controls 

imaged in brightfield ventral view. (C&D) tyrosinase targeted larvae as negative controls displaying 

clear loss of pigmentation as visual indication of successful targeting. (E&F) gdf5 crispants at 5dpf. 

(a&b) control uninjected fish obtained from the Tg(Col2a:mCherry) transgenic line representing 

normal jaw cartilage structure in red at 5dpf (lateral view) (n=5) along with its corresponding 

genotyping obtained using CRISPR-STAT. (a’) represent the wildtype allele peak highlighted by a red 

star at 324.5 indicating intact gdf5. (c&d) 400pmol tyrosinase CRISPR targeted larvae, as negative 

controls confirming normal jaw shape and expected wildtype allele peaks using gdf5 primers (n=2). 

The green stars indicate the expected peak position when absent. (c’&d’) tyrosinase targeted larvae 

genotyping showing wildtype peak for gdf5. e&f 400pmol gdf5 crispants showing unaffected jaw 

structure development up to 5dpf even in the absence of WT peak (n=8) with other insertions in the 

gene confirming successful targeting (e’&f’). MK = Meckel’s cartilage, bh= Basihyal, ch= ceratohyal, 

pq= palaquadrate, sj= synovial joint. Scale bar = 100µm. 
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Figure 5.3: Normal development of synovial joint structure in gdf5 crispants 

Figure displays jaw cartilage with corresponding close-up images of the synovial joint structure in the 

jaw to examine successful separation required for articulation. (a) Wildtype uninjected larvae obtained 

from the Tg(Col2a:mCherry) transgenic line representing normal jaw cartilage structure in red at 5dpf 

with expected synovial joint structure and a gap highlighted by dotted yellow circle (n=5). (b) 

Tyrosinase CRISPR-Cas9 targeted larvae as negative controls displaying regular synovial joint 

development that is unaffected by the injection (n=2). (c&d) Two representative structures for gdf5 

crispants jaw cartilage showing normal development including synovial joint with clear expected 

articulation gaps (n=8). MK = Meckel’s cartilage, ch= ceratohyal and SJ= synovial joint. Scale bar= 

100 pixels. To view videos of the 3D constructs, please scan the corresponding QR code. 
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5.3.3. Morphological heart development is unaffected in gdf5 crispants 

Due to the limited research available on the role of GDF5 on heart structural development, yet growing 

evidence from studies suggesting its association with cardiovascular diseases (Section 5.1.4), alongside 

analysed GWAS data demonstrating a potential role of GDF5 in the cardiovascular system, a series of 

experiments were designed to explore the effect of gdf5 targeting on heart development. The functional 

gene was depleted through the use of CRISPR-Cas9 genome editing in zebrafish embryos. To clearly 

monitor the heart, CRISPR guides were injected in the Tg(myl7:lifeActGFP) line to visualise the heart 

in green using lightsheet imaging at 5dpf. This stage was selected to visualise the general structure of 

the heart, and to examine the heart rotation, which would only be visible starting at 5dpf. gdf5 crispants 

(Figure 5.4 E&F) showed no significant alterations in their general morphology nor in the heart 

structure when compared to either the uninjected nacre controls (Figure 5.4 A&B) or to the injected 

tyrosinase targeted negative controls (Figure 5.4 C&D, c&d). The heart develops uniformly in both 

chambers (Figure 5.4 e&f). Additionally, a volumetric measurement analysis of the heart was 

performed to examine any independent effects on heart size in gdf5 crispants. The analysis revealed no 

significant change in the observed size of the gdf5 targeted heart when compared to uninjected controls 

(p-value= 0.0966) (Figure 5.5), which suggests that gdf5 is unnecessary for early heart development in 

zebrafish. Furthermore, the heart looping process proceeded normally at 5dpf, which confirms that gdf5 

has no involvement in heart looping. The acquired data provides no evidence for the involvement of 

gdf5 in early heart development. However, it should be noted that this experiment was only performed 

once with two wildtype controls tested against 7 crispants and therefore require further repeats to 

validate the result.  
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Figure 5.4: Heart morphology appears unaffected in gdf5 crispants at 5dpf 

The top panel depicts the general morphology, while the bottom panel displays the corresponding heart 

of the presented larvae. (A&B) General morphology of wildtype controls imaged in a brightfield ventral 

view. (C&D) Tyrosinase targeted larvae as negative controls that display clear loss of pigmentation, 

indicating successful targeting. (E&F) gdf5 crispants at 5dpf displaying morphology similar to wildtype 

larvae. (a&b) Control uninjected larvae were obtained from the Tg(myl7: lifeActGFP) line representing 

normal heart structure in green at 5dpf (n=3) outlined by yellow dotted line (to simplify visualisation 

of low fluorescent atrium), along with its corresponding genotyping obtained using CRISPR-STAT. 

(a’) represent the wildtype allele peak highlighted by a red star at 324.5 indicating intact gdf5. (c&d) 

Tyrosinase CRISPR targeted larvae, as negative controls confirming the normal heart shape and 

expected wildtype allele peaks using gdf5 primers (n=2). (c’&d’) Tyrosinase targeted larvae genotyping 

showing wildtype peak for gdf5. (e&f) Targeted gdf5 larvae showing unaffected heart structural 

development (n=7) up to 5dpf even in the complete absence of WT peak as shown by the corresponding 

genotyping in (e’&f’). Green stars indicate the expected peak position when absent. A= Atrium, AV-

V= Atrioventricular Valve, BA= Bulbus Arteriosus, V= Ventricle. Scale bar for the top panel = 

1000µm, bottom panel scale bar = 100µm. 
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Figure 5.5: Unaffected heart volume in gdf5 crispants at 5dpf 

The figure presents the heart volume of gdf5 crispants (n=7) compared to uninjected controls (n=3) (p-

value= 0.0966). Tyrosinase targeted injected negative controls (n=2) were also compared to uninjected 

controls (p-value= 0.0886) and gdf5 crispants showing no significant change in crispants heart volume 

(p-value= 0.8486). Heart appears to develop normally without any significant changes in the total 

volume when compared to both controls. Data analysed using a One-way Anova statistical test with 

multiple comparisons on Graphpad Prism.  
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5.3.4. Effect of gdf5 targeting on adult zebrafish behaviour of founders and F1 

generation 

Although gdf5 targeting did not considerably affect the skeletal structure of the generated crispants, the 

targeting effect on skeletal functionality was tested by examining any swimming abnormalities. To test 

the efficiency of the crispants’ swimming, crispants were raised until 11 months old to assess the 

effectiveness of gdf5 modulation on the movement speed of fish in adulthood. Adult behavioural 

analysis protocol was performed as described in section 2.7.2. 10 fish were tested per experiment, 

initially with 3 wildtype nacre controls (2 females and 1 male) and 7 F0 crispants (5 females and 2 

males) for the first two technical replicates, conducted on separate days. Nevertheless, the two male 

founders did not survive to the final replicate of the behavioural experiment, which took place 17 

months later. Therefore, for the final replicate, 5 female nacre controls were tested versus the 5 female 

founders. Since GDF5 is known to be involved in the nervous system as a regulator of neuronal axons 

and dendrites development, all three replicates were carried out both in the absence of light and in the 

presence of light, which may help detect any abnormalities in the behaviour due to a disruption to the 

nervous system as shown in previous studies (Sullivan et al., 2005; O’Keeffe et al., 2016). Swimming 

behaviour was monitored for 8 hours and the first hour was removed from the analysis to allow for 

adaptation time to the new environment in the Viewpoint Zebrafish Box behavioural room.  

Results indicate unaffected movement of the gdf5 crispants in both conditions of presence (Figure 5.6) 

and absence of the light (Figure 5.7). gdf5 F0 adult crispants are as active as wildtype controls, and 

they spend similar duration in both an inactive and hyperactive state. We also investigated whether fish 

display different activity according to their sex.  However, no correlation was found between the sexes 

and movement pattern (Figure 5.6 a&b) (Figure 5.7 a&b). All gdf5 crispants displayed a movement 

pattern and behaviour similar to wildtype controls highlighting that the gene is unnecessary for the 

development and function of adult skeletal structure.  

Although no behavioural changes were observed in the gdf5 founders, I sought to investigate if the 

mutation would reveal a phenotype in subsequent generations. Therefore, using the same behavioural 

analysis experimental conditions, we examined the effect of the different mutation on the incrossed F1 

generation (Figure 5.9 & 5.10). Three technical replicates were performed using 4 wildtype control 

adults tested against 6 gdf5 F1 mutant (Figure 5.12). Sequencing of tested F1 mutants is displayed in 

Figure 5.9 (females) & Figure 5.10 (males). Each experiment repeated three times in two separate 

conditions in the presence and absence of light. No differences were observed between the controls and 

the F1 generation in both conditions (Figure 5.12).  
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Figure 5.6: Targeting gdf5 in zebrafish larvae does not affect the fish swimming behaviour in 
adulthood in the presence of light 

(a) No significant change in time spent in an inactive state was observed for both sexes, females (p-

value= 0.8533) and males (p-value= 0.9801). (b) There was no significant difference in hyperactivity 

duration for both sexes, with females (p-value= 0.9878) and males (p-value= 0.8975). (c&d) There 

was no significant change in swimming speed of total adult fish in the presence of light, inactivity 

duration (p-value= 0.3126) and hyperactivity duration (p-value= 0.5661). (a&b) Statistical analysis 

was conducted as one-way Anova, while (c&d) through a student t-test comparing the two columns. 

Each data point represents the average time spent by a single fish under the given conditions during the 

7-hour experimental period. Red= first replicate (n=2 uninjected nacre controls and n=8 gdf5 crispants), 

Green= second replicate (n=3 uninjected nacre controls and n=7 gdf5 crispants), Blue= third replicate 

(n=5 uninjected nacre controls and n=5 gdf5 crispants). Figure generates using Graphpad Prism. 
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Figure 5.7: Targeting gdf5 in zebrafish larvae does not affect the fish swimming behaviour in 
adulthood in the absence of light 

(a) No significant difference was observed in the amount of time spent in an inactive state for both 

sexes, females (p-value= 0.9095) and males (p-value= 0.6248). (b) There was no significant change in 

hyperactivity duration for both sexes, females (p-value= 0.5872) and males (p-value= >0.9999), 

respectively. (c&d) no significant change in swimming speed of total adult fish in the absence of light, 

inactivity duration (p-value= 0.2861) and hyperactivity duration (p-value= 0.4480). Panel (a&b) 

statistical analysis was conducted as one-way Anova, while panel (c&d) was analysed via a student t-

test comparing the two columns. Each data point represents the average time spent by a single fish in 

the stated conditions over the 7-hour experimental period. Red= first replicate (n= 2 uninjected nacre 

controls and n= 8 gdf5 crispants), Green= second replicate (n= 3 uninjected nacre controls and 7 gdf5 

crispants), Blue= third replicate (n= 5 uninjected nacre controls and n=5 gdf5 crispants). Figure 

generated using Graphpad Prism.  
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5.3.5. Mutant line generation 

To generate a stable mutant line, a traditional approach would involve outcrossing of the founders to 

wildtype fish. This approach facilitates mutation dispersion and eliminates undesirable off targets that 

result from CRISPR-Cas9 editing. However, to generate the gdf5 mutant line, we incrossed two of the 

founders. Figure 5.8 shows the followed method for gdf5 mutant line generation. Obtained embryos 

were allowed to grow up to 3dpf and the Zebrafish Embryonic Genotyper (ZEG) tool was utilised to 

extract DNA of obtained mutants in a non-invasive manner. ZEG relies on harmonic oscillation in the 

form subtle vibrations of a rough glass plate housing each larva in a separate well containing E3 medium 

(Lambert et al., 2018). Fallout cells are harvested from the medium, which is then further processed to 

extract individual larvae DNA without affecting the larvae. This provides a great tool for genotyping 

individual larvae, while maintaining the exact same larva to be raised. Table 5.1 shows CRISPR-STAT 

results of some genotyped gdf5 F1 following ZEG. Samples were also sequenced and a summary of 

obtained results is presented in Figure 5.11. A 6bp deletion was the most commonly observed mutation 

in 26% of sequenced samples, followed by an 8bp deletion present in 23% of mutants.  
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Figure 5.8: gdf5 mutant line generation 

The figure illustrates the incrossing approach taken in developing the gdf5 mutant line. The process 

begins by injecting two single guide RNAs that target gdf5 in a single cell embryo. Crispants were then 

raised to adulthood, and two injected crispants were crossed to generate the F1 generation. Two F1 

mutants are then crossed to produce the F2 larvae, which were not further raised. Figure generated using 

Biorender.   
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Table 5.2: Alleles Table 

The following table summarises the genotyping of incrossed gdf5 F1 larvae, highlighting the detected 

mutations in comparison to wildtype nacre controls. The peak size of the allele observed in individual 

larvae indicates a deviation from the expected wildtype peak at 324.5, confirming successful gene 

targeting. Data analysed and table generated using Geneious Software (https://www.geneious.com/).   

https://www.geneious.com/
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Figure 5.9: Sequencing of gdf5 F1 female adults utilised in gdf5 F1 adult behavioural analysis 

The top of each panel shows the traces obtained following the sequencing of each fish, while the bottom 

section shows the translated sequence to predict the effect of the mutation on the encoded protein. (a) -

8bp deletion causing a protein frameshift. (b) –8bp causing a frameshift mutation. (c) -6bp deletion 

causing frameshift to encoded protein. Figure generates using the SnapGene software 

(https://www.snapgene.com/).  

 

  

https://www.snapgene.com/
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Figure 5.10: Sequencing of gdf5 F1 male adults utilised in gdf5 F1 adult behavioural analysis 

The top of each panel shows the traces obtained following the sequencing of each fish, while the bottom 

section shows the translated sequence to predict the effect of the mutation on the encoded protein. (a) -

5bp deletion causing a protein frameshift. (b) –8bp causing a frameshift mutation. (c) unidentified 

mutation due to background in sequences traces, but translation to protein sequence suggest a frameshift 

effect of mutation due to the rise of random amino acids, T = Threonine and G = Glycine, which are 

not present in the wildtype control. Figure generates using the SnapGene software 

(https://www.snapgene.com/). 

https://www.snapgene.com/
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Figure 5.11: Top 3 detected mutations in gdf5 F1 

(a) pie chart showing all detected mutations and their frequency. –6bp was the most commonly present 

mutation in 26.32% of F1, followed by –8bp deletion in 23.68% of sequenced fish, and an 8bp deletion 

present in 23.68% of in-crossed F1 mutants. (b) most commonly present 6bp deletion predicted to result 

in a missense mutation that caused a minor shift in the encoded protein. (c) second most commonly 

present -8bp deletion leading to a major frameshift significantly changing the predicted protein. (d) 5bp 

deletion found in 2.63% of sequenced mutants and causing a frameshift mutation.  
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Figure 5.12: No significant change in gdf5 F1 generation behaviour in the presence and absence 
of light 

(a) no significant change in time spent in an inactive state in the presence of light (p-value= 0.0935). 

(b) There was no significant change in hyperactivity duration for total fish in the presence of light (p-

value= 0.2247). (c) no significant change in time spent in an inactive state in the absence of light (p-

value= 0.6859). (d) no significant change in time spent in hyperactivity duration in the absence of light 

(p-value= 0.4260). All panels were analysed using a student t-test. Each data point represents the 

average time spent by a single fish in the stated conditions over the 7-hour experimental period. Red= 

first replicate, Green= second replicate, Blue= third replicate. Each replicate was performed using (n= 

4) uninjected nacre controls and (n=6) gdf5 F1.  
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5.3.6. Effect of gdf5 modulation on F2 larval behaviour 

To further investigate the possible progression of larval swimming abilities across generations, we 

proceeded with testing the larval swimming activity and speed in the F2 generation. This experiment 

was aimed to reveal any phenotype evolution in later generations. As the F2 generation was tested 

during the early larval development, separating sexes was impossible at this stage. 72 gdf5 F2 mutant 

larvae and 24 wildtypes nacre were tested in two conditions, with and without light, for a duration of 

10 minutes in the Viewpoint Zebrafish Larvae Box. The average time spent at speed categorised 

movement of each larva was calculated throughout the 10-minute cycle. Figure 5.13 shows the results 

for both conditions with each point presenting one tested larva. A slight reduction in the inactivity 

duration, indicating more general movement, was observed in gdf5 F2 in the presence of light that 

appear to be non-significant (a). However, in the absence of light, gdf5 F2 show a highly significant (p-

value= 0.0008) increase in activity (c) and suggest that mutant larvae appear to move more than 

wildtype controls. When looking at the duration they spend in a hyperactive state, it does not show an 

exceptional pattern in the presence or absence of light (b&d). As this experiment was only conducted 

once in each condition, further repetitions are necessary to corroborate the mentioned observation. 

However, the high significance of the alteration suggests a possible impact of gdf5 targeting that 

disables larval movement in the F2 generation.  
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Figure 5.13: Significant increase in activity levels of gdf5 F2 larvae at 5dpf in the absence of light 

(a)  gdf5 F2 (n=72) spend a similar amount of time in an inactive state as the wildtype nacre controls 

(n=24) in the presence of light (p-value= 0.0907). They also do not display a change in their rapid 

movement duration as shown in (b) (p-value= 0.9073). (c) when compared to wildtype controls that 

appear to be more sedentary, F2 mutants show a significant reduction in inactivity duration indicting a 

significant increase in movement only in the absence of light (p-value= 0.0008). However, larvae do 

not show a significant effect on rapid hyperactive movement without light (p-value= 0.0884). 

Experiment was conducted once, and each point represents average time spent by a single larva in the 

stated category (inactivity or hyperactivity). A student t-test was used to determine statistical 

significance. Figure generated using Graphpad Prism.  
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5.3.7. Consistent pattern of increase in regenerative ability of gdf5 mutants that 

does not show significance when compared to wildtype controls 

Although the function of GDF5 in bone modulation, chondrogenesis and ECM regulation was 

confirmed in several studies (Hotten et al., 1996; Francis-West et al., 1999; Garciadiego-Cazares et al., 

2015), the role of GDF5 in tissue regeneration has not been investigated yet. From murine cartilage 

injury microarray data obtained in our laboratory, Gdf5 has shown a remarkable increase in its 

expression levels post injury (Figure 3.6), which could be a result of the induced inflammation, or it 

could suggest a possible role in tissue repair. Therefore, we were keen on testing the effect of gdf5 

mutation on tissue regeneration. Using generated F2 mutants, we induced tailfin injury and measured 

the notochordal bud regeneration 24 hours post-injury to identify any significant change in regeneration 

speed and efficiency. Although a trend of increase in notochord regeneration was observed in two out 

of three separates technical replicates, the difference did not appear to be statistically significant (p-

value= 0.622) (Figure 5.14b). Looking at the control groups, in the final repeat, wildtype larvae appear 

to display an abnormal high levels of regeneration post injury, when compared to the two other 

replicates. This could suggest an outlier effect to the final repeat.  

To confirm the efficient transmission of the mutation, and the downregulation of gdf5 expression in the 

tested F2 generation, a quantitative Real-Time PCR was conducted. Samples from 5dpf larvae were 

tested in three technical replicates and all consistently show significantly lower levels of gdf5 in the F2 

mutants when compared to controls (p-value= 0.0123), Figure 5.15. Taken together, qPCR data 

confirmed the reduction in gdf5 expression, combined with the observed non-significant increase in 

reparative abilities of gdf5, could point out a potential role of gdf5 in limiting repair as an inhibitor to 

differentiation or as a pro-apoptotic factor regulated by other factors. Further research must be 

undertaken to confirm this suggestion and attempt to reveal hidden mechanisms of action of gdf5. 
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Figure 5.14: gdf5 F2 mutants display normal regenerative ability of notochord bud length 
following a tailfin injury that is mostly higher than wildtype nacre controls with no significance 

(a) representative images of tailfin regeneration model 24 hours following injury induction to measure 

the regenerated notochord from the centre of cut to the tip of notochord in control wildtype larvae (I-

III) and gdf5 F2 mutants (IV-VI). Yellow dotted rectangle highlights region of interest. (b)  Analysis 

of notochord regenerated bud length obtained from 3 different replicates (replicate 1= 10 WT controls 

and 27 gdf5 F2, replicate 2= 16 controls and 27 gdf5 F2, replicate 3= 25 controls and 25 gdf5 F2) 

showing slightly higher regenerative ability in gdf5 F2 mutants when compared to wildtype controls, 

yet it appears non-significant (p-value= 0.622). Each point represents average growth length from all 

larvae in a single experiment. Statistical analysis was conducted using a student t-test. Scale bar= 

1000µm. 
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Figure 5.15: qRT-PCR data confirming the reduction of gdf5 expression levels in the F2 
generation 

3 experimental replicates of quantitative Real-Time PCR reactions in wildtype nacre fish versus gdf5 

F2 mutant larvae samples obtained from 5dpf fish. Data show significant reduction in gdf5 gene 

expression levels (p-value= 0.0123) in mutants when compared to WT controls highlighting successful 

mutagenesis and mutation transmission through generations. Data analysed using a non-parametric 

student t-test. 
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5.3.8. Significant increase in bone mineral density and bone surface area in gdf5 

founders compared to wildtype controls 

Using Micro-CT scanning, the 5 female founders that were previously used in adult behavioural 

analysis along with 3 of wildtype nacre controls were scanned at the age of 33 months, which is 

considered an aged fish, to investigate any changes in mature skull bone structure. Representative 

images are shown in Figure 5.16. Our results showed non-significant change to the bone volume in 

gdf5 F0 compared to wildtype controls (Figure 5.17a) (p-value=0.99). However, a significant increase 

in bone mineral density (Figure 5.17b) (p-value= 0.01) and bone surface area (Figure 5.17c) (p-value= 

0.0139) were found in the adult crispants. This suggests that gdf5 has a role in the regulation of bone 

mineralisation and is involved in later stages of skeletogenesis at 33 months. 

 

 



129 

 

 

Figure 5.16: Micro-CT scans of gdf5 crispants  

Micro-CT scans displaying the bone structure of generated adult gdf5 crispants (d-i) versus wildtype 

nacre control (a-c) at 33 months. First row shows the ventral view (a,d&g), second row is the lateral 

view (b,e&h) and third row is the dorsal view of zebrafish skull (c,f&i). Please scan QR code (bottom 

left) to see video of whole 3D construct. 
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Figure 5.17: Significant increase in bone mineral density and bone surface area of gdf5 adult 
crispants 

Results obtained from micro-CT scans of 3 nacre female controls compared to 5 gdf5 female crispants 

at the age of 33 months. a. unaffected general bone volume of mutants when compared to wildtype 

controls (p-value= 0.99). b. mutants appear to have a significantly higher bone mineral density (p-

value= 0.01) and surface area (p-value= 0.0139) when compared to controls as shown in panel c. Each 

point represents a single fish, and a student t-test was conducted for statistical analysis. 
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5.4. Discussion 

GDF5 has been identified and studied for its critical function in the musculoskeletal system since the 

1990s (Storm and Kingsley, 1996). Our knowledge regarding the heavy involvement of the gene in 

bone formation and remodelling has been expanding. The basic signalling mechanism of the gene 

through the BMP signalling pathway has been identified (Baur and Dymecki, 2000), yet the exact 

mechanism of action of the encoded protein and its regulation through other factors remains ambiguous. 

Furthermore, several key interactions between GDF5 and other GDF proteins, and BMPs are still to be 

determined. This study aimed to further investigate the role of GDF5 by studying the effect of its 

targeting on zebrafish skeletal and heart development, as well as its function in the maintenance of the 

skeletal system at later stages. Obtained data showed that gdf5 is not required for early skeletogenesis 

in the form of cartilage development in zebrafish larvae up to 5dpf. The same observation was recently 

confirmed in a 2021 study in zebrafish, published during the conduction of these experiments, which 

also found null effect on early skeletogenesis in gdf5 homozygous mutants targeting the same exon. 

However, they revealed impairments in the pectoral and median fin endoskeleton development where 

both structures appear smaller in size at 90dpf. The total fish body length does not seem to be affected 

by the mutation (Waldmann et al., 2022). Our study did not incorporate this developmental stage as a 

consequence of the COVID-19 pandemic lockdown, which hindered our access to the aquarium, and 

consequently, the fish progressed beyond this stage. However, we also observed a progressive effect of 

the gdf5 targeting in older adults at the age of 33 months, which has not been previously reported. The 

gdf5 crispants showed a significant increase in bone mineral density (p-value= 0.01) and bone surface 

area (p-value= 0.0139) when compared to wildtype controls without significantly impacting the total 

bone volume (p-value= 0.99).  

Although a significant change in adult fish bone structure was observed, it had no impact on the 

movement of the crispants in both tested light conditions in the adulthood stage indicating that observed 

bone changes are mild to contribute to a significant change in movement speed and duration. However, 

it must be noted that the behavioural analysis investigates the effect of the mutation on whole-body 

movement, when only the effect of the mutation on skull bone was examined using micro-CT scans. 

Another noteworthy observation is the death of all 3 male founders before reaching 29 months, while 

the 5 female founders survived till the experiment was terminated at 33 months, which may suggest a 

differential effect of mutations on both sexes, yet further work is required to confirm this observation 

and understand its cause. Currently, no studies confirmed the differential role of GDF5 within sexes.  

However, OA is found more commonly in women compared to men (Tschon et al., 2021). Other 

musculoskeletal disorders such as rheumatoid arthritis (Gerosa et al., 2008) and osteoporosis (Alswat, 

2017) are also more commonly present in women with rheumatoid arthritis showing over two-fold 
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frequency in women when compared to men, and osteoporosis being present four times more commonly 

in females. Several studies suggested the cause of this sex bias is due to hormonal differences. However, 

our data could suggest a potential difference in functional role of gdf5 between the sexes, which imply 

a critical role for the gene in survival of males, but not as critical in females.  

In gdf5 F2 larvae, mutants showed a high significant increase in general activity only in the absence of 

light (p-value= 0.0008), and the change was not significant in the presence of light (p-value= 0.0907). 

This highlights a possible cumulative effect of mutation that appears to affect the larval movement in 

later generations. As the change was only observed in the absence of light conditions, while the 

movement did not show any significant change in light, this provides a doorway on the role of gdf5 in 

the nervous system. A number of studies have explored this function of gdf5 and found it to be involved 

in the induction of dopaminergic neurons (Sullivan and O’Keefee, 2005) revealing a link to Parkinson’s 

disease, and the establishment of sympathetic response (O’Keeffee et al., 2016). GDF5 presents 

significant promise as a target for the treatment of various neurological disorders, and potentially in the 

cases of co-morbidity with skeletal and neurological afflictions.  

We took the lead in investigating the effect of targeting gdf5 on zebrafish heart development and found 

it not to be involved in this process as gdf5 crispants heart seem to develop normally, undergoing the 

essential looping process and having a normal heart volume size when compared to uninjected wildtype 

controls. This suggests that gdf5 is not required for early heart development. However, it does not 

exclude the possibility of having a role in later heart function or development, which unfortunately was 

not investigated in this study due to the lack of a visualisation method of adult heart structure.  

As a known building block involved in ECM osteogenesis regulation (Garciadigeo-Cazares et al., 2015) 

and due to the available data showing a significant increase in Gdf5 expression post-injury Figure 3.6, 

we investigated the possibility of its involvement in tissue repair and regeneration post-injury. We found 

a slight trend to an increase in the regenerative abilities in gdf5 F2 when compared to wildtype controls 

that does not show a significant difference (p-value= 0.622). Even though the increase does not show 

significance, the consistency through two of the three replicates was intriguing. Moreover, wildtype 

controls in the final replicate were distinctly different when compared to controls of the other two 

replicates, which could indicate an outlier effect, so further replicates are required to reveal the real 

effect of gdf5 targeting on the larval regenerative abilities. To confirm the success of mutation 

transmission through generations and examine the expression levels of gdf5 in the F2 generation, three 

replicates of a qPCR reaction was performed. The qPCR analysis showed a significant reduction in gdf5 

expression in the F2 generation (p-value= 0.0123). This indicates successful mutation transmission 

which has indeed persevered through generations and it also shows that the observation of gdf5 mutants' 

regenerative abilities is worth further investigation. It also ties to previously discussed micro-CT data 
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that presents a new possible role of Gdf5 as a catabolic factor in bone and ECM homeostasis, which 

when targeted show an increase in tissue formation.  

Previous studies have revealed the role of GDF5 in osteoblast differentiation and osteoclast inhibition 

(Francis-West et al., 1999; Takahara et al., 2004) indicating its functional role as an anabolic factor in 

bone homeostasis. However, our data suggests a complementary role of Gdf5 as a catabolic factor in 

bone homeostasis, concluded when its loss in generated crispants resulted in an increase in bone mineral 

density and surface area, as well as a potential increase in regenerative abilities and significantly 

enhanced swimming activity of the F2 generation. These observations unravel the binary effect 

proposed by the gene function regulated by other factors, which is not surprising considering the 

complex dual effect observed in several bone homeostatic genes including ones studied in this project. 

A recent study revealed a glimpse of this novel mechanism of action though the interaction of GDF5 

with the long non-coding RNA, miR-525-5p. He and Lin., 2023, found LINC00313, a non-coding RNA 

sequence involved in gene expression regulation in various processes such as cell proliferation, 

reduction in pro-inflammatory cytokines and reduction in apoptosis, to be downregulated in OA 

patients. miR-525-5p, was found to be overexpressed in OA, which can bind to LINC00313, inhibiting 

its proliferative and anti-apoptotic effect, resulting in OA progression. miR-525-5p forms a complex 

with GDF5 regulating this process and when GDF5 is inhibited, it inhibits miR-525-5p, which 

consecutively release the inhibition of LINC00313, leading to an increase in cell proliferation and 

differentiation, which complies with our observation in the gdf5 crispants micro-CT data. Another 

possible explanation for the increase in bone mineral density and surface area in gdf5 crispants could 

be due to an increase in other bone homeostatic gene expression levels that gets overexpressed to 

counteract the reduction of osteoblast differentiation and osteoclast inhibition in crispants. However, 

this proposes that bone homeostasis is a highly fine-tuned process that can recalibrate itself even in the 

reduction or complete absence of one of its elements. In this case we would expect bone measurements 

to not be affected by the mutation and exhibit similar measurements to the control group, yet our data 

rather shows a significant increase, which could rule out this hypothesis. Finally, the induced mutation 

could have caused a resistance to Noggin inhibitory effect on GDF5 as seen in synostoses syndrome 

(Seemann et al., 2009; Schwaerzer et al., 2012), resulting in an increase in osteoblast differentiation 

rather than a reduction. This could provide a plausible conclusion to the observed generally mild 

phenotype, which was unexpected according to our previous knowledge about the gene role in skeletal 

development in other organisms. Therefore, further experiments must be conducted to understand the 

hidden GDF5 mechanisms of action. A simple experiment could be designed to detect the expression 

levels of miR-525-5p, LINC00313 and Noggin in the generated mutants, to confirm or deny our 

hypothesis.  
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Unlike the traditional method of outcrossing crispants to obtain the F1 generation then incrossing the 

F1 fish for the generation of a stable F2 mutants, we incrossed the founders and obtained an incrossed 

F1, as illustrated in Figure 5.8.  The main aim of the traditional crossing route is to reduce the off-

targeting effect occasionally observed in CRISPR targeting to ensure that observed phenotypes are 

exclusively due to the intentionally induced mutation. As we did not observe significant phenotypic 

changes in our gdf5 mutants, as observed by colleagues in Sweden who took the traditional crossing 

approach (Waldmann et al., 2022), it does not propose as much of an issue in this case. Interestingly, 

the incrossing has potentially opened a novel lens of understanding the possible downstream effects of 

inducing a mutation within the same gene and crossing of two crispants. Even though crispants are 

mosaic in nature and they carry different forms of deletions, the gametes transferred to form the F1 

generation will have a maximum of two mutations from the two available alleles. Taken together, F1 

fish can have different combinations of mutations, yet they are limited to a maximum of four available 

mutant alleles passed down from the founders’ gametes. When sequencing the incrossed F1 fish, we 

found random mutations within gdf5 that are not part of the expected four allele mutations. This could 

highlight potential evolution of mutations induced by CRISPR when both founders carry mutations 

within the same gene. Considering the known fact that mutations can devolve and disappear through 

generations (Loewe and Hill., 2010; Kinnersley et al., 2021), it is plausible that the opposite would 

occur allowing mutations to evolve and generate new forms through generations. Although this is a 

mere suggestion from limited data on a single gene, I believe it should call attention to the possible 

disastrous effects of genome editing in humans, which have been pushed by many scientists in the field 

without cautiously considering the irreversible effects of this fast-growing technology on humans. 

Several limitations must be taken into consideration in this study. Firstly, that obtained images of 

cartilage and heart structures were only produced in one experiment. Although the experiment was 

repeated 3 additional times, the death rate and observed defects within the control group challenged us 

into including them as reliable replicates. Therefore, only one repetition has been performed, which is 

inadequate to arrive at a conclusive result. When generating a mutant line, an incrossing approach was 

followed instead of the traditional method of outcrossing founders aiming to eliminate any off-target 

effect of the CRISPR injection. Also, generated F2 were obtained from a pool of 5 gdf5 incrossed F1, 

which again does not follow the traditional route of mutant line generation and may carry off-target 

mutations. The death of male founders prevented us from conducting further analysis on adult male 

founders, which appear to be more affected by the mutation than females and could possibly reveal a 

different aspect of Gdf5 function. Furthermore, the larval behaviour analysis showed a high significant 

reduction in time spent in an inactive duration, yet this experiment was only conducted once and require 

further replicates to confirm observation. Regarding the regeneration model, repeats of the experiment 

might reveal a hidden increase in the regenerative abilities of gdf5 mutants. Two out of the three 
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replicates showed a consistent increase in the regenerative abilities of mutant larvae post tailfin injury, 

yet in one replicate the control group showed a higher regenerative rate when compared to the two other 

replicates affecting the overall result. Finally, for adult micro-CT scans, we attempted to stain the soft 

tissue of the fish using Phosphotungstic acid (PTA) in the aim of visualising the heart to detect changes 

in adulthood. Unfortunately, PTA failed to stain the heart, yet it stained other soft tissue within the 

organism. Nacre controls utilised in this analysis were scanned on a different day and were not stained 

with PTA due to failure of staining the heart. Therefore, control group only shows the bone structure, 

while gdf5 founders also show some soft tissue such as the eye clearly stained. This does not have an 

impact on any of the conducted measurements, but it does look different in the constructed 3D models.  

In summary, the data obtained revealed that gdf5 has a varying effect on the development of the 

musculoskeletal system in zebrafish, which was not as detrimental as observed in mouse models. 

Nonetheless, abnormalities emerge during later developmental stages and become evident in the adult 

micro-CT scans, indicating a significant increase in bone mineral density and bone surface area. The 

varying effects of GDF5 across different species must be taken into account when studying it in a model 

organism. Targeting gdf5 did not result in notable changes in heart morphology or total volume, 

implying that the gene is dispensable in early heart development in zebrafish. The premature death 

observed in all adult male crispants suggests a potential role of gdf5 in survival, with differential effects 

based on sex. Further investigation is essential for future drug targets involving GDF5 to determine 

their effect on both sexes of humans.  

Additionally, there were two main reasons that the significant increase in larval swimming activity, 

which was only observed in the absence of light in the F2 generation, was intriguing. Firstly, it is 

important to consider the cumulative effect of gene modulation across generations, which allows the 

specific phenotype to be present only in the F2 generation, when there was no evidence of swimming 

alterations in the F0 and F1 generations. Secondly, the distinctive reaction demonstrating only 

significance in the absence of light underscores the potential function of the gene in the regulation of 

the nervous system, rendering GDF5 an excellent potential drug target for neurological disorders, as 

well as co-morbidity cases with osteoarthritis and parkinson’s. The regenerative trend observed was 

also intriguing. Repetitions of the regenerative model experiment may allow us to determine whether 

the increase in gdf5 post injury, observed in murine hip samples. is related to inflammation or tissue 

repair, or both. This may also help resolve the discrepancies in the expression levels of GDF5 in OA 

patients, where different studies have reached varying conclusions. Finally, the increase in bone mineral 

density and bone surface area highlighted a role of Gdf5 as a catabolic factor, which when targeted 

cause an increase in bone tissue.  
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6. Identifying the Functional Role of tgfβ1a in Cartilage and Heart 
Structural Development  

 

6.1. Introduction 

Transforming Growth Factor Beta 1 (TGFβ1), also known as CED and DPD1, is a cytokine belonging 

to the TGFβ superfamily. TGFβ superfamily is a group of over 30 cytokines functioning simultaneously 

to regulate numerous cellular processes including proliferation, differentiation, apoptosis and 

inflammation (Derynck and Zhang, 2003). Members of the family include three isoforms of TGFβ, 

activins, inhibins, Bone Morphogenetic proteins (BMPs) and Growth Differentiation Factors 

(Massague, 1998), including GDF5 which was studied and discussed in the previous chapter. TGFβ1 is 

one the most abundantly expressed genes involved in early developmental stages, as its expression is 

established by 10 weeks post-conception in humans (Graham et al., 1992).  The elevated TGFβ1 

expression levels persist into adulthood, rendering it a vital gene that is extensively implicated 

throughout most of the human lifespan. Several diseases have been associated with defective TGFβ1 

signalling to name a few, Camurato-Engelmann disease (Kinoshita A et al., 2000; Janssens et al., 2000), 

Marfan syndrome (Matt et al., 2009), hereditary haemorrhagic telangiectasia (HHT) (Sadick et al., 

2005) and inflammatory bowel disorder (IBD) (S Ihara et al., 2017; Kotlarz et al., 2018). TGFβ1 gene 

is known for its role in ECM deposition by stimulating the production of various matrix components 

such as collagen (Chan et al., 2005), proteoglycans (Okuda et al., 1990; Humes et al., 1993) and 

fibronectin (Taipale et al., 1994). Mutations within TGFβ1 can lead to various fibrotic diseases 

including lung (Feernandez et al., 2012), liver (Friedman et al., 2000) and kidney fibrosis (Wu et al., 

2013). Similarly, it can be a contributing factor to several types of cancer including breast (Xie et al., 

2002; Kang et al., 2005), pancreatic (Melzer et al., 2017) and colorectal cancer (Xu et al., 2007; 

Wodzinski et al., 2022). This is because the encoded protein plays a significant role in tissue growth 

(Simon et al., 1995), cell cycle regulation (Hannon et al., 1994; Saltis., 1996), remodelling (Bonewald 

et al., 1990) and apoptosis (Ramesh et al., 2008). Therefore, any abnormalities within the gene or 

encoded protein can have a notable impact on these functions resulting in excessive proliferation, escape 

of apoptosis, suppression of the immune response and activation of angiogenesis to support cancer 

growth and progression.  
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6.1.1. Cellular function and molecular mechanisms of TGFβ1 

6.1.1.1. TGFβ isoforms 

There are three different isoforms of TGF-β, TGFβ1, TGFβ2 and TGFβ3. The three isoforms are widely 

expressed in mammalian tissues, and they function through two categories of pathways, SMAD-

dependent and SMAD-independent. TGFβ2, which has 71% protein sequence similarity to TGFβ1 (Ten 

dijke et al., 1988) was found to be involved within the nervous system by regulating neuron 

development (Flanders et al., 1991). Meanwhile, TGFβ3 has a more similar composition to TGFβ1, 

sharing 80% of its protein sequence, and is highly functional in the respiratory system through its role 

in lung morphogenesis, particularly through epithelial-mesenchymal interactions (Proetzel et al., 1995) 

(Kaartinen et al., 1995). Out of three isoforms, TGFβ1 is the most abundantly present isoform, that has 

a pattern of ubiquitous expression (Khalil, 1999). 

6.1.1.2. TGFβ1 role in cell growth regulation  

TGFβ1 was first characterised as a cell growth inhibitor (Tucker et al., 1984). It has been found to 

suppress c-Myc expression, thus exhibiting an anti-proliferative function (Pientenpol et al., 1990). 

Another known function that was identified by Hannon et al., 1994, is the role of TGFβ1 in initiating 

cell cycle arrest. All of which confirmed the purpose of TGFβ1 in cell growth inhibition, hinting at a 

possible involvement in cancer development or progression when TGFβ1 signalling is deficient. 

Despite this, studies have reported contradictory observations regarding the functional role of TGFβ1 

in cancer development and progression. Some revealed its positive role in angiogenesis (Xiong et al., 

2002), tissue invasion (Ivanovic et al., 2006), and metastasis (Kong et al., 1995), highlighting that 

TGFβ1 function extends beyond cell growth inhibition and cycle arrest. It wasn’t until 2012, where 

Cerami et al. identified the increase in TGFβ1 expression in cancer genomics data, which was later 

confirmed by Gao et al., in 2013, that the complexity of TGFβ1 cellular mechanisms started to unravel. 

6.1.1.3. Activation of the TGFβ1 protein  

When TGFβ1 gene is expressed, it gets transcribed to generate a Large Latent Complex (LLC). This 

complex consists of the TGFβ subunit, attached to a latency associated protein (LAP), which is linked 

to a Latent_TGFβ_binding protein (LTBP) via disulphide linkage between cysteine residues present at 

both subunits (Figure 6.2). The LAP prodomain is required for accurate folding and dimerization at the 

carboxy-terminal growth factor domain, which forms a mature active protein upon its peptide cleavage. 

The protein cleavage can take place proteolytically or autocatalytically in acidic conditions. It can also 

be activated via other factors including thrombospondin 1, integrins and reactive oxygen species 
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(Grayand Mason, 1990). Once activated, the LAP subunit opens, liberating the TGFβ subunit, which 

can then bind to TGFβ receptors, activating the TGFβ signalling pathway (Taylor, 2009).  

6.1.1.4. TGFβ1 signal transduction through the SMAD dependent pathway  

Upon activation, TGFβ1 ligand binds to TGFβRII receptor, which in turn phosphorylates and activates 

TGFβRI. The two receptors form a homodimeric or heterodimeric structure that phosphorylates a 

cascade of SMAD proteins required for signal transduction (Ohta et al., 1987; Dubois et al., 1995), 

starting with the Receptor SMADs. SMAD proteins are a family of signal transducers that allow an 

external stimulus to be translated and initiate specific intranuclear gene expression (Massague et al., 

1998). Receptor SMADs (R-SMADs) in this pathway are SMAD2 and SMAD3, which both get 

phosphorylated with SARA, and form the R-SMADs complex. Phosphorylated R-SMADs then bind to 

SMAD4, which allows the whole complex to migrate to the nucleus where it regulates the expression 

of numerous genes involved in critical pathways dictating the cell fate (Watanabe et al., 2000; 

Massague, 2005). Figure 6.1 illustrates this signalling pathway.  

 

 

 

 

  



139 

 

 

Figure 6.1: TGFβ signalling pathway 

TGFβ can signal through several pathways in a SMAD dependent manner (left side), as well as non-

SMAD canonical signalling (right side). In SMAD dependent signalling, a TGFβ ligand binds to a 

TGFβ receptor, forming a homodimer or a heterodimer that gets phosphorylated, and can subsequently 

phosphorylate SMAD2/3 and SARA. Phosphorylated SMAD2/3 complex can then bind to SMAD4, 

which allows for the complex to enter the nucleus and activate the expression of target genes. This 

pathway can be inhibited via the SMAD inhibitor, SMAD7 bound to Smurf2. On the other side, TGFβ 

signalling can take place without the presence of SMADs by activating a range of signal transducers 

including Grb2/SOS complex, TRAF4 or TRAF6, or Rho, which has a direct function in actin 

remodelling. These transducers are found upstream of various pathways including ERK, MAPK/JNK, 

and PI3K/AKT. Once activated, transducers can bind to a range of cofactors and enter the nucleus 

activating the expression of many processes, including inflammatory regulation. Figure generated using 

Biorender (https://www.biorender.com/). 

https://www.biorender.com/
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6.1.1.5. TGFβ1 role in the inflammatory response  

TGFβ1 was found to be highly expressed in the instance of an inflammatory response (Herrera-Molina 

and Von Bernhardi, 2005). One of functions, identified in the nervous system, is to limit 

neuroinflammation through regulation of the ERK signalling pathway (Grewal et al., 1999; Saud et al., 

2005) and limit neurotoxicity caused by general inflammation (Tichauer et al., 2014). Several studies 

highlighted its association with major inflammatory pathways including ERK (Grewal et al., 1999), 

MAPK (Yue et al., 2000; Li et al., 2005), PI3K (Derynck and Zhang, 2003; Weiss and Attisano, 2013), 

and JAK/STAT (Xu et al., 2020). A link to the NF-κB pathway was also discovered, which was 

theoretically expected due to the presence of ERK and MAPK pathways upstream of NF-κB, which are 

both regulated by TGFβ1. Furthermore, it was confirmed in more recent studies that revealed the effect 

of NF-κB overactivation upon the increase in oxidative stress and inflammation leading to cell death. 

When NF-κB was blocked in aged mice, a recovery of ageing symptoms has been observed (Adler et 

al., 2008; Muriach et al., 2014). Another study involving the injection of TGFβ1 in the hypothalamus 

of mice resulted in a rise in the NF-κB inflammatory pathway (Yan et al., 2014).  
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6.1.2. Role of TGFβ signalling in the musculoskeletal and cardiovascular systems 

In 1990, Dickinson et al., found Tgfβ1 to be highly expressed in the cartilage, bones and skin of mice. 

This was initial evidence suggesting a critical role of the gene in the musculoskeletal system. It was 

later identified as major inducer of mesenchymal stem cell condensation in early chondrogenesis. Its 

involvement persists at later stages to allow for further chondrocyte proliferation (Tuli et al., 2003), and 

maturation by inducing the expression of various ECM proteins, including collagens and aggrecans, 

while simultaneously inhibiting hypertrophy for healthy cartilage development (Song et al., 2007). 

Another role of TGFβ in bone development and morphogenesis was identified through ALK signalling 

regulating the BMP pathway. TGFβ was found to activate ALK1, which subsequently affect various 

bone morphogenetic processes performed via the BMP pathway. ALK1, 2, 3 and 6 form a complex, 

which phosphorylates the 1,5,8 SMAD complex required for chondrocytes and osteoblast regulation 

(Davidson et al., 2009). This pathway functions in parallel to TGFβ signalling through SMADs, in the 

aim of attaining bone homeostasis. Other musculoskeletal disorders linked to defective TGFβ signalling 

and abnormal bone development in a less direct, yet a highly involved manner is through SMAD3 

mutations. SMAD3 gene mutations are the leading cause behind aneurysm-osteoarthritis syndrome, (van 

der Linde et al, 2013; van der Laar et al., 2012), Marfan syndrome (Kinulainen et al., 1994), and loeys-

Dietz syndrome (Loeys et al., 2006).  

In mice, Tgfβ1 double knockout was found to cause several skeletal defects, including serious midline 

fusion issues that lead to early death (Dunker et al., 2002). Endocardial mesenchymal transformation is 

an early developmental step that takes place in the heart during embryonic development to allow for 

heart chamber separation and valve formation. It also has displayed an essential function in outflow 

tract formation (Azhar et al., 2003). Additionally, targeting of Tgfβ1 prevented neointima hyperplasia, 

which is a process of vascular remodelling where vascular smooth muscles relocate to reside within the 

tunica intima layer resulting in thicker vascular walls that could lead to heart failure. This observation 

highlights the role of Tgfβ1 in smooth muscle cell development. As when Tgfβ1 is overexpressed or 

overactivated, it can lead to the development of a cardiovascular disease (Kobayashi et al., 2005). 

Another study highlighted the role of TGFβ1 in ECM formation, where TGFβ1 upregulation was 

detected in patients with atherosclerosis, leading to fatty streak lesion formation (Gourdy et al., 2007). 

Another way Tgfβ1 contribute to heart ECM regulation is through the reduction in collagenase 

production, increase in expression of several MMPs inhibitors, which in turn inhibits ECM degradation, 

but may lead to ECM protein accumulation, negatively impacting the heart structure and function 

(Verrecchia and Mauviel, 2002).   
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6.1.3. TGFβ1 expression pattern in osteoarthritis and cardiovascular disease  

TGFβ1 was found to be overexpressed in OA patients, which is an expected observation based on its 

previously identified roles in various bone related processes including chondrocyte differentiation 

(Zhou et al., 2004), regulation of bone mineralization (Ehnert et al., 2010) and extracellular matrix 

(Horiguchi et al., 2012). In healthy mice cartilage, TGFβ1 is found in an active state, it functions through 

TAK1 kinase signalling mediated by FoxO1 to maintain cartilage homeostasis (Wang et al., 2020). It 

also displays a chondroprotective role by promoting ECM formation, protecting against joint 

degradation caused by mechanical loading (Goldring et al., 2004; Van der Kraan, 2017). In OA, TGFβ1 

induces ECM formation via VEGFa signalling pathway to initiate tissue repair (Lin et al., 2022). 

However, due to the complexity of the system, alterations including Tgfβ1 expression upregulation can 

speed up disease progression.  

Several mutations in the TGFβ1 gene have been assigned as markers to OA pathogenesis based on 

GWAS data. One variant of TGFβ1, (T29-C), commonly present in Japanese and Chinese women was 

found associated with OA development (Yamada et al., 2000; Woo et al., 2004). Another TGFβ1 

mutation was identified as a Camurati-Engelmann disease biomarker, as it was commonly present in 

patient samples (Kinoshita et al., 2000).  

TGFβ1 was also found to be overexpressed in several cardiovascular diseases. In plasma samples of 

patients with coronary artery disease, TGFβ1 was found in higher levels (Tashiro et al., 2002). 

Following angioplasty, a balloon-like implant that stretches narrow arteries, a TGFβ1 increase is 

observed, which as a growth factor, may lead to restenosis post angioplasty causing narrowing of the 

target vessel (Wildgruber et al., 2007). Regarding its identified genetic mutations, one study found a 

polymorphism (-509C/T) and the haplotype GTGC in the TGFβ1 gene as markers for myocardial 

infarction, only in men (Koch et al., 2006). Another study found two variants, rs1800469 and 

rs1982073, in TGFβ1 to increase the risk of coronary heart disease development in humans (Lu et al., 

2012). All these studies point out the high association between TGFβ1 and the cardiovascular system, 

yet the range of functions displayed by the gene constrains our ability to fully understand its mechanism 

of action. 

6.1.4. Other associated diseases  

With ageing, an increase in TGFβ1 levels is observed. On some occasions, the transcribed gene carry 

defects, leading to an impairment in protein function, manifesting as different illnesses. One example 

is cancer, although TGFβ1 at early stages functions as a tumour suppressor, it can transform to an 

oncogene by initiating tumour progression processes. These processes include the promotion of 

angiogenesis, immunosuppression, and the conversion of epithelial cells to mesenchymal cells capable 
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of migration. This action forces cells to lose their anti-proliferation and apoptotic capabilities leading 

to cancer. It must be noted that the escape shown by tumour cells from the inhibitory system is not 

exclusively limited to direct mutations within TGFβ1, as alterations to other components within the 

TGF-β signalling pathway can result in similar phenotypes. This includes alterations in inhibitory 

SMAD proteins like SMAD7 which when mutated can lead to the activation of TGFβ signalling, 

causing pancreatic cancer (Kleef et al., 1999). In contrast, SMAD7 was found to be overexpressed in 

endometrial cancer (Dowdy et al., 2005). Further pathogenic effects associated with TGF-β signalling 

via SMADs arise from heightened SMAD2 levels and mislocalization of SMAD2/3 complexes due to 

inadequate binding with SMAD4. This results in an oncogenic role for SMAD2/3 (Bertrand-Chapel et 

al., 2022). 

TGFβ1 was found to be downregulated in the plasma of Alzheimer’s Disease (AD) patients (Mocali et 

al., 2004). AD is characterised by the abnormal folding and/or accumulation of the Amyloid- β and Tau 

proteins. The defective protein folding occurs due to a transitional exposure of hydrophobic residues 

leading to protein aggregation. TAU protein aggregation is a brain-specific process, while amyloid-β 

accumulation can be found in different tissues, but mostly in neurons across the body. Increasing 

evidence suggests direct interactions between the two proteins.  However, further investigations are 

required to understand the type of occurring interaction. In addition to the observed reduction in TGFβ1 

levels in AD patients, reduction in SMAD3 or impairments to its function has been identified in some 

AD cases, which also leads to the accumulation of amyloid-β (Colangelo et al., 2002; Katsel et al., 

2005; Tesseur et al., 2006). Evidently, TGFβ1 was found to enhance microglial function in amyloid-β 

clearance, reducing plaque deposition in AD mouse models (Coray et al., 2001).  

Taken together, the involvement of TGFβ1 in numerous essential processes during early system/organ 

development, as well as in later regulatory stages points out to the expected detrimental effects in the 

absence of the functional gene. Even with the limited knowledge currently available, we can suggest an 

involvement of the gene in ECM regulation (Gourdy et al.,2007; Horiguchi et al., 2012) and its role in 

the inflammatory response (Hocking et al., 2006), which affects different tissues in a different manner 

leading to the rise of distant chronic diseases.  

TGFβ1 was identified in 1983, since then it has been studied by several research groups focusing on its 

involvement in different diseases and body systems. However, the complexity of the gene due to its 

high involvement in a long list of processes is currently limiting our understanding of how the gene is 

regulated and how it interacts with other proteins to achieve its differential function within different 

tissues. Therefore, further investigations aiming to examine the function of TGFβ1 as a broad cellular 

regulator rather than an independent gene and unravel interactions with other cellular proteins may help 

us understand how the gene itself is regulated and how it can exhibit the wide range of sometimes 



144 

 

opposite functions within the cell. In this project, I aim to investigate the function of TGFβ1 in relation 

to other studied genes, common between OA and CVD pathogenesis.  
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6.2. Hypothesis and aims 

Although tgfβ1 zebrafish mutants have previously been generated, the study solely focused on the effect 

of tgfβ1a targeting on lateral line formation in zebrafish larvae, without examining any other structures 

(Xing et al., 2015). To our knowledge, the function of tgfβ1a has not yet been investigated in the skeletal 

and cardiovascular systems in zebrafish.  

Hence, the main objective of this chapter is to investigate the impact of tgfβ1a on these systems. To 

achieve this, I aim to  

• Determine the role of tgfβ1a in zebrafish skeletal and cardiac development by targeting the 

gene using CRISPR-Cas9 and monitoring the structural development of crispants using the 

fluorescent transgenic lines, Tg(Col2a:mCherry) for cartilage, and Tg(myl7:lifeActGFP) for 

heart visualisation.  

• Assess the effect of tgfβ1a targeting on the skeletal system functionality by examining the larval 

and adult crispants swimming behaviour, in the presence and absence of light.  

• Generate ctsk and tgfβ1a co-targeted larvae to determine any links between the two genes, based 

on the positive correlation in baseline expression identified through FUMA GWAS, and other 

data showing a possible link between the two genes (discussed further in this chapter).  

 

  



146 

 

6.3. Results 

6.3.1. TGFβ1a shows high homology between zebrafish and humans 

TGFβ1a gene is located on chromosome 19: 41,330,323-41,353,922 in humans, and chromosome 15: 

2,776,506-2,803,313 in zebrafish. The gene is made up of 7 exons present in both species (Figure 6.2a). 

The encoded protein domain consists of two main subunits, a TGFb-propeptide and TGF_βeta_TGFβ1 

with a homodimer interface, which is also present in the GDF5 gene discussed previously. Both subunits 

are generally highly conserved across genes within the same superfamily and across different species. 

Although zebrafish only shows 45% similarity in protein sequence with the TGFβ1 variant in humans, 

the conservation of the two subunits, allows us to further investigate the function of the gene in 

zebrafish. Generated CRISPR target guides are shown in Figure 6.2. Another paralogue tgfβ1b is also 

found in zebrafish. However, in this study we focus on tgfβ1a variant in zebrafish in comparison to the 

human variant. 

Figure 6.2: TGFβ1a gene composition and protein domain 

(a) 7 exons can be found in TGFβ1, showing high conservation between humans (top) and zebrafish 

(bottom) genomes, although present on different chromosomes. The figure presents the gene on 

chromosome 19 in humans compared to the same gene on chromosome 15 in zebrafish. Blue rectangles 

highlight the location of the selected CRISPR target guides with their exact position and the targeting 

score, guide 1= 989 and guide 2= 987, based on the USCS Genome Browser tool (UCSC, 2019; 

https://genome.ucsc.edu/). (b) 390 amino acid protein domains with structures conserved across Homo 

sapiens and Danio rerio. A TGFβ -propeptide that requires proteolytic or autocatalytic cleavage to be 

activated and a TGF_BETA_TGFβ1 subunit, which is also a highly conserved domain found in most 

TGFβ superfamily members with a homodimer interface for active site binding to TGFβ receptors. 



147 

 

6.3.2. Skeletal defects observed in tgfβ1α crispants 

At first glance, crispants appear to develop normally to 3dpf without major deformities in the general 

structure of the larvae (Figure 6.3 C&D), when compared to wildtype uninjected controls (Figure 6.3 

A&B). However, using the Tg(Col2a:mCherry) transgenic line, abnormalities in the jaw cartilage 

structure were detected in the form of nonuniform chondrocyte organisation (Figure 6.3 c&d). 

Moreover, the palaquadrate structure show an overgrowth in the form of a thicker cartilage in some 

crispants, while at the same time display shrinkage of the same structure in other tgfβ1a targeted larvae 

(green arrow). This was a mere visual observation that requires quantification to confirm significance 

of the phenotype. Apart from the general changes in chondrocyte positioning, other jaw cartilage 

structures including the Meckel and ceratohyal cartilage, and the synovial joint seem to develop in a 

similar manner to wildtype larvae in the absence of tgfβ1a. 

Most importantly, when confirming the success of CRISPR targeting, many targeted larvae seem to 

maintain the wildtype peak. In some cases, the wildtype peak was the only peak present, indicating no 

disruptions on a genetic level and failure of inducing any mutations in tgfβ1a, while other larvae show 

the presence of additional peaks along with the wildtype peak. This highlights a partial knockout, where 

the wildtype peak was still present in its functional state. The genotype could be matched to the observed 

phenotype, as healthy-looking larvae had the wildtype peak maintained within their corresponding 

genotype.  

At 5dpf, different phenotypes appear in tgfβ1a targeted crispants. The overall body morphology 

maintains its shape (Figure 6.4 C-F); however, the skull starts showing deformities at this stage visible 

in the brightfield view such as jaw elongation (Figure 6.4 D) or retraction (Figure 6.4 E&F), which 

are the larvae with disruption in their genotype, according to the corresponding CRISPR-STAT (d’-f’). 

Meanwhile, C did not display any defects, and the wildtype peak was detected in the genotype, along 

with an additional insertion peak. This observation was confirmed by looking at the jaw cartilage in the 

transgenic line, displaying normal jaw cartilage development in Figure 6.4 c. However, a slightly 

protruding jaw was observed in detail Figure 6.4 d. More severe abnormalities were observed in Figure 

6.4 e&f, both showing clear loss of wildtype peak (e’&f’). 29% of successfully targeted crispants 

develop a clear disruptive jaw phenotype as displayed in (Figure 6.4 e). 12.5% of crispants show a 

complete absence of the basihyal structure as presented in (Figure 6.4 f), highlighted by yellow dotted 

circle. Although CRISPR-STAT detected the initial efficiency of mutagenesis, sequencing is required 

to detect any correlation between the exact induced mutation and the obtained phenotype. This 

experiment was conducted in three replicates with 8 uninjected wildtype controls and 8 crispants, at 

each stage of 3 and 5dpf. Overall, the data suggests higher involvement of tgfβ1a at 5dpf when 

compared to 3dpf in cartilage development.  
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Figure 6.3: Mild jaw cartilage defects in tgfβ1a crispants at 3dpf 

Top panel examining the general morphology of larvae (A-D), while bottom panel displays the 

corresponding jaw cartilage structure within the presented larvae (a-d). (A&B) general morphology of 

wildtype controls imaged in brightfield, lateral view. (C&D) tgfβ1a 400pmol targeted larvae at 3dpf 

displaying unaffected whole-body structure when compared to wildtype controls. (a&b) control 

uninjected larvae obtained from the Tg(Col2a:mCherry) transgenic line representing normal general 

morphology and jaw cartilage structure in red at 3dpf, lateral view (n=24) along with its corresponding 

genotyping obtained using CRISPR-STAT. (a’&b’) represent the wildtype allele peak highlighted by 

a red star at 329 indicating intact tgfβ1a. (c&d) tgfβ1a crispants (n=24) develop healthy body structure. 

However, cartilage appears slightly nonuniform in terms of chondrocyte organisation. Palaquadrate 

cartilage (pq-green arrow) appears to be the most affected structure showing overgrowth or shrinkage 

in size in different crispants. (e’&f’) corresponding genotype confirming successful tgfβ1a targeting in 

presented 3dpf larvae. Green stars indicate the expected peak position when absent. MK = Meckel’s 

cartilage, bh= Basihyal, ch= ceratohyal, pq= palaquadrate, sj= synovial joint. Top panel scale bar= 

1000µm. Bottom panel scale bar= 100µm. 
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Figure 6.4: An array of phenotypes detected in tgfβ1a crispants at 5dpf 

Top panel examining the general morphology of larvae (A-F), while bottom panel displays the 

corresponding jaw cartilage structure within the presented larvae (a-f). (A&B) general morphology of 

wildtype controls imaged in brightfield, lateral view. (C) Healthy-looking targeted crispant that shows 

unsuccessful targeting based on CRISPR-STAT (c’). (D-F) tgfβ1a crispants at 5dpf displaying a range 

of jaw deformities, mutagenesis confirmed (d’-f’). (a&b) control uninjected larvae obtained from the 

Tg(Col2a:mCherry) transgenic line showing normal general morphology and jaw cartilage structure in 

red at 5dpf (n=24) along with its corresponding genotyping obtained using CRISPR-STAT. (a’&b’) 

represent the wildtype allele peak highlighted by a red star at 329 indicating intact tgfβ1a. (c) normal 

jaw cartilage development. (d-f) tgfβ1a successfully targeted larvae (n=24). Some larvae develop with 

mild abnormalities as shown in (d), with mildly disrupted jaw that is visible in brightfield view (top 

panel), yet the rest of the body develops normally. (e&f) present a more detrimental phenotype (n=7). 

e. shows complete disruption to the jaw cartilage affecting the position and orientation of the Meckel’s, 

ceratohyal, paraquadrate and even the synovial joint. Meanwhile, (f) is missing the whole basihyal 

structure (yellow dotted shape) and shows deformities in the ceratohyal and plaquadrate (n=3). (d’-f’) 

corresponding genotype confirming successful tgfβ1a targeting in presented 5dpf larvae. Green stars 

indicate the expected peak position when absent. MK = Meckel’s cartilage, bh= Basihyal, ch= 

ceratohyal, pq= palaquadrate, sj= synovial joint. Top panel scale bar= 1000µm. Bottom panel scale 

bar= 100µm.  

 

  



152 

 

6.3.3. A range of abnormalities in the heart structure of tgfβ1a crispants at 5dpf  

Using two different concentrations, 100pmol and 400pmol, of tgfβ1a CRISPR guide, the effect of 

targeting was tested starting from 3dpf. At this stage, many of the imaged embryos showed normal 

development of the heart. However, following the CRISPR-STAT analysis of the imaged larvae, 

unsuccessful targeting was detected in most of the imaged embryos. Therefore, we were unable to 

include the data for 3dpf heart development in tgfβ1a targeted larvae.   

At 5dpf, defects were observed in 100pmol successfully targeted larvae. These defects include shape 

irregularities and size disproportion between the two chambers (Figure 6.5 c&d). A milder phenotype 

with disruption in the looping process and subtle irregularities the atrium was observed in f, which 

shows a partial knockout success as the wildtype peak is still present, according to the CRISPR-STAT 

analysis (f’). It must be noted that most of the 400pmol targeted larvae imaged in this analysis, happens 

to display the wildtype allele, as shown in e’, and seem to develop normally. However, from the 

successfully targeted larvae a conclusion can still be drawn, even in the lower concetartion which had 

a remarkable impact on zebrafish heart development at 5dpf. This data indicates an indispensable 

functional role of tgfβ1a in zebrafish heart structural development at 5dpf, which leads to remarkable 

heart defects in its absence, which was not observed in the unsuccessfully targeted larvae. The presence 

of a wildtype peak along with other mutations resulted in milder defects. This experiment was 

conducted twice with a limited number of embryos, some of which were not successfully targeted. 

Therefore, further repeats must be performed to confirm the initially obtained results.  
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Figure 6.5: Abnormalities detected in the general morphology and the heart structure of 
successfully targeted tgfβ1a larvae at 5dpf 

Top panel examining the general morphology of larvae (A-F), while bottom panel displays the 

corresponding heart structure within the presented larvae (a-f). (A&B) general morphology of wildtype 

controls imaged in brightfield, lateral view. (C-D) 100pmol successfully targeted tgfβ1a larvae 

displaying clear skull deformities and a protruding jaw. (E) unsuccessfully targeted tgfβ1a larvae 

showing normal development.  (F) normal overall morphology due to the presence of WT allele based 

on CRISPR-STAT analysis (f’). a’&b’ represent the wildtype allele peak highlighted by a red star at 

329 indicating intact tgfβ1a. c&d 100pmol tgfβ1a targeted larvae (n=8) showing size disproportion 

between the two chambers. c showing a smaller atrium to ventricle ratio, while d present the opposite 

disproportion of a remarkably larger atrium and slightly smaller ventricle, which was also seen in 

successfully targeted larvae (c’&d’). This was a mere observation that was not quantified to be 

validated. (e) seems to develop normally and the CRISPR-STAT analysis showed the unsuccessful 

targeting and the intact WT peak still present e’. f 400pmol tgfβ1a targeted larvae show milder defects, 

including a disruption in the looping process and a smaller ventricle, while the heart maintained its 

overall shape.  A partial targeting was indicated by the presence of the WT peak in f’, accompanied by 

other insertions. Green stars indicate the expected peak position when absent. A= Atrium, AV-V= 

Atrioventricular Valve, BA= Bulbus Arteriosus, V= Ventricle. Top panel scale bar= 1000µm. Bottom 

panel scale bar= 100µm. 
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Figure 6.6 summarises the phenotype occurrence classified based on the overall body morphology of 

successfully targeted larvae at 5dpf. All controls appear to develop normally (Figure 6.6 a). Tyrosinase 

targeted embryos were used as a negative control and only show mild deformities in 2.9% of injected 

larvae (Figure 6.6b), indicating mild effect of injection. Mild phenotypes are characterised by the 

presence of tolerable structural differences such as mild disruptions to the jaw cartilage, jaw elongation 

or retraction, or mild curvature of the body. 14.3% of 100pmol targeted larvae display a mild phenotype, 

meanwhile, 29.2% of 400pmol targeted larvae display similar mild phenotype. Severe mutations refer 

to detrimental phenotypes that lead to monstrous larvae, which was only present in 4.2% of 400pmol 

targeted embryos.  

Figure 6.6: General morphology phenotype of tgfβ1a targeted larvae 

(a) Healthy controls showing 100% normality of phenotype. (b) Tyrosinase as a negative control 

showing only 2.9% percentage abnormality indicating a mild effect of injection on larvae phenotype at 

5dpf. (c) 85.7% of 100pmol injected display no unusual phenotype, while 14.3% show a mild phenotype 

characterised by mild disruption in the jaw area or slight body curvature. (d) 400pmol targeted larvae. 

66.7% show no phenotype even in the presence of a mutation, 29.2% show mild phenotype such as 

general skeletal figure curvature, and only 4.2% display severe disruption in the general morphology. 

Figure generated using Graphpad Prism.   
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6.3.4. Limited effect of tgfβ1a targeting on the activity levels and swimming speed 

of adult crispants 

To test the effect of tgfβ1a targeting on the functionality of the skeletal system in adulthood. Three 

experimental replicates were conducted in 1-year old adult crispants (n=6) versus wildtype controls 

(n=4). Consistently, no significant alterations in the activity levels or the rapid swimming abilities were 

detected in crispants when compared to wildtype controls (Figure 6.7). Fish display regular swimming 

activity (Figure 6.7 a&c) and have the ability to undergo hyperactive swimming in a slightly reduced 

manner that does not appear to be significantly different from the control group (Figure 6.7 b&d). No 

difference was observed in the light (Figure 6.7 a&b) and dark (Figure 6.7 c&d) conditions, indicating 

that tgfβ1a targeting does not have a direct impact on the nervous system that would affect the 

swimming pattern displayed by the fish. Figure 6.8 displays the sequencing data of adult crispants 

utilized in the adult swimming analysis, confirming the successful targeting of tgfβ1a. As the tested fish 

were founders, they exhibit clear mosaicism with several mutations present within individual fish.  
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Figure 6.7: No remarkable change in adult tgfβ1a F0 activity duration or speed in the presence 
or absence of light 

(a) non-significant change in general activity of tgfβ1a crispants (n=6) compared to wildtype controls 

(n=4) in the presence of light (p-value= 0.8933). (b) no significant alterations in the duration spent in a 

hyperactive swimming state in the presence of light (p-value= 0.1239). (c) non-significant change in 

general activity (p-value= 0.5034) or hyperactivity duration (d) (p-value= 0.0952) in the absence of 

light. Analysis was conducted by combining all repeats and tested using an unpaired student t-test, 

generated on Graphpad prism. Red= first replicate, Green= second replicate, Blue= third replicate. 
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Figure 6.8: Representative sequences of tgfβ1a crispants 
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Figure 6.8: Representative sequences of tgfβ1a crispants (continued) 

For each panel, the top section shows the percentage of each mutation present within individually 

sequenced fish. The bottom section shows the traces obtained from sequencing. (a) sequencing of an 

individual male generated crispant versus wildtype control showing mosaic patterns of mutations with 

a -3bp deletion present in 45% of sequenced sample, followed by -7bp found in 12% of sample, which 

may indicate a heterozygous crispant (b) sequencing data of another male crispant with +2bp mutation 

present in 32% of the sample, followed by a -6bp mutation in 8%. (c)  male crispant sequencing with -

14bp deletion in 23% of the sample, followed by a -3bp deletion in 14%. (d) sequencing data of an 

individual female crispant displaying mosaicism with -6bp mutation present in 64% of the sample, 

followed by a -10bp mutation in 20%. (e) sequencing data of a second female crispant with -6bp 

mutation present in 71% of the sample, followed by a -10bp mutation in 23%. (f) female crispnat with 

a -14bp deletion in 23% of the sample, followed by a -3bp deletion detected in 16% of the sequenced 

sample. Figure generated using Synthego ICE sequencing Analysis Tool.  
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6.3.5. Effect of ctsk and tgfβ1a co-targeting on zebrafish cartilage and heart 

development 

For several years, CTSK has been identified as an intranuclear gene downstream of the TGF-β signalling 

pathway (Dole et al., 2017). Although its activation mechanism is still not fully understood, a recent 

study in zebrafish revealed a link between the activation of Ctsk from its pro-Ctsk state by binding to 

C4-S GAGs, a collagen IV derived glycosaminoglycan that has a major role in tissue membrane 

development and remodelling. C4-S GAGs is a known CTSK modulator, which functions by binding 

to inactive CTSK, proteolytically activating it. The activation of Ctsk was found to subsequently 

promote TGF-β signalling by activating the chst11 gene. chst11 (carbohydrate sulfotransferase 11) 

encodes for an enzyme essential for the formation of chondroitin sulphate, which is highly involved in 

connective tissue regulation and has shown critical function in the skeletal system (Bhattacharyya et al., 

2015). This provided initial proof of a feedback loop that enables ctsk to demonstrate a regulatory 

impact on TGF-β signalling, a mechanism not yet examined.  

Furthermore, detected tight co-expression pattern observed between CTSK and TGFβ1 across different 

tissues (Figure 3.3), suggests a potential direct link between the two genes, worth further investigation. 

Therefore, in order to explore the hypothesised linkage between CTSK and TGFβ1, a co-injection of 

ctsk and tgfβ1a CRISPR-Cas9 guides in the same embryo was conducted. This approach aims to reveal 

potential crosslinks or synergy between the two genes. 

Using two CRISPR-Cas9 sgRNAs for each gene, both genes were targeted simultaneously in single cell 

embryos. CRISPR-STAT analysis was conducted for both genes in each larva to confirm mutagenesis. 

Figure 6.9 shows the effect of targeting ctsk and tgfβ1a on larval development at 3dpf. At this stage, 

co-injected crispants (g&h) appear to develop in a manner similar to both the wildtype control group 

(a&b) and tgfβ1a targeted group (e&f). Meanwhile, ctsk targeted larvae show clear structural 

abnormalities at 3dpf. At 5dpf, mild skeletal defects start evolving in just 4% of tgfβ1a:ctsk co-targeted 

crispants (Figure 6.10, g&h), compared to 47% of ctsk targeted larvae, and 29% of tgfβ1a targeted 

larvae. These mild defects include a smaller head, as shown in h. No severe phenotypes were observed 

in the overall morphology of the co-targeted larvae compared to 4% in tgfβ1a and 21% in ctsk targeted 

larvae. Co-targeted larvae fail to develop an inflated swim bladder (g&h) in 37.5% of tested embryos, 

as seen in 62.5% of ctsk crispants (c&d). The swim bladder deflation phenotype was not observed in 

the tgfβ1a crispants (e&f) or wildtype controls (a&b). This experiment was conducted twice, thus 

requiring an additional repetition to validate the obtained results.  

Moreover, the functionality of the skeletal system was tested by monitoring the larval activity levels 

and hyperactive swimming abilities at 5dpf (Figure 6.11). tgfβ1a:ctsk crispants show significantly 
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higher activity levels, where larvae appear to spend less time in an inactive state when compared to 

wildtype controls of the same age (p-value= 0.009). However, crispants show a highly significant 

reduction in the rapid movement abilities only in the presence of light (p-value= <0.0001), that was not 

apparent in the absence of light (p-value=0.194). Furthermore, larvae also display an increase in activity 

duration in the absence of light, but the change appears to be less significant when compared to the 

other light condition (p-value= 0.026).  

To summarise, co-targeted larvae display a potential recovery in the overall morphology when 

compared to separate targeting, particularly of ctsk alone. A phenotype of a deflated swim bladder was 

observed in 37.5% of co-targeted larvae, which is significantly lower than the occurrence rate in ctsk 

crispants, but higher than tgfβ1a crispants, which did not display this phenotype. The initial behavioural 

analysis results suggest a significant impact on the larval swimming abilities in co-targeted larvae, 

which was not observed in the single targeting. tgfβ1a:ctsk targeted larvae show an increase in activity 

levels. However, larvae are unable to efficiently perform hyperactive swimming solely in the presence 

of light, indicating a direct connection between the co-targeting and the functionality of the nervous 

system.  
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Figure 6.9: tgfβ1a and ctsk co-targeting compared to separate targeting effect on the general 
morphology of crispants at 3dpf 

a&b wildtype control 3dpf larvae showing the expected morphology at the examined stage, lateral view 

(n=24). c&d 400pmol ctsk targeted larvae (n=40) showing clear phenotypical abnormalities as larvae 

appear to have shorter figures that is completely disrupted in c, while d looks more similar to wildtype, 

yet it shows clear disruption at the jaw area, enlarged yolk and abnormal retracted jaw. e&f tgfβ1a 

targeted larvae (n=24) that do not display clear phenotypical changes at this stage. g&h larvae targeted 

for ctsk and tgfβ1a combined (n=32) and larvae seems to develop normally as seen in wildtype controls 

and tgfβ1a separate targeting (e&f). Scale bar= 100µm. 
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Figure 6.10: The effect of ctsk and tgfβ1a co-targeting compared to separate targeting on the 
overall morphology of crispants at 5dpf 

(a&b) wildtype control 5dpf larvae (n=24) showing the expected morphology at the examined stage 

(lateral view). (c&d) 400pmol ctsk targeted larvae (n=56) showing clear phenotypical abnormalities as 

larvae appear to have shorter figures that is completely disrupted in (c). d shows clear disruption to the 

jaw and a smaller head. 62.5% of ctsk crispants fail to develop inflation of the swim bladder. (e&f) 

tgfβ1a targeted larvae (n=24) do not display remarkable abnormalities and seem to develop normally. 

(g&h) larvae targeted for ctsk 200pmol and tgfβ1a 200pmol combined, total 400pmol (n=32). Larvae 

have slight body curvature. 37.5% of co-injected larvae fail to develop an inflated swim bladder as seen 

in ctsk crispants (c&d), yet the general structure is fairly well maintained and looks phenotypically 

more uniform than ctsk targeted fish, yet more disrupted than tgfβ1a alone (e&f). Scale bar= 1000µm. 



165 

 

 

Figure 6.11: co-targeted embryos display higher activity compared to wildtype controls, and a 
highly significant reduction in rapid movement ability in the presence of light 

a. significant reduction in the duration spent in an inactive state (p-value= 0.009), suggesting higher 

activity in tgfβ1a:ctsk targeted larvae (n= 20) when compared to wildtype controls (n=10). However, 

co-targeted crispants spend significantly less time in a hyperactive state indicating a disability to their 

speed in the presence of light (p-value= <0.0001) (b). c. In the absence of light, crispants appear to be 

less sedentary with lower significance compared to the other condition (p-value= 0.026). d. non-

significant change to the swimming speed of crispants in the absence of light (p-value= 0.193). 

Statistical test performed as a student t-test using Graphpad Prism.  



166 

 

Using the Tg(myl7:lifeActGFP) transgenic line, the effect of tgfβ1a:ctsk co-targeting compared to 

separate targeting on heart development was examined. Figure 6.12 displays the heart morphology at 

3dpf. ctsk targeted (c&d) larvae show clear disruption to the heart structure, which include disruption 

in looping, and chamber shape and size. tgfβ1a crispants (e&f) display some abnormalities that appear 

milder than ctsk targeted larvae. Some irregularities in general shape were observed, yet the defect 

seemed tolerable and crispants were able to be raised up to 12 months. Interestingly, co-targeted 

crispants (g&h) display some heart defects, which appear to be milder compared to ctsk cripsants 

(c&d), and similar to tgfβ1a crispants (e&f).  

At 5dpf, a similar result was observed where ctsk crispants displayed deformities within the heart 

structure, including shape irregularities and a visibly smaller ventricle (Figure 6.13, c&d) in 57% of 

imaged crispants. More severe deformities, which include significant shrinkage in size, and inversion 

of the heart, with disruptions to the looping process was observed in 36% of ctsk crispants. Such severe 

impact prevented us from further raising the crispants to adulthood to avoid any suffering to the 

organism. Mild deformities such as an incomplete heart rotation for optimum positioning was observed 

in 29% of tgfβ1a crispants (e&f). tgfβ1a:ctsk crispants (g&h) show deterioration when compared to the 

heart morphology at 3dpf. Mild defects including disproportion between the two chambers and 

disruption in the looping process was observed in 48% of co-targeted crispants. At this stage, co-

targeted crispants again showed a phenotype that appears to be milder than ctsk crispants, yet more 

severe than tgfβ1a alone. Using heart images of generated crispants, heart volumetric measurements 

was conducted to detect any changes in the total heart volume at 5dpf associated with the induced 

mutation (Figure 6.14). A significant reduction in heart volume of ctsk 400pmol group (p-value= 

0.015) and tgfβ1a:ctsk co-targeted crispants (p-value= 0.028) was detected. This experiment was only 

conducted once, therefore, requires further repeats to confirm the obtained result.  

 

 

 

 

 



167 

 

 

 

 



168 

 

Figure 6.12: Co-targeting of ctsk and tgfβ1a show enhancement in heart structural development 
when compared to ctsk single targeting at 3dpf  

(a&b) wildtype uninjected larvae (n=8) representing the expected heart structure (outlined in yellow) 

at the 3dpf stage in the Tg(myl7:lifActGFP) transgenic line, ventral view. (a’&b’) CRISPR-STAT 

genotyping shows intact ctsk (a’) wildtype peak at 324 and tgfβ1a (b’) wildtype allele peaks at 329 (red 

star). (c&d) 400pmol ctsk targeted (n=14) heart morphology showing disruption to the overall shape of 

the heart and disproportion between the heart chambers. (e&f) 400pmol tgfβ1a targeted larvae (n=5) 

showing mild irregularities in the heart surface (g&h). tgfβ1a:ctsk co-targeted larvae (n=8) displaying 

mild phenotype similar to tgfβ1a targeted larvae. (c’-h’) Green stars indicate the expected peak position 

when absent. V= Ventricle, A= Atrium, AV-V= Atrioventricular Valve, BA= Bulbus Arteriosus. Scale 

bar= 100µm. 
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Figure 6.13: Deterioration of the heart phenotype in tgfβ1a:ctsk co-targeting larvae at 5dpf  

(a&b) wildtype uninjected larvae (n=8) displaying the expected heart structure (outlined in yellow) at 

the 5dpf stage in the Tg(myl7:lifeActGFP) transgenic line, ventral view. (a’&b’) CRISPR-STAT 

genotyping shows intact ctsk (a’) wildtype peak at 324 and tgfβ1a (b’) wildtype allele peaks at 329 (red 

star). (c&d) 400pmol ctsk targeted (n=14) heart morphology showing clear disruption to heart 

morphology with smaller chambers, inefficient rotation for correct orientation, disruption in the looping 

process in 36% of crispants. General irregularities to the heart shape were also observed on a milder 

scale in 57% of imaged crispants. (e&f) 400pmol tgfβ1a targeted larvae (n=8) showing mild effect on 

heart morphology and incomplete rotation for correct alignment within the organism in 29% of 

successfully targeted crispants. (g&h) tgfβ1a:ctsk co-targeted larvae (n=8) display disruptions to the 

heart morphology, including smaller atrium and ventricle and disruption in looping process, present in 

48% of imaged crispants. (c’-h’) display the corresponding genotype and the green stars indicate the 

expected peak position when absent. V= Ventricle, A= Atrium, AV-V= Atrioventricular Valve, BA= 

Bulbus Arteriosus. Scale bar= 100µm. 

 

Figure 6.14: Changes in total heart volume of CRISPR targeted larvae at 5dpf 

Significant reduction in 400pmol (2nl) ctsk (n=6) (p-value= 0.015) and 400pmol (2nl) tgfβ1a:ctsk 

crispants (n=3) at 5dpf (p-value= 0.028) when compared to wildtype controls. No significant change 

was detected in heart volume of tgfβ1a crispants when compared to wildtype controls at 5dpf. Statistical 

results obtained from One-way ANOVA test with multiple comparisons, performed using Graphpad 

prism. 
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Here, the overall morphology phenotype occurrence was compared between single targeted groups and 

the co-targeted larvae (Figure 6.15). ctsk targeted larvae show the highest percentage of abnormal larval 

development as 68% of larvae show an abnormal phenotype, with 21% of which a highly detrimental 

phenotype is present. The severe phenotype is characterised by complete disruption in the general 

morphology as shown in (Figure 6.10, c). tgfβ1a crispants showed defective general morphology in 

29% of larvae with only 4% displaying a severe phenotype. Strikingly, tgfβ1a:ctsk co-targeted larvae 

only showed an abnormal mild phenotype in 4% of the 72 tested larvae with no evidence of severe 

phenotype in any of the crispants.  

 

Figure 6.15: Overall morphology of ctsk, tgfβ1a, and tgfβ1a:ctsk co-targeted larvae 

(a) Healthy controls showing 100% normality of phenotype. (b) 400pmol ctsk targeted larvae, with 

31.6% of injected larvae showing no phenotype, 47.4% displaying mild deformities including mild spin 

curvature, and a small head. 21% of ctsk targeted larvae presented a severe phenotype that significantly 

altered their body morphology. (c) 66.7% of 400pmol tgfβ1a targeted larvae showed no phenotype, 

29.2% displayed a mild phenotype characterised by a curved shorter body structure, while 4.1% of 

injected larvae showed severe disruption to the general morphology of the larvae. (d) a mere 4.2% of 

tgfβ1a:ctsk co-targeted larvae showed a mild phenotype, while the remaining 95.8% appeared healthy 

in terms of their general morphology. Figure generated using Graphpad Prism.  
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Taken together, the data indicate an enhancement in the pathogenic impact on the overall morphology 

of ctsk and tgfßla targeting, when both genes are co-targeted within the same embryo. Larvae appear to 

develop a phenotype that is more tolerable than ctsk crispants, and similar to that of wildtype controls, 

with the exception of a failure in swim bladder inflation. This phenotype was observed in 37.5% of 

tgfßla:ctsk co-targeted larvae compared to 62% in ctsk crispants, and was not observed in any of the 

wildtype controls, or tgfßla crispants. ctsk and tgfßla co-targeted larvae appear to have mild defects 

such as a smaller head in just 4% of imaged larvae, and a deflation of the swim bladder present in 37.5% 

of co-targeted larvae.  

Looking at the heart morphology, more prominent defects are visible. The defects appear mild in nature 

up to 3dpf. At 5dpf, a progression in phenotype occurs, resulting in co-targeted crisprants exhibiting 

mild heart deformities including a disproportionate size between the two heart chambers and incomplete 

heart rotation for proper alignment within the organism. This phenotype is present in 48% of co-targeted 

larvae, compared to 29% in tgfßla crispants, and 57% in ctsk crispants, which also show more severe 

heart defects in 36% of targeted larvae.  

Following up, heart volumetric measurements were conducted to determine the effect of co-targeting 

on the total heart volume. At 5dpf, both 400pmol ctsk targeted larvae (p-value= 0.015) and co-targeted 

larvae (p-value= 0.028) have a significantly smaller heart volume when compared to wildtype controls. 

This result suggests a progressive effect of mutation in the heart phenotype that can significantly reduce 

the heart volume of crispants at 5dpf. As this analysis was conducted with a limited number of crispants, 

further repeats should be performed to confirm the observed phenotype.  

The significant decrease in the frequency of abnormal general phenotypes in the co-targeted crispants. 

compared to both ctsk and tgfßla crispants indicates a potential restorative effect on skeletal 

morphology. Meanwhile, the progressive detrimental effect of the co-targeting on heart development, 

suggests a differential impact of co-targeting in different tissues. This differential effect further adds to 

the complexity of interactions between the two genes and highlight the importance of studying their 

function in various tissues simultaneously to have a comprehensive understanding of their mechanisms 

of action.  

Although co-targeting appears to have only a mild pathogenic impact on the skeletal structure based on 

the general morphology of crispants, the functionality of the musculoskeletal system seems to be highly 

impacted causing a significant increase in the overall activity of the larvae in both light conditions (with 

light: p-value= 0.009) (without light: p-value= 0.026). Meanwhile, co-targeted larvae exhibited a 

significant reduction in their hyperactive swimming abilities, only in the presence of light (p-value= 

<0.0001). In the absence of light, co-targeted larvae did not display an altered swimming pattern 
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regarding their hyperactive swimming duration (p-value= 0.193). This suggests a possible role of both 

genes in the nervous system, which was not detected when the genes were targeted separately, hinting 

at their coupled involvement in the development of the nervous system, and/or its regulation. However, 

this experiment was only conducted once. Therefore, further repeats must be performed to validate this 

initial result. 

6.3.6. Effect of gdf5 modulation on ctsk and tgfβ1a expression 

After identifying a potential mechanism linking ctsk and tgfβla,and considering the established 

relationship between TGFβ1 and GDF5 as members of the same TGF-β superfamily, a question arises 

as to whether the modulation of gdf5 would impact the expression pattern of ctsk and tgfßla. Previous 

studies have shown that TGFβ1 and GDF5 act antagonistically during early muscle development in 

embryos, where GDF5 induces myogenesis, while TGFβ1 inhibits this process, regulating muscle 

development (Wu et al., 2009). A similar function was also identified in the development of the skeletal 

system, whereby both proteins function antagonistically, regulating chondrogenesis to attain bone 

homeostasis (Wu et al., 2016). Therefore, I hypothesised a change in tgfβla expression levels in gdf5 

F2 mutant larvae, and possibly an effect on ctsk levels based on the identified link between tgfβla and 

ctsk. To test this hypothesis, a quantitative PCR analysis of ctsk and tgfβla gene expression levels was 

conducted using wildtype nacre larvae compared to gdf5 F2 mutants at 5dpf. Two replicates were 

performed, and both display a significant reduction in the expression levels of both genes in the gdf5 

mutants when compared to the wildtype controls, Figure 6.16. This indicates a direct correlation among 

all three genes, where they function concurrently, and any changes made in one gene has a direct impact 

on the rest of the network, potentially as an effort to counterbalance the pathogenic implication of the 

mutation and maintain homeostasis.  
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Figure 6.16: Consistent reduction in ctsk and tgfβ1a gene expression levels in gdf5 F2 mutants 
when compared to wildtype nacre controls 

Data obtained from two repeats of qPCR analysis to investigate the gene expression levels of ctsk and 

tgfβ1a in gdf5 f2 mutants.  β-actin was the chosen internal control. Nacre 5dpf was the calibrator for 

the fold change calculations. Figure generated using Graphpad Prism.   
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6.4. Discussion 

Due to the highly complex nature of the TGFβ1 gene and its extensive involvement in essential 

processes, which exhibit clear dual functionality, I aim to present my observations with caution and 

acknowledge the limitations of my interpretation. Unfortunately, the utilised CRISPR guide targets for 

tgfβ1a did not display high targeting efficiency, leaving many of the injected larvae with the wildtype 

peak present, indicating unsuccessful targeting. Therefore, many of the imaged larvae had to be 

excluded from the analysis as they appear to maintain the wildtype peak according to the CRISPR-

STAT analysis. Based on the obtained results from successfully targeted larvae, targeting of tgfβ1a 

shows mild deformities in the general structure of targeted larvae. In the 100pmol targeted larvae, 85.7% 

show no alterations in the overall morphology, while 14.3% show mild defects such as spine curvature 

and jaw elongation.  Meanwhile, 400pmol targeted larvae show the same mild deformities at a higher 

percentage of 29. Additionally, 4% of the larvae that were targeted displayed significant disturbance to 

their morphology, featuring noteworthy spinal curvature and considerable reduction in whole-body 

length. When examining the jaw cartilage structure using the Tg(Col2a:mCherry) line, mild defects 

were observed at 3dpf. These include non-uniform chondrocyte organisation within the cartilage, and 

disruption to the paraquadrate structure, where in some larvae it appears thicker than the wildtype 

controls. However, in other cases, shrinkage of the paraquadrate structure was also observed. At 5dpf, 

some jaw abnormalities become clear through basic brightfield imaging showing a retraction and in 

some cases elongation of the jaw structure. By having a closer look at the studied structures using the 

transgenic line, more detrimental phenotypes within the jaw cartilage including remarkable curvature 

of the meckel’s cartilage was present. Moreover, a complete absence of the basihyal structure was 

observed in 12.5% of targeted larvae. Although the targeting efficiency was detected using CRISPR-

STAT, sequencing of individual crispants may reveal a link between the observed phenotype categories 

and the nature of the induced mutation. 

The detrimental effect observed in just 4% of crispants was our primary expected result. According to 

published literature, TGFβ1 plays a critical role in ECM regulation by controlling the synthesis of 

collagen (Chan et al., 2005), fibronectin (Taipale et al., 1994) and proteoglycans (Okuda et al., 1990); 

all of which are critical components of skeletogenesis. Furthermore, it regulates other key bone-related 

growth factors such as bone morphogenetic proteins (BMPs) through ALK signalling (Davidson et al., 

2009). Taken together, this highlights the critical functions of TGFβ1 in skeletogenesis, which comes 

with no surprise following the findings obtained while studying other bone related genes, ctsk and gdf5. 

However, remarkable skeletal abnormalities were only present in 4% of generated crispants. This 

variability demonstrates the complexity of bone homeostasis, especially in the case of TGFβ1 where its 

function goes beyond bone morphogenesis due to its involvement in structural development and cell 
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cycle regulation in numerous systems. Even when inducing a mutation within such a critical gene, other 

bone regulatory proteins function in parallel to the TGFβ signalling pathway through other pathways 

including Wnt/B-catenin (Duan et al., 2016), JAK/STAT (Li et al., 2013; Sanpaolo et al., 2020) and 

BMP signalling pathway (Cao et al., 2009), in an attempt to attain bone homeostasis, which compensate 

for TGFβ1 loss of function. However, it must also be taken into account that tgfβ1 has two paralogues, 

tgfβ1a and tgfβ1b in zebrafish. Therefore, the expected phenotype might be attenuated due to 

compensation provided by the second paralogue, as we only targeted tgfβ1a. To confirm or deny this 

hypothesis, generating double crispants targeting both paralogues would be necessary.  

 Apart from the previously discussed role of TGFβ1 in the regulation of the ECM that would justify its 

involvement within the cardiovascular system, several studies established direct links between TGFβ1 

and several types of CVD, including atherosclerosis (Mallat et al., 2001) and coronary heart disease (Lu 

et al., 2012). TGFβ1 displays other functions within the cardiovascular system development and 

regulation including vascular remodelling. A study found cardiac remodelling enhancement when 

targeting Tgfβ1. Knockdown of Tgfβ1 limited neoinitma hyperplasia by inhibiting the migration of 

vascular smooth muscle cells to the tunica intima layer, which prevented tissue accumulation that when 

overstimulated would lead to heart failure (Suwanabo et al., 2012). Our results from tgfβ1a targeted 

larvae in the Tg(myl7:lifeActGFP) transgenic line showed only mild defects that could be explained by 

one the two presented functions of tgfβ1a in the cardiovascular regulation. Two different CRISPR guide 

target concentrations were tested, 100pmol and 400pmol. However, only a few of 400pmol targeted 

larvae showed successful targeting. Therefore, a correlation between the observed phenotype for the 

two concentrations and their genotype could not be determined following the CRISPR-STAT analysis. 

However, repetition of the injection followed by sequencing of individual larvae may reveal a 

correlation between the phenotype and genotype. Moreover, generation of a stable mutant lines, after 

targeting both paralogues, would be ideal to provide more information regarding the effect of the 

specific induced mutation. At 5dpf, defects start appearing within the heart, resulting in chamber shape 

irregularities, which appear as bumps within the heart wall. However, to confirm the exact affected 

tissue, injection for targeting tgfβ1a must be performed in heart tissue specific transgenic lines. The 

irregularities and bumps observed in the heart chambers could be a result of disruptions in the ECM 

formation or due to defects in cardiac remodelling. Also, disproportion regarding the size of both 

chambers in relation to each other was observed, but not quantified for validation purposes. Analysis 

of separate chamber sizes would have to be performed to confirm the disproportionate factor.  

TGFβ1 is not only involved in early chondrogenesis by initiating mesenchymal stem cell condensation 

(Tuli et al., 2003), it also has a role in chondrocyte maintenance by regulating cell proliferation (Simon 

et al., 1995) and inhibiting cartilage hypertrophy (Song et al., 2007). Thus, even if the mutagenesis 

impact on early development has been fairly mild, progression of the phenotype is expected in tgfβ1a 
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targeted adult fish and may affect the functionality of the skeletal system. Therefore, to test the increase 

of possible defects in adulthood regarding the fish swimming abilities, crispants were raised up to 12 

months old and the effect of the targeting on the adult swimming abilities was tested in three replicates 

in the stated two conditions of absence and presence of light. Targeting of tgfβ1a does not appear to 

have an impact on the fish swimming duration or speed, in both light and dark conditions. Sequencing 

data of adult crispants utilised in this analysis suggest successful targeting of tgfβ1a. However, it must 

be noted that in several cases of sequenced crispants, a 3bp and a 6bp deletion was present, which may 

result in a functional protein, if the mutation happens to be missense. Even in the presence of other 

mutations, the fish may be heterozygous.  

Unfortunately, due to time constraints, we were unable to perform micro-CT scans to adult crispants 

utilised in the behavioural analysis. Based on detected larval skeletal phenotype, which manifests as 

subtle deformities sometimes undetectable in the brightfield view, yet visible in the transgenic lines, we 

suspect persistence of skeletal abnormalities to the adulthood stage. This hypothesis is supported by 

multiple studies of TGFβ1 function in patients with OA, where TGFβ1 plays a crucial role in regulating 

extracellular matrix development (Ota et al., 2012) and bone mineralisation (Ehnert et al., 2010). 

Therefore, conducting micro-CT analysis to the adult crispants may reveal the role of tgfβ1a in later 

skeletal development or maintenance.  

The complexity of TGFβ1 due to its tight regulation through numerous factors, in addition to its 

involvement in many processes with sometimes opposite functions, makes TGFβ1 a truly challenging 

gene to investigate. However, additional experiments may reveal deeper insights into the function of 

TGFβ1. Generation of a stable mutant line with a specific point mutation would allow us to track the 

effect of the studied mutation on the skeletal and heart structural development. Additionally, generation 

of double crispants mutants targeting both tgfβ1 paralogues would reveal key information regarding the 

hypothesised compensation mechanism. Regarding the heart examinations, there were visible 

abnormalities such as irregularities in chamber shape and differences in size ratio between the two 

chambers. Although these abnormalities were clear, quantifying them would add a wealth of 

information on the exact effect of tgfβ1a modulation. Expanding the volumetric analysis of the heart to 

incorporate additional samples could unveil the potential impact of targeting on heart volume, which is 

suggested by the bumps visible in the obtained lightsheet images. Finally, assessing the skeletal and 

heart structures in adult crispants could provide key information on the effect of the mutation at later 

developmental stages.  
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Based on the detected correlation between CTSK and TGFβ1 co-expression pattern, in addition to recent 

evidence suggesting a correlation between the two genes (Flanagen-Steet et al., 2018), an experiment 

was designed to investigate the effect of co-targeting both genes within the same organism. In this 

experiment, a severe detrimental impact on the larval health was hypothesised due to the array of critical 

functions displayed by both genes.  Surprisingly, co-targeted larvae appear less affected by the targeting 

of both genes when compared to their separate targeting, when looking at the overall morphology of 

targeted larvae. By comparing the overall morphology of crispants, a complete eradication of the severe 

phenotype in co-targeted larvae was found, and only 4% of crispants showed a mild phenotype 

compared to 29% in tgfβ1a crispants and 47% of ctsk crispants. This suggests a possible recovery 

mechanism that must be cautiously considered. It should be noted that the larvae targeted using both 

ctsk and tgfβ1a guide targets were injected with a lower dose of 200pmol compared to the separate 

targeting, which used 400pmol. Despite this, even at the minimum concentration of 100pmol, 37.5% of 

the ctsk targeted larvae displayed a mild phenotype, and 14.29% of the tgfβ1a targeted larvae also 

exhibited a mild phenotype. With that in mind, the improvement in the overall phenotype of the co-

targeted crispants, accounting for only 4% displaying a mild phenotype, still suggests a possible 

recovery mechanism in the co-targeted larvae. 

Due to time limitations, co-targeting injections in the Tg(Col2a:mCherry) cartilage line were not 

performed. However, a single repeat was conducted for the larval behavioural analysis, in the presence 

and absence of light, to examine the functionality of the skeletal system in the co-targeted larvae. A 

significant increase in general activity was observed in both light conditions. Regarding their 

hyperactive swimming abilities, a high significant decrease was observed, only in the presence of light. 

Hyperactive swimming of co-targeted larvae does not seem to be affected in the absence of light. Both 

genes were identified separately as regulators of the nervous system (Kiefer et al., 1995; Dauth et al., 

2020). However, based on our combined results, where targeting ctsk and tgfβ1 separately did not show 

a significant change in movement in the two light conditions, yet co-targeting them revealed a 

differential effect between light and dark environment, suggest a possible functional link between the 

two genes in the nervous system. Thus, targeting both genes could be a great potential area for further 

investigation to confirm their coupled role in the nervous system.   

Regarding the effect of co-targeting on the heart morphology, co-targeted crispants appear to initially 

develop with mild irregularities in the heart shape. However, the detected phenotype seems to worsen 

at 5dpf, allowing the larvae to display a heart morphology, similar to that of ctsk crispants. The heart 

display clear alterations in size and disproportion between the two chambers. The looping process is 

also affected and result in misalignment of the heart within the organism. Additionally, the co-targeted 

larvae showed a significant reduction in the total heart volume (p-value= 0.028), as seen in ctsk 
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crispants (p-value= 0.015). This suggests a functional role of both genes in the development of the 

cardiovascular system.  

After exploring the possible link between ctsk and tgfβ1a, and due to the known link between GDF5 

and TGFβ1 as members of the TGF-β superfamily, I suspected an effect of modulating gdf5 on ctsk and 

tgfβ1a. Using qPCR, the gene expression levels of ctsk and tgfβ1a were measured in nacre wildtype 

controls and gdf5 F2 mutants. Throughout the two performed replicates, both genes showed a consistent 

reduction in their expression in the gdf5 mutants. This highlights a direct linkage between the three 

studied genes, which forces a change in gene expression levels of ctsk and tgfβ1a when gdf5 was the 

targeted gene. As this experiment was performed twice, another replicate would be required to validate 

this result. Also, generating stable mutant lines for ctsk and tgfβ1a, and examining the other genes 

expression levels would be essential to confirm this hypothesis.  

The obtained data highlights direct interactions between ctsk and tgfβ1a. It also shows the differential 

effect of their targeting in different systems. The co-targeting seems to counteract the severe detrimental 

effect of targeting ctsk on its own, improving the overall morphology of the larvae. An enhancement in 

the functionality of the skeletal system was also observed as co-targeted crispants show higher activity 

levels. However, they also show a significant reduction in their hyperactive swimming when compared 

to wildtype controls, only in the presence of light. Hence, co-targeting appears to differentially affect 

the musculoskeletal, cardiovascular, and nervous systems. This finding emphasises the genetic 

relatedness of apparently distinct chronic conditions, whilst also highlighting the intricacy of 

multimorbidity. It also reveals additional factors that should be considered in the investigation of 

multimorbidity which include: the necessity of using an in-vivo system, the importance of examining 

multiple structures simultaneously, the consequences of administering drug inhibitors targeting the 

mentioned pathways on other involved proteins, and the usefulness of broad comprehensive studies that 

focus on genes within systems, rather than identifying a single function.  

Figure 6.17 presents the hypothesis regarding the molecular mechanism behind the enhancement of the 

skeletal phenotype in co-targeted crispants compared to the separate targeting. Bone homeostasis is an 

essential ongoing process to maintain healthy bones. Homeostasis is attained through a delicate balance 

between osteoblast activation for bone formation, and osteoclast activation for bone resorption (Rodan, 

1998). CTSK is primarily expressed by osteoclasts (Ho et al., 1999) and is highly involved in their 

catabolic function. Therefore, when targeted a disruption to osteoclasts is expected. On the other hand, 

TGFβ1 is known for its function in inducing osteoblast differentiation (Janssens et al., 2005) and 

therefore, in the loss or reduction of functional osteoclasts with the presence of osteoblast inducing 

protein, TGFβ1, severe disruption to bone homeostasis would be expected due to skewness of the two 

components. Thus, when both genes are targeted, balance may be achieved via the simultaneous 
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reduction in building and breaking of bone tissue. To validate this hypothesis, a quantitative real-time 

PCR must be performed to detect the levels of tgfβ1a in ctsk crispants and ctsk levels in tgfβ1a crispants 

to detect any changes in their expression levels when the other gene is targeted. However, due to time 

limitations, these experiments are yet to be performed. However, a similar experiment was performed 

using gdf5 F2 mutants to detect changes in expression levels of ctsk and tgfβ1a. As discussed, a 

remarkable reduction in both gene expression levels was detected in the two conducted replicates 

suggesting a direct link to the three studied genes that forces a change in their expression when one 

gene has been modulated.  
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Figure 6.17: Suggested molecular mechanism behind the observed improvement in the skeletal 
phenotype of co-targeted crispants when compared to single targeted crispants 

TGFβ1 and GDF5 are two growth factors that are highly involved in skeletal system regulation. Both 

cytokines signal through a SMAD-dependent pathway to induce osteoblast differentiation. 

Consecutively, osteoblasts release RANK ligand and M-CSF to activate osteoclast differentiation, 

which are highly abundant in CTSK and utilise it as one of the main regulators in bone resorption. The 

release of CTSK then signals back to TGFβ1 inhibiting its function on activating osteoblast 

differentiation in the aim of attaining bone homeostasis. Figure generated using Biorender 

(https://www.biorender.com/).  

 

  

https://www.biorender.com/
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Figure 6.18 summarises molecular mechanisms to provide insight on the possible link between the 

three studied genes via a SMAD-dependent pathway. However, it must be noted that other SMAD-

independent pathways were also found common between the two diseases and identified based on our 

bioinformatic analysis pipeline, yet functional analysis is required to validate their involvement through 

experimental investigation. 

 

Please see figure legend on the following page.  
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Figure 6.18: Schematic diagram of molecular interactions linking three studied genes 

1) TGFβ1 ligand binds to TGFβRI/II receptors, phosphorylating SMAD2/3 complex. SMAD2/3 the bind to 

SMAD4 for intranuclear transportation to activate target genes. 2) GDF5 ligand activate the BMP pathway 

signalling in parallel to TGF-β signalling pathway. BMPRI/II receptors form a homodimer or heterodimer 

complex, which allow for subsequent phosphorylation of SMAD1/5/8 complex that competes with TGF- β on 

SMAD4 binding to enter the nucleus and regulate downstream genes. 3) SMAD7 can bind to SMAD2 resulting 

in TGF-β signalling inhibition by preventing its binding to SMAD4. 4) Smurf1 can inhibit both pathways by 

inhibiting receptor homodimer/heterodimer binding, or through binding to SMAD6/7 inhibitory proteins. 5) 

SMAD7 can also bind to SMAD1/5/8 preventing their phosphorylation resulting in downregulation of the BMP 

pathway. 6) similar to SMAD7, SMAD6 can bind to BMPRI/II inhibiting the BMP signalling pathway. 7) SMAD6 

can bind to Smurf1 inducing degradation of SMAD1/5/8 complex, inhibiting the BMP pathway. 8) Noggin can 

also inhibit the BMP pathway by blocking binding of growth factors such as GDF5. 9) Connective tissue growth 

factor (CTFG) gets activated through downstream signalling of both TGF-β and BMP pathways, however, the 

encoded protein has a regulatory effect on both pathways by activating TGFβRI/II, and inhibiting BMPRI/II 

binding, favouring TGF-β signalling. 10) Furthermore, BMP7 and BMP9 can both inhibit CTFG, stopping its 

inhibitory effect on the BMP pathway. 11) miR-155 is a microRNA molecule that is expressed downstream of 

both pathways and also show an inhibitory effect on BMP signalling by preventing receptor binding. 12) IL6 is 

another downstream expressed gene that is highly involved in pathogenic inflammatory side of bone homeostasis. 

13) suggested feedback regulatory effect of CTSK on TGF-β signalling pathway (green arrow).  
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7. Discussion 
 

7.1. Common mechanisms underlying the pathogenesis of OA and CVD 

37 risk genes were identified common between the two diseases based on 133 OA and 2884 CVD 

GWAS data. By combining the candidate common risk genes for bioinformatic analysis, genes were 

found to be involved in two main functions. Firstly, they display a structural regulatory role through 

tissue maintenance, cell cycle and extracellular matrix regulation. Secondly, a function in inflammation 

regulation was identified via cytokine-cytokine interactions.  

Through the bioinformatic analysis, 3 SNPs were found common between OA and CVD. Two out of 

the 3 SNPs are located on the two genes, DPEP1 and SLC39A8.  Both genes are involved in zinc 

transportation (Kawasaki et al., 1993; Begum et al., 2002). DPEP1 has also been found to regulate iron 

trafficking in kidney cells (Guan et al., 2021). This observation was intriguing and provided initial 

evidence to the possible underlying pathogenic effect of altered metal ion regulation on the development 

of OA and CVD. Using STRING to identify protein-protein interactions, significant direct interactions 

were found between TGFβ1 and SMAD3, and CAMK2B and MAPT proteins. TGFβ1 and SMAD3 

interaction has been extensively studied and known for its function in signal transduction through 

TGFβ1 cytokine to intranuclear target genes through interactions with SMAD2 and SMAD4. 

Interestingly, CAMK2B is a calcium dependant protein kinase. CAMK2B was found to regulate 

dendritic cell formation and actin cytoskeleton in neurons (Koller et al., 2020). It also has a function in 

inflammation regulation by signalling through Ras/ERK pathway (Mohanan et al., 2022). One study 

discovered the co-expression pattern of CAMK2B and MAPT to be essential for TAU protein 

phosphorylation in Alzheimer’s disease (Panda et al., 2003). However, the exact mechanism of action 

of the two proteins remains unknown. In relation to the two studied diseases, CAMK2B was identified 

for its role in cartilage and subchondral bone maintenance, as when inhibited, remarkable cartilage and 

bone degradation was observed (Nalesso et al., 2021). CAMK2B was also found to regulate the heart 

rate by catalysing the activation through phosphorylation of proteins involved in heart contraction-

relaxation (Schulman and Anderson, 2011). MAPT was also identified for its role in cardiovascular 

performance, as one study found significant decline in heart efficiency in the absence of Mapt in 

knockout mouse models (Betrie et al., 2017). Currently, no link has been found between MAPT and 

OA. The significance of calcium signalling within the two diseases, provides support to the suggested 

pathogenic effect of Odanacatib, discussed in section 4.4, in CTSK inhibition that result in an increased 

risk of CVD development.  
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According to results obtained through the designed bioinformatic analysis, combined with literature 

searches, four signalling pathways were found to be involved in OA and CVD, possibly underlying 

their co-morbidity. These include the JAK/STAT (Mascareno et al., 2001; Malemud, 2018), 

MAPK/JNK (Muslin, 2008; Loeser et al., 2008; Sadoshima et al., 2002; Ge et al., 2017), 

PI3K/AKT/mTOR (Aoyagi and Matsui, 2011; Chen et al., 2012), and NF-κB (van der Heiden et al., 

2010; Rigoglou and Papavassiliou, 2013) signalling pathways. This information highlights the 

complexity of multimorbidity, and the importance of investigating the role of candidate genes with 

consideration to their impact on these critical pathways. It also points to the necessity of investigating 

the impact of any potential drug inhibitor on these pathways to avoid detrimental side effects that 

prevent us from utilising these drugs after years of research and development.  

Finally, three genes were selected for further functional analysis using the pipeline describe in section 

1.8. CTSK, GDF5 and TGFβ1a were selected due to consistent data indicating a significant involvement 

in both the musculoskeletal and cardiovascular systems. The genes were also found to be involved in 

other chronic diseases including Alzheimer’s disease (Dauth et al., 2011; Wu et al., 2021; Bernhardi et 

al., 2015), Parkinson’s (McGlinchey et al., 2020; Goulding et al., 2022; Comino et al., 2022) and various 

types of cancer, including prostate cancer (Wu et al., 2022; Conti et al., 2021; Shiota et al., 2021). 

Therefore, examining these genes would encompass a variety of prevalent chronic illnesses, facilitating 

the investigation of the pathogenic mechanisms underlying multimorbidity. Additionally, CTSK and 

TGFβ1 show a clear positive correlation in their baseline expression levels in different tissues, based 

on the FUMA GWAS analysis, suggesting a direct link that is worth exploring. Finally, based on the 

microarray data obtained in our laboratory, exhibiting a significant increase in fold change of Gdf5 

expression levels post murine hip injury, gdf5 was selected for further investigation. Another reason for 

selecting GDF5 is its association with TGFβ1 and established involvement in skeletal development, 

while its role in the cardiovascular system remains unknown. 

7.2. Cathepsin K is required for early skeletogenesis and heart 

development 

Cathepsin K was first identified in 1996 by Gelb et al., who discovered that pycnodysostosis disorder 

was a result of a mutation in CTSK that prevents the encoded protein from degrading collagen I, causing 

defects in bone homeostasis (Garnero et al., 1998). Since then, CTSK has been identified for its role in 

bone remodelling and resorption through the induction of bone matrix protein degeneration (Troen, 

2004; Christensen and Shastri, 2015; Bonnet et al., 2017; Yoshida et al., 2018). It is characterised as a 

lysosomal protease mainly expressed and stored in the lysosomes. The gene can be activated 

downstream of several pathways including SMAD-dependent and SMAD-independent pathways 

(Troen, 2006). In cartilage tissue, most CTSK is expressed by the osteoclasts. However, more recent 
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studies found the gene to be expressed in the osteoblasts and osteocytes (Mandelin et al., 2006). The 

mechanism regulating the expression pattern within the different cells is currently unknown. 

Nevertheless, mechanical loading was one factor identified to particularly induce CTSK production in 

osteoblasts and osteocytes (Bonnet et al., 2018), yet the question arises of whether the CTSK produced 

by the osteoblasts and osteocytes function in a similar manner to the CTSK expressed by osteoclasts. 

Differential functions may explain the different roles exhibited by CTSK, because although CTSK was 

identified as catabolic factor, recently, it has been found to exhibit cardioprotective role by inhibiting 

degradation of the ECM (Fang et al., 2019). It must be noted that the cardioprotective role was found 

in mice models with myocardial infraction and the knockout of Ctsk worsened the symptoms by 

inducing cardiomyocyte death. From this data, Fang concluded that Ctsk exhibit cardioprotective roles, 

yet the pathogenic context of the study in pre-diseased mice must be considered.  

Looking at the musculoskeletal role of Ctsk, knockout mice developed osteopetrosis like symptoms 

(Saftig et al., 1998), characterised by bone overgrowth. Moreover, overexpression of Ctsk resulted in a 

significant increase in bone turnover confirming the catabolic function of CTSK within the bone tissue 

(Kiviranta et al., 2001). Additionally, a recent study observed a delay in OA progression in Ctsk 

knockout mice (Sokki et al., 2018). This provides another indicator to the importance of studying the 

roles of genes within the context of a disease, but also the importance of studying the intrinsic role of 

the gene in an organ or system development. In osteoarthritis, CTSK was found overexpressed, which 

contribute to the excessive cartilage and underlying bone degeneration that eventually leads to OA 

development or progression (Logar et al., 2007). In cardiovascular disease, the gene is also found to be 

overexpressed. In the case of atherosclerosis, CTSK responds to the disturbed flow observed in 

atherosclerosis cases leading to its overexpression. When CTSK is overexpressed, it contributes to the 

rise in inflammation within endothelial walls, and cause disturbance to vascular remodelling. These 

changes eventually contribute to plaque accumulation seen in atherosclerosis (Fang et al., 2023). In 

aortic aneurysm, the increase in CTSK levels was found to induce muscle cell apoptosis, elastin 

degradation and T-cell proliferation (Zhao et al., 2015). Cell proliferation and apoptosis activation are 

two processes that were not previously identified to be regulated by CTSK. However, both processes 

are known to be regulated through TGF-β cytokines, including TGFβ1 (Simon et al., 1995; Ramesh et 

al., 2008). The TGF-β signalling pathway is found upstream of CTSK and can regulate its expression 

levels, which could suggest that observed phenotype in aortic aneurysm is rather a change in TGF-β 

signalling that subsequently increase CTSK levels and lead to disease progression. Another study in 

2015 came up with the same conclusion suggesting the direct involvement of CTSK in apoptosis. In 

this case, they found knocking out Ctsk in aged mice to reduce impairments in heart function by 

reducing apoptosis (Hua et al., 2015). Yet, based on data obtained in this study, in addition to recent 

studies suggesting a direct crosstalk between TGFβ1 and CTSK (Bhattacharyya et al., 2015; Flanagan-
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Steet et al., 2018; Lu et al., 2020), a plausible suggestion to the observed phenotype could rather be an 

impairment to TGF-β signalling pathway rather than CTSK itself. The relation of the two genes is not 

only limited to their co-expression pattern as seen in FUMA GWAS analysis, the localisation of CTSK 

can also impact TGF-β. Lu et al., 2020 revealed the negative effect of CTSK mislocalisation on TGF-

β signalling disruption in gnptab knockout zebrafish. Mucolipidosis (MII) zebrafish models are 

generated via the induction of a mutation to gnptab gene, several lysosomal proteases are found to be 

affected, including Ctsk which get improperly mislocalised, resulting in its overactivation. Such 

increase was found to have a direct disruptive effect on TGF-β signalling, resulting in defective 

formation of myocardial and valvular structures leading to heart failure. In this study, inhibition of 

CTSK restored heart development (Lu et al., 2020).  

Targeting ctsk in zebrafish embryos confirmed the essential function of the gene in the development of 

the skeletal and heart structures. Skeletal defects were detected as early as 3dpf causing mild defects in 

47.4% of targeted larvae, while 21% targeted larvae display severe deformities. Clear abnormalities in 

the jaw structure were visible through basic brightfield imaging. When having a closer look at the 

structure using the Tg(Col2a:mCherry) transgenic line, disruptions to the meckel, palaquadrate and 

synovial joint  were visible at 3dpf, leading to mild defects in 46% and severe defects in 20% of targeted 

larvae. The phenotype progressed with the skeletal development progression, affecting additional 

structures including the ceratohyal and basihyal structures at 5dpf, resulting in an increase to 30% of 

targeted larvae displaying severe abnormalities.  

The heart also displayed clear defects in ctsk targeted larvae, as shown previously in Ctsk knockout 

mice (Guo et al., 2018). At 3dpf, irregularities within the chamber shape were observed, along with 

disruption to the looping process of the heart leading to abnormal looping. Initial in situ hybridization 

data suggest the disruption in the heart development to be initiated as early as 1dpf. However, due to 

the limited number of examined embryos, further repeats must be performed to confirm ctsk 

involvement at early heart development of 1dpf. The remarkable impact of ctsk targeting on both 

structures confirm the role of Ctsk in the skeletal and heart structural development in zebrafish. A 

possible explanation to the observed effect of what may seem unrelated structures, could be a simple 

link through connective tissues. As both the skeletal and heart structures are rich in connective tissues, 

which are also rich in collagen that is directly regulated by CTSK. Therefore, any disruption to CTSK 

will have an impact on both structures.  

As part of the investigation of ctsk targeting effect on the studied structures, two concentrations of 

CRISPR guide targets were injected to detect any differential impact of targeting load on observed 

phenotype. Results reveal different phenotype in correlation with injected guide concentration. The 

lower 100pmol concentration seem to have a milder effect on the skeletal structure and heart 
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development when compared to 400pmol targeted larvae.  Additionally, the two concentrations showed 

an opposite effect instead of a cumulative effect in some cases. In heart volumetric measurements, 

100pmol showed non-significant increase in heart volume, while 400pmol showed a non-significant 

reduction in heart volume, when compared to wildtype controls. The difference in heart volume of the 

two concentrations allowed for a significant change (p-value = 0.0185) to be detected when comparing 

the two concentrations to each other, but not to the uninjected controls. Initially, this result was 

disregarded due to the small number of larvae included in the analysis. However, a similar pattern was 

observed in the larval behaviour analysis, where ctsk crispants showed a high significant difference 

between the two concentrations, especially in the presence of light. In this analysis, 400pmol targeted 

larvae appear to exhibit higher activity levels, with a significant reduction in hyperactive swimming 

when compared to 100pmol targeted larvae, but not to the uninjected controls. This experiment was 

also conducted once, thus require further repeats for validation, yet the high significant difference 

observed between the two concentrations, combined with the heart volumetric data, suggest a possible 

opposite impact of mutation based on guide target load. Therefore, generation and sequencing of stable 

mutant lines with the two different concentrations would be essential to confirm if the lower guide 

concentration result in lower targeting efficiency. This may help explain the discrepancies observed in 

the effect of ctsk targeting or protein inhibition on CVD progression, where in some cases ctsk targeting 

seem to contribute to CVD progression, while its inhibition improved the existing CVD condition (Hua 

et al., 2015; Fang et al., 2019).  

As mentioned, the inhibition of CTSK attenuated CVD progression in aged mice (Fang et al., 2019) 

and in this study, researchers suggested that CTSK makes a good target for the treatment of CVD. 

However, the observed effect of inhibiting CTSK in OA patients using the same drug, odanacatib 

suggest otherwise. Although the drug has proved to significantly improve cartilage degeneration and 

attenuate OA progression, drug trials had to be terminated due to the increased risk of CVD 

development in OA patients undertaking the drug trial (Mullard, 2016). This highlights the importance 

of tight regulation between CTSK and other factors that function to attain homeostasis. Any intervention 

to one factor would subsequently affect other involved proteins and may manifest into another disease. 

One possible explanation to the pathogenic effect of CTSK inhibition, using odanacatib, on the 

cardiovascular system could be related to calcium signalling. One study generated Ctsk knockout mice 

and examined the effect of the knockout on CVD progression (Hua et al., 2015). In Ctsk mutants, they 

observed reduction in calcium signals in response to electric stimulus, in addition to an extension in 

time required for return of calcium levels to baseline, which depends on calcium export from the 

cytoplasm to the periphery outside the cell. This suggests that the targeting or inhibition of CTSK 

disrupt the intracellular calcium homeostasis, resulting in an increase of calcium levels, which may lead 

to heart calcification if the inhibition took place in a non-tissue specific manner.  
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To examine the effect of ctsk targeting on the later musculoskeletal system development, crispants were 

raised to adulthood, and a series of experiments were performed to examine the bone structure at later 

stages, and the functionality of the system by monitoring the fish swimming abilities. Due to the severe 

detrimental impact observed in 400pmol targeted larvae, only 100pmol targeted larvae were raised and 

used in the adult experiments. In 100pmol ctsk targeted adult fish, no change was observed in the 

swimming behaviour displayed by the fish in the presence or absence of light. In line, micro-CT scans 

revealed a non-significant effect of ctsk targeting on the bone volume and bone mineral density of adult 

fish bones. However, a significant increase in bone surface area was observed only in male crispants. 

Due to the limited number of scanned fish, it is hard to reach a conclusion to the increase in bone surface 

area. Nonetheless, based on our previous knowledge about CTSK function, it could be the case of 

disruption in remodelling and resorption in the absence of ctsk, which result in changes in bone 

morphology with irregularities in the bone shape. Such irregularities would not affect the total bone 

volume, yet it may result in grooves or projections within the bone structure, increasing its surface area.  

To summarise, data confirmed the high involvement of ctsk in the skeletal and heart structural 

development possibly through its role in connective tissue, especially collagen regulation. It is worth 

noting that the Tg(Col2a:mCherry) transgenic line was employed for cartilage visualisation, which 

displays collagen II in red fluorescence. Meanwhile, collagen I makes up 90% of the bone matrix. 

Therefore, some information may be hidden about the exact structural changes and the use of a collagen 

I line may reveal additional information about the targeting effect on early skeletogenesis. Different 

CRISPR target concentration was used for the injections and showed different phenotypes that 

sometimes appear to have an opposite effect rather than a cumulative phenotypic effect. This highlights 

the effect of targeting or inhibition load on observed defects and may explain the discrepancies in 

knockout effect conducted by different studies. 100pmol targeting caused milder defects that do not 

affect the adult swimming behaviour and showed limited effect on bone structure of adult fish, that was 

only significant in male crispants. Therefore, generating different genetic alleles with varying strengths 

would be essential to confirm the impact of Ctsk load on the manifested phenotype. 

7.3. gdf5 is required for later stages of bone development, with no 

remarkable effect on early cartilage and heart development 

GDF5 has been known for its function as a bone growth hormone (Hotten et al., 1996; Francis-West et 

al., 1999). Similar to CTSK, it is involved in SMAD-dependent and SMAD-independent pathways 

through the BMP signalling pathway. GDF5 was primarily though to have an activating role on BMP 

signalling as an anabolic factor, but recently Mang et al., 2020 discovered the differential effect of 

GDF5 binding to the two BMP receptors. When GDF5 binds to BMPR1B, it results in stable cartilage 

formation. On the other hand, when it binds to BMPR1A, with lower affinity, it signals with other BMPs 
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for osteogenic differentiation. Therefore, binding of GDF5 to BMPR1B is favoured to stabilise cartilage 

development and limit hypertrophy.   

Gdf5 was discovered to exhibit high expression levels in mice during the initial stages of skeletogenesis. 

Its overexpression results in an increased size of skeletal structures (Sumaki et al., 1999; Buxton et al., 

2001). Furthermore, the knockout of Gdf5 in mouse models resulted in a shorter total body length with 

curvature in the long bones and loss of joint formation ability required in articular cartilage formation 

(Settle et al., 2003). Therefore, a similar detrimental effect was suspected in the generated gdf5 

crispants. To our surprise, gdf5 crispants did not display abnormalities in early skeletogenesis up to 

5dpf. The jaw structure appears to develop normally with expected articulation gap in the synovial joint 

structure. However, crispants displayed a defective bone structure in adulthood as they show a 

significant increase in bone mineral density and surface area without changing the total bone volume. 

The defect appears to have a tolerable effect on the functionality of the skeletal system as fish do not 

display an altered swimming behaviour when compared to wildtype controls. This suggest that gdf5 is 

dispensable for early skeletogenesis, but is involved in further bone maturation and regulation, affecting 

the bone development at later stages.  

Limited information is currently available regarding the functional role of gdf5 in heart development. 

One study generated Gdf5 knockout mice and showed an increase in apoptosis following a myocardial 

infarction, suggesting a reparative role of the gene (Huang et al., 2010). However, the intrinsic role of 

GDF5 in heart development has not been investigated before. To study the effect of gdf5 targeting on 

heart development, gdf5 crispants were generated in the Tg(myl7:lifeActGFP) transgenic line. gdf5 

crispants did not display a significant change in heart structural development up to 5dpf. The total heart 

volume of crispants does not seem to be affected as well. Unfortunately, I was unable to investigate the 

heart structure or function in adults due to the lack of a heart visualisation method in adult zebrafish.  

In the adult gdf5 crispants, all males did not survive over 29 months. Meanwhile, all female crispants 

survived to the termination of the experiment. This suggests a distinct role of gdf5 in the two sexes. 

Although only three males were monitored to adulthood, which require the use of a larger sample size 

to confirm this hypothesis. However, it goes in line with the difference in pathogenesis rate of bone 

diseases between the two sexes. Females have a higher risk of developing OA (Tschon et al., 2021). 

Additionally, rheumatoid arthritis shows a two-fold higher risk in females compared to males (Gerosa 

et al., 2008), and osteoporosis is four times more common in females (Alswat et al., 2017). Thus, gene 

mutation pathogenic effect may impact the sexes differently. Although in this case the difference does 

not manifest in a bone phenotype, and rather cause early death in males. However, it highlights the 

possible differential functions of gdf5 in different sexes. 
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As gdf5 founders developed in a healthy manner similar to wildtype controls, we were able to raise the 

crispants and obtain F1 embryos for raising. At the adulthood stage, F1 fish did not display a change in 

their swimming abilities even though a mutation was confirmed by sequencing the F1 fish. Regarding 

obtained mutations, a 6bp deletion, an 8bp deletion and a 5bp deletion were the most commonly 

detected mutations that would theoretically have different impact on the encoded protein. Therefore, 

different mutants were tested in a behavioural analysis. Interestingly, unintended mutations were 

detected within the F1 generation, in addition to the four expected mutations in the gene. This could 

highlight potential evolution of the mutation when breeding two organisms carrying a mutation within 

the same gene. However, further investigation through sequencing of incrossed crispants with a 

mutation in the same gene must be performed to confirm this hypothesis.  

Although gdf5 targeting showed no remarkable effect on founders and F1 swimming abilities when 

compared to wildtype controls, F2 mutants displayed a high significant alteration in their swimming 

ability. Mutants showed a significant increase in general activity, only in the absence of light. No 

significant change was detected in their rapid hyperactive movement in the absence or presence of light. 

Due to the high significant change observed in the absence of light that was not detected in the presence 

of light, a role of gdf5 in the regulation of the nervous system may be present. This finding is 

unsurprising given that previous research has identified the neurological functions of GDF5, notably its 

influence on the induction of dopaminergic neurons (Sullivan and O’Keefee, 2005), as well as its 

association with Parkinson's disease (O'Keeffee et al., 2016). However, as this effect was not observed 

in the founders or F1 generation, a cumulative effect of the mutation may lead to such change in later 

generations. It must be noted that these mutants were generated through incrossing. Therefore, observed 

changes in F2 mutants’ behaviour may be a result of off-target effect due to the induced CRISPR 

editing, but it also might be the actual impact of the mutation as the reduction in gdf5 expression in F2 

mutants was confirmed using qPCR. In this series of experiments, controls were obtained from the same 

injected line, but they are not considered siblings to the tested larvae, as they do not come from the 

same parents.  

GDF5 was found to exhibit an anabolic role in ECM osteogenesis regulation (Garciadigeo-Cazares et 

al., 2015). This study suggests a role of GDF5 in articular cartilage maintenance by inducing the 

expression of α5 integrin, an essential ECM protein. α5 integrin supports the attachment of other 

structural proteins to the ECM, enhancing the stability of cartilage and underlying bones. Based on 

microarray data conducted in our laboratory, a significant increase in Gdf5 expression of 4.50 folds 

post-injury of murine hip cartilage was detected. This suggests a role of Gdf5 in inflammation or tissue 

repair, or both. To investigate this hypothesis, a tailfin regeneration model was utilised in wildtype 

larvae and gdf5 f2 mutants. A consistent pattern of increase in regenerative abilities in gdf5 F2 was 

detected in two of the three conducted replicates. One replicate showed a particularly enhanced 
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regenerative abilities of control group, that was not observed in the other two replicates, which could 

indicate an outlier effect. Further repeats must be performed to confirm the possible enhancement in 

regenerative abilities of gdf5 mutants. Preferably using control siblings to confirm the observed 

difference is exclusively based on the induced mutation through generations. If found significant, this 

would indicate a potential role of Gdf5 as a cellular differentiation inhibitor or a pro-apoptotic factor. 

The detected increase in bone mineral density and bone surface area observed in micro-CT scans of 

gdf5 crispants, also points out the possible role of gdf5 in one or both of these cellular regulatory 

processes. Moreover, testing the tailfin injury model in the Tg(mpx:GFP) transgenic line to visualise 

neutrophil migration to injury site in green fluorescence, may reveal an additional functional role of 

gdf5 in the injury-induced inflammatory response.   

Previous OA studies examining the expression levels of GDF5 in OA patients found reported 

contradicting expression levels. Mauck et al., 2006 initially showed a reduction in GDF5 mRNA and 

protein levels in cartilage samples of OA patients when compared to healthy cartilage. However, several 

recent studies report the opposite expression pattern. Kania and Colella., 2020 reported an increase in 

GDF5 levels in the synovium and articular cartilage of OA patients. They also showed the same pattern 

in mice post a DMM surgery. The same increase in expression was also observed in our microarray 

data following a murine hip injury. More recently, another study confirmed the increase in GDF5 

associated with OA pathogenesis and also provided evidence to a correlation between GDF5 expression 

and OA severity (Jinawath et al., 2022). In this case, excluding the initially reported reduction in GDF5 

levels of OA patients may be tempting. However, considering this observation may help us understand 

the pathogenic basis of the gene in context to other bone homeostatic factors. As previously discussed, 

GDF5 shows high correlation to TGFβ1 as they signal simultaneously through TGF-β and BMP 

signalling pathways. This suggests that even in the presence of an impairment to one factor, the other 

pathway may compensate for the pathogenic effect though its regulation. As the impairment of any of 

the three studied genes could induce OA development or progression, it would be challenging to 

confidently pinpoint the actual cause of the disease. A possible route to be followed for further 

investigation would involve examining multiple mutations identified in GWAS in a single individual, 

rather than the single gene examination approach. Also, co-targeting of multiple genes within the same 

model organism may reveal correlations between the targeted genes.  

7.4. tgfβ1a exhibits key roles in early skeletogenesis and heart 

development 

TGFβ1 is a cytokine belonging to the TGF-β superfamily. It is abundantly expressed through early 

development starting from 10 weeks post conception and remains highly involved in adulthood 

(Graham et al., 1992). It plays a crucial role in multiple processes including cell proliferation, 
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differentiation, apoptosis and inflammation (Simon et al., 1995; Hannon et al., 1994; Saltis, 1996; 

Ramesh et al., 2009; Herrera-Molina and Bernhardi, 2005). As seen in GDF5, TGFβ1 also functions 

through a SMAD-dependent manner or SMAD-independent pathways. The gene was found to display 

a critical role in ECM regulation by modulating the expression of collagen (Chen et al., 2005) and 

proteoglycans (Okuda et al., 1990). Additionally, it was found to be involved in the regulation of 

inflammation as a pro-inflammatory mediator, as seen in Th17 cell activation (Veldhoen et al., 2006), 

and also as an anti-inflammatory regulator following brain injuries (Rustenhoven et al., 2016).  

 In the skeletal system, TGFβ1 was found to induce chondrogenesis, maintain chondrocyte 

proliferation, while inhibiting chondrocyte hypertrophy (Tuli et al., 2003).  Not only does the protein 

function by activating TGF-β signalling, but it can also activate the BMP signalling pathway by binding 

to ALK1 protein (Davidson et al., 2009). Therefore, TGFβ1 protein can exhibit a range of phenotypes 

due to its involvement in the mentioned critical processes. To test the role of tgfβ1 in the cartilage and 

heart development in zebrafish embryos, tgfβ1a crispants were generated. In zebrafish, two paralogues 

of tgfβ1 are present, tgfβ1a and tgfβ1b. Each is located on a different chromosome, yet both show similar 

composition to each other. Tgfβ1a shows 45% protein sequence similarity to the human sequence, while 

Tgfβ1b show 44.5% similarity. In this study, tgfβ1a was the targeted paralogue due to availability of 

CRISPR target guides with higher expected efficiency. Yet, the selected CRISPR guides utilised in this 

analysis did not display a high targeting efficiency, leading to many of the injected and imaged larvae 

to maintain the wildtype peak. This suggests that tgfβ1a targeting was either unsuccessful or only 

partially achieved, and a significant amount of data had to be excluded as a result. Nonetheless, by 

examining the successfully targeted larvae, tgfβ1a crispants appear to develop in a similar manner to 

wildtype controls at 3dpf. However, the Tg(Col2a:mCherry) revealed mild jaw cartilage abnormalities 

such as non-uniform chondrocytes and bent ceratohyal cartilage. At 5dpf, progression in phenotype is 

observed and 29% of crispants show remarkable deterioration within the meckel’s cartilage, and a 

complete absence of the basihyal cartilage in 12.5% of targeted larvae. The tolerance of tgfβ1a targeting 

by the larvae was unexpected due to the high involvement of the gene throughout early skeletogenesis. 

Yet as discussed in previous chapters, bone homeostasis is a complex process that involve various 

factors working simultaneously that even a mutation in such an essential player may be counteracted 

by other genes. It must also be noted that the presence of tgfβ1b paralogue may provide this 

compensation in the loss of tgfβ1a. To further investigate this hypothesis, generation of double mutants 

targeting both paralogues would reveal the mechanism behind the tolerable targeting effect.  

When the effect of tgfβ1a targeting on heart development was examined, mild abnormalities were 

detected in the examined crispants, including irregularities within the chamber shape, along with bumps 

appearing on the heart wall and a disproportion in the size of the two chambers were visible, but not 
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quantified. Analysis of separate chamber volumes may reveal a statistically significant difference in 

atrial or ventricular size. 

Regarding the functionality of the musculoskeletal system following the tgfβ1a targeting, no alterations 

in adult crispants activity levels or speed were detected. Adult cispants seem to display a similar 

swimming pattern to the control group, and no correlation to light conditions was detected.  

To summarise, tgfβ1a targeting does not seem to have a severe detrimental impact on early 

skeletogenesis and heart development in zebrafish larvae. crispants show mild defects that are visible 

using tissue specific transgenic lines. The skeletal defects do not impact the swimming efficiency of 

crispants in adulthood. Unfortunately, micro-CT scans were not conducted to examine the bone 

structure in adults, but according to the observed progression of phenotype between 3 and 5dpf, 

alternation in adult bone structure would be expected, due to the high involvement of TGFβ1 in ECM 

regulation (Song et al., 2007) and bone mineralisation (Ehnert et al., 2010). Thus, micro-CT analysis 

could enable the detection of milder defects. 

7.5. Co-targeting of ctsk and tgfβ1a reveals a possible direct crosstalk 

between the two genes 

Based on the co-expression pattern of CTSK and TGFβ1 detected through FUMA GWAS analysis, in 

addition to studies hinting a possible relation between CTSK and TGFβ1 (Flanagen-Steet et al., 2018), 

co-targeted crispants for ctsk and tgfβ1a were generated in an attempt to reveal a possible crosstalk 

mechanism between the two encoded proteins.  Results suggest a remarkable improvement in the 

overall morphology of the co-targeted larvae when compared to phenotype observed in single targeted 

larvae. A mere 4% of co-targeted crispants show a mild phenotype in general morphology of larvae at 

5dpf, compared to 29% in tgfβ1a crispants and 47% of ctsk crispants. A complete eradication of the 

severe phenotype was observed.  This suggests a possible rescue mechanism in the co-targeting of the 

two genes compared to their single targeting. However, the targeting had a different effect on heart 

morphology. At 3dpf, co-targeted crispants showed mild heart abnormities similar to tgfβ1a crispants, 

characterised by shape irregularities. When the larvae reached 5dpf, the phenotype seems to progress 

causing severe heart defects, similar to those observed in ctsk crispants, including complete heart 

inversion, shrinkage in both chambers, and disruptions in the looping process. Taken together, this 

highlight the differential effect of co-targeting on different tissues as the modulation resulted in an 

improvement in the general skeletal morphology, which appears to be rescued compared to ctsk 

crispants alone. Meanwhile, the heart initially showed milder deformities when compared to ctsk 

crispants but progressed to have more detrimental effects at 5dpf.  



195 

 

Larval behavioural analysis of co-targeted crispants displayed a significant increase in activity levels of 

larvae in both light conditions. The significance was higher in the presence of light compared to absence 

of light. Also, co-targeted crispants showed a high significant reduction in their hyperactive swimming, 

only in the presence of light, that was not detected in the absence of light. This suggests a coupled role 

of ctsk and tgfβ1a in the regulation of the nervous system, as their separate targeting did not display a 

significant change in their behaviour within the two light conditions, but their co-targeting did show a 

high significant change that was different in the two tested light conditions.  

Following this series of experiments that suggested a direct link between ctsk and tgfβ1a, and in line 

with rising evidence to the correlation between the three studied genes that function simultaneously to 

attain homeostasis of different tissue, a subsequent effect of modulating one gene is predicted to affect 

the expression levels of the other genes.  To investigate this hypothesis, a qPCR analysis was conducted 

to detect the expression levels of ctsk and tgfβ1a in gdf5 F2 mutants. In the two performed replicates, a 

consistent reduction in ctsk and tgfβ1a was detected in gdf5 F2 mutants when compared to wildtype 

controls, suggesting strong correlation between the studied genes. Figure 6.18 illustrated pre-identified 

molecular mechanisms to provide insight to the possible link between the three studied genes via the 

SMAD-dependent signalling pathway. However, it must be noted that other SMAD-independent 

pathways were also found common between the two diseases and identified based on our bioinformatic 

analysis pipeline. These include the JAK/STAT, MAPK/JNK, PIK3/AKT/mTOR, and NF-kB. Yet, 

functional analysis is required to validate their involvement through experimental investigation. 

Understanding the underlying mechanisms behind OA and CVD, and the interactions between studied 

factors, may allow us to identify potential drug targets or repurpose available drugs known to target one 

protein, in order to attenuate another protein that is correlated to our initial target. Metformin is a well-

established type 2 diabetes drug. It was recently found to inhibit TGFβ1 by blocking its binding to TGF-

β signalling receptor, suppressing the TGF-β signalling pathway (Xiao et al., 2016; Yang et al., 2021). 

The drug is known to be well tolerated with minimal side effects. Therefore, metformin may provide a 

great potential osteoarthritis treatment by avoiding direct CTSK inhibition, which has led to several 

disastrous side effects, and opting for indirect inhibition through TGFβ1. Although the drug is widely 

used in the treatment of type 2 diabetes and is considered to be a safe drug, the recently identified role 

in TGFβ1 suppression suggests possible unwanted off-target effects that may not yet have been 

identified but is definitely worth exploring.  
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7.6. Study limitations and future directions 

Several limitations to the study must be considered. Firstly, the use of crispants provide a great tool for 

understanding the general functional role of the studied gene. However, the generation of stable mutant 

lines to track a specific effect of a mutation would provide more detailed information about the effect 

of the exact mutation. This is particularly important when investigating single nucleotide polymorphism 

(SNPs) identified in GWAS and are present within the coding region of the gene.  In this case, specific 

CRISPR knock-in is the preferable method to mimic the studied SNP in zebrafish. Yet mapping the 

same SNPs on zebrafish genome could be challenging due to the presence of genes on different 

chromosomes with differences in target sequence. Additionally, generation of stable mutant lines allows 

us to limit the off-target effect of CRISPR genome editing by outcrossing the founders to wildtype fish. 

The efficiency of the induced indels must also be considered, as 6bp indels detected in gdf5 mutants, 

and 3bp /6bp deletions present in tgfβ1a crispants may lead to silent mutations that could still translate 

to a functional protein. Partial mutations in a percentage of the genome may also result in the presence 

of the functional protein, indicating that generated fish may present as heterozygous mutants.  

Therefore, for future investigation, I aim to generate stable a mutant line to each of the candidate genes, 

ideally using CRISPR knock-in to closely mimic the identified SNPs linked to OA and CVD. Each fish 

must be sequenced to confirm the exact mutation and link it to the observed phenotype.  

Although zebrafish provides an exceptional model for studying early structural development through 

available fluorescent transgenic line, a method of visualising adult heart structure is currently 

unavailable and therefore limited our investigation to the early development of the heart. Additionally, 

the use of a system to track the functionality of the heart would have been beneficial to understand the 

effect of the induced mutation on the functionality of the system, as studied in the musculoskeletal 

system using swimming behaviour analysis. 

This work was carried out during the COVID-19 pandemic, which limited the time available for further 

investigation, disrupted time-sensitive experiments and limited the resources available to extend the 

project. The gdf5 mutant line generated was severely affected by the lockdown, which led us to take a 

different crossing route. Investigation of the targeting effect was limited to early and late development 

in older adults due to lack of access to the aquarium during critical developmental stages. In addition, 

training plans that required travel were cancelled. This training would have enabled me to carry out 

analysis of skeletal functionality specific to the jaw area in larvae and adults. It would also have 

provided me with guidance on a specific image analysis protocol to obtain detailed measurements from 

collected data, which would have been possible with the help of colleagues at the University of Bristol.  
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Due to time constraints, several replicates were not performed, yet they would have added great value 

and allowed us to draw solid conclusions in several experiments. These include: 

• In situ hybridization heart staining of ctsk targeted larvae at 1dpf, to determine the earliest 

involvement of ctsk in heart development.  

• Performing micro-CT scans of more ctsk crispants to determine the differential sex-specific 

effect.  

• Analysis of a larger number of heart images to include in the heart volumetric measurements.  

• Repeats of gdf5 targeting in the Tg(Col2a:mCherry) and Tg(myl7:lifeActGFP) transgenic lines. 

As well as an additional repeat to the regenerative abilities experiment of gdf5 F2 mutants.  

• Co-targeting of both tgfβ1a paralogues, which may reveal the hidden reason behind the 

tolerability observed following tgfβ1a targeting.  

• Repetition of tgfβ1a:ctsk co-targeted injections to confirm the recovery observed in the skeletal 

system. Conducting the injections in the Tg(Col2a:mCherry) transgenic line would be essential 

to examine the exact impact of the co-targeting on cartilage development.  

• An additional repeat to the qPCR, testing the expression levels of ctsk and tgfβ1a in gdf5 F2 

mutants.  

• Performing qPCR analysis to detect the expression levels of tgfβ1a in ctsk mutants, and ctsk 

levels in tgfβ1a mutants. This would allow us to confirm the knockout effect of each gene on 

the other, aiming to confirm the suspected crosstalk.  

• Conducting micro-CT scans on tgfβ1a adult crispants to identify the function of the gene in 

later stages of bone development.  

• Generation of CRISPR-targeted lines for the identified common SNPs in the dpep1 and slc39a8 

genes in zebrafish. This experiment may expand our understanding of the role of defective 

metal ion processing in the pathogenesis of multimorbidity.  
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