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SUMMARY 

SUMMARY- ENGLISH 

Osteoblast differentiation has been studied using a variety of systems, ranging from 

osteosarcoma cell lines to differentiating mesenchymal stem cells to KO mice, resulting in the 

description of a set of transcription factors and regulatory pathways that are involved in this 

process. Small teleost model systems like zebrafish are increasingly used to study vertebrate 

skeletal development and zebrafish mutants and transgenic lines are very useful models for 

studying human pathologies such as osteoporosis, osteopetrosis and osteoarthritis. 

Understanding osteoblast differentiation and their function in bone matrix deposition and 

mineralization is central to the comprehension of bone development and of various bone 

pathologies. It is, therefore, crucial to not only follow the expression of some landmark 

transcription factors or extracellular matrix (ECM) proteins, but to also investigate the status 

of signalling pathways and factors regulating these processes. This can only be achieved by 

assessing the entire transcriptome of these cells. Zebrafish larvae offer the unique opportunity 

to directly access osteoblasts from the entire body without specific dissection. The aims are to 

study the osteoblast transcriptome of developing zebrafish and to investigate the role of the 

efemp1, fbln1, and col10a1a genes, coding for ECM proteins, in zebrafish skeletal 

development. 

To gain insights into the mechanisms of osteoblast differentiation in the early development 

stage, we isolated cells from the transgenic reporter line Tg(sp7:sp7-GFP) at 4 days post-

fertilization. Based on their differential GFP fluorescence, we identified two subpopulations 

of which we conducted transcriptomic profiling. Our data revealed that these two 

subpopulations are clearly distinct and that they differentially express many genes involved in 

skeletal development. The expression profile of these two populations clearly identifies them 

as osteoblastic cells, at present we consider the low fluorescence P1 population as pre-

osteoblastic cells and the highly fluorescent P2 population as intermediate, functional 

osteoblasts. 

ECM proteins are of crucial importance for cartilage and bone tissues. Based on their 

differential expression profile in these subpopulations, we generated mutants of the ECM 

protein coding genes col10a1a, fbln1 and efemp1 to examine their functions. Our results show 

that mutation of col10a1a results in decreased mineralization, while mutation of fbln1 results 

in increased mineralization and a missing operculum. Mutation of efemp1 results in increased 

mineralization and reduced intervertebral space, providing a model for spinal osteoarthritis. 

Furthermore, we investigated the effects of two probiotics on bone matrix synthesis and 

mineralization. We discovered that probiotic treatment is able to promote bone formation and 

to prevent the effects of inhibiting BMP signalling, with Bacillus subtilis being the more 

potent. 

Collectively, these insights provide valuable cues that may contribute to improve 

understanding the roles of ECM proteins and probiotics in development, growth, and health of 

the bone skeleton. 
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RESUME-FRANCAIS 

La différenciation des ostéoblastes a été étudiée à l'aide de divers modèles, allant des lignées 

cellulaires d'ostéosarcomes aux cellules souches mésenchymateuses jusqu'aux souris KO, 

aboutissant à la description d'un ensemble de facteurs de transcription et de voies de 

régulation impliqués dans ce processus. Des modèles de petits téléostéens, comme le poisson 

zèbre, sont de plus en plus utilisés pour étudier le développement du squelette des vertébrés, 

les mutants du poisson zèbre et les lignées transgéniques ce sont avérés très utiles pour étudier 

les pathologies humaines telles que l'ostéoporose, l'ostéopétrose ou l'arthrose. 

Comprendre la différenciation des ostéoblastes et leur fonction dans le dépôt et la 

minéralisation de la matrice osseuse est essentiel à la compréhension du développement 

osseux et de diverses pathologies osseuses. Il est donc crucial non seulement de suivre 

l’expression de certains facteurs de transcription ou de protéines de la matrice extracellulaire 

(ECM), mais également d’étudier l’état des voies de signalisation et des facteurs régulant ces 

processus. Ceci ne peut être réalisé qu'en évaluant l'ensemble du transcriptome de ces cellules. 

Les larves de poisson zèbre offrent l'opportunité unique d'accéder directement aux 

ostéoblastes du corps entier sans dissection spécifique, car elles ne se différencient pas au sein 

de la moelle osseuse. Les objectifs sont d'étudier le transcriptome des ostéoblastes du poisson 

zèbre en développement et d'étudier le rôle des gènes efemp1, fbln1 et col10a1a, codant pour 

des protéines de l’ECM, dans le développement du squelette du poisson zèbre. 

Pour mieux comprendre les mécanismes de différenciation des ostéoblastes au début du 

développement, nous avons isolé des cellules de la lignée rapporteuse transgénique 

Tg(sp7:sp7-GFP) à 4 jours après la fécondation. Sur base de leur fluorescence GFP 

différentielle, nous avons identifié deux sous-populations dont nous avons effectué un 

profilage transcriptomique. Nos données ont révélé que ces deux sous-populations sont 

clairement distinctes et qu'elles expriment de manière différentielle de nombreux gènes 

impliqués dans le développement du squelette. Le profil d'expression de ces deux populations 

les identifie clairement comme des cellules ostéoblastiques. Nous considérons actuellement la 

population P1 à faible fluorescence comme des cellules précurseurs de type squelettique et la 

population P2 hautement fluorescente comme des ostéoblastes intermédiaires fonctionnels. 

Les protéines ECM revêtent une importance cruciale pour les tissus cartilagineux et osseux. 

Sur base de leur profil d'expression différentielle dans ces sous-populations, nous avons 

généré des mutants des gènes codant pour les protéines ECM col10a1a, fbln1 et efemp1 afin 

d'examiner leurs fonctions. Nos résultats montrent que la mutation de col10a1a entraîne une 

diminution de la minéralisation, tandis que la mutation de fbln1 entraîne une augmentation de 

la minéralisation et un opercule manquant. La mutation de efemp1 entraîne une minéralisation 

accrue et une réduction de l'espace intervertébral, fournissant ainsi un modèle d'arthrose 

vertébrale. De plus, nous avons étudié les effets de deux probiotiques sur la synthèse et la 

minéralisation de la matrice osseuse. Nous avons découvert que le traitement probiotique est 

capable de favoriser la formation osseuse et de prévenir les effets de l'inhibition de la 

signalisation BMP, Bacillus subtilis étant le plus efficace. 

Collectivement, ces informations fournissent des indices précieux qui peuvent contribuer à 

améliorer la compréhension du rôle des protéines de la matrice extracellulaire et des 

probiotiques dans le développement, de la croissance et de la santé du squelette osseux. 
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1. SKELETAL TISSUES 
The arrangement and distribution of cartilage, bones, and muscles that organize the 

musculoskeletal system take place during embryonic development. This system provides 

form, support, strength and movement to the body by integrating the following components: - 

skeletal tissue which provides structural support and forms the mechanical framework, while - 

muscular tissue generates force and - tendons transmit this force during muscle contraction to 

the skeleton (Murchison et al., 2007; Schilling et al., 1996b; Walker, 1991). Tendons and 

ligaments are dense, fibrous connective tissues where the former connects muscle to the bone 

while the latter connects bone to bone (Birk and Trelstad, 1986; Chen and Galloway, 2014). 

Therefore, together the bones, cartilage, muscles, joints, tendons, and ligaments make up the 

skeletal tissue. Both cartilage and bones are specialized connective tissues that are made of 

cells embedded within the extracellular matrix (ECM). The characteristic differences between 

the two tissues are defined by the cells, their nature and the varied proportion of components 

of their ECM (McKee et al., 2019). 

 

1.1. Cartilage 
 

Cartilage is formed from condensed mesenchyme that is mostly derived from the 

mesoderm germ layer. This process of forming cartilage is termed chondrification or 

chondrogenesis and the cells that form cartilage are called chondrocytes (Goldring, 2012a). 

Cartilage is a strong, semi-rigid supporting tissue that is avascular and can resist compression 

forces, making it flexible. The mechanical properties of this connective tissue are basically 

due to the water content that constitutes around 90%, along with the preponderance in the 

ECM of collagen fibers, elastic fibers, glycosaminoglycans (Asanbaeva et al., 2007) such as 

chondroitin sulphates, and proteoglycans. The predominant collagen present in the cartilage 

ECM is collagen type II, while the collagens type IX, X and XI are present in lower amounts 

(Boyan et al., 2018; Mayne, 1989). Cartilage is also present at the ends of the bones forming 

articular cartilage (AC) to form articulating surfaces, providing joints with low-friction, 

tough, durable, bearing material (Akkiraju and Nohe, 2015; Asanbaeva et al., 2007). It has 

been reported that cartilage has a very low turnover rate, resulting in an extremely low 

regenerative capacity of this connective tissue, making it difficult to repair and replace 

(Bielajew et al., 2020). 

It has been quite a challenge to establish the link between the different types of cartilage 

that are present in vertebrates, as well as their varied molecular and biochemical aspects. 

Cartilage can be categorized into four kinds; matrix-rich cartilage, cell-rich cartilage, 

vesicular cartilage, and acellular cartilage, that might have evolved either independently or 

diversified from a single type of connective tissue (Cole and Hall, 2004). Histologically, there 

are three major types of cartilage, namely hyaline, elastic and fibrous /fibrocartilage found in 

mammals (Fig. I-1). They can be distinguished based on their physical characteristics and 

matrix components and can also be identified histologically (Parvizi and Kim K., 2010). 
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Figure I-1. Histological sections of different types of cartilage tissues; hyaline, fibrous and elastic 

cartilage. (a) Hyaline cartilage is distinguished by the presence of chondrocytes residing within lacunae and 

enveloped by an extracellular matrix. The chondrocytes exhibit a tendency to aggregate into isogenic clusters. 

(b) Fibrous cartilage is characterized by a substantial accumulation of collagen fibers, with chondrocytes residing 

within lacunae that are more extensively distributed. (c) Elastic cartilage is characterized by a substantial 

presence of elastic fibers within a collagen fiber matrix. Figure I-1a & c adapted from 

(https://cell.byu.edu/pdbio325-tissue-biology/hyaline-elastic-and-fibro-cartilage) and Figure I-1b adapted from 

(https://www.pinterest.com/pin/fibrocartilage-description-cells-in-fluidgel-matrix-function-supports-protects-

absorbs-shock-location-between-bony--341288477996091100/). 

 

Hyaline cartilage is the most predominant cartilage type found in the human body, it is 

mainly composed of isogenous chondrocytes or chondrones that are sitting in their lacunae, 

hydrated aggregates of proteoglycans, GAGs, extracellular fluid within the meshwork of 

collagen II, that is mostly covered by an outer fibrous membrane called perichondrium (Fig. 

I-1a). The main function of hyaline cartilage is to provide resistance against bending, 

compression, and impact. During embryogenesis and endochondral bone formation, hyaline 

cartilage is also known to serve as the precursor to bone. It is mostly found in the nasal 

septum, the epiphyseal growth plate, most ventral parts of the ribs, tracheal rings, and larynx. 

It can also be found in the lining of synovial joints in adult vertebrates (Hall, 2015).  

Fibrous cartilage / fibrocartilage is the strongest type of cartilage in comparison to the 

other two types. It is primarily characterized by the presence of large amounts of thick and 

dense collagen type I and II fibrils along with alternating layers of hyaline cartilage matrix 

(Fig. I-1b). Fibrocartilage is found in intervertebral discs, costochondral joints, sacroiliac 

joints, pubic symphysis, meniscus and around tendons and ligaments (Maynard and Downes, 

2019b). 

Elastic cartilage consists of elastic fibers (made up of elastin and associated fibrils) that 

are woven into collagen fibrils, primarily collagen type II and aggregating proteoglycans in 

the cartilaginous matrix. They are also surrounded by a perichondrium (Fig. I-1c). It is found 

in the ear, especially in the pinna and eustachian tube, epiglottis and in the larynx. The 

https://cell.byu.edu/pdbio325-tissue-biology/hyaline-elastic-and-fibro-cartilage
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presence of high amounts of elastin provides elastic cartilage with structural support, 

elasticity, and flexibility in these tissues (Lee and Burke, 2021; Naumann et al., 2002). 

 

The metabolic activities of chondrocytes are amended by many factors present within 

their chemical and mechanical environment. Among these, the most important factors are the 

pro-inflammatory cytokines and growth factors that have anabolic and catabolic effects and 

have a crucial role in the degradation and synthesis of matrix macromolecules that exert their 

effects on ECM metabolism (Fortier et al., 2011; Goldring et al., 2008; Kapoor et al., 2011). 

These growth factors and peptides, along with the chondrocytes are crucial in forming an 

arrangement that is often referred to as the template or “the cartilage anlage” required for the 

development of long bones (Pazzaglia et al., 2019), a process referred to as endochondral 

ossification (Fig. I-2).  

 

 

Figure I-2 The layout of chondrocytes inside the long bone. Simplified schematic representation 

showing the layout of chondrocytes in different zones inside the long bones (Chen et al., 2021).  

 

The chondrocytes present at the center of the cartilage anlagen go through proliferation, 

followed by differentiation, hypertrophy or cell death, exclusive cell morphologies, and 

metabolic activities, as illustrated above in (Fig. I-2). The two mechanisms attributed to 

cartilage growth are interstitial growth and appositional growth (Asanbaeva et al., 2007; 

Myers and Ateshian, 2014). Interstitial growth is marked by cell division of the chondrocytes 
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followed by synthesis of the extracellular matrix and thereafter expansion of cartilage matrix 

from within the tissue, thus resulting in the increase in length. Appositional growth is 

identified by differentiation of chondroblasts or perichondral cells followed by synthesis of 

the extracellular matrix and expansion of the girth/width of the cartilage. 

 

1.2. Bone Development 
 

Unlike other tissues, bone is a unique type of connective tissue that is mineralized 

physiologically. The process of extracellular matrix deposition followed by mineralization is 

referred to as ossification or osteogenesis, resulting in a tissue that, in contrast to the cartilage, 

is a strong, vascular, and semi-rigid connective tissue which is termed as bone. Histologically, 

bone tissue is mainly divided into two types: compact bone and spongy bone (Fig. I-3). The 

compact bone exhibits a recurring arrangement of structural units known as osteons, which 

consist of concentric rings of lamellae encircling the central canal, commonly referred to as 

the Haversian canal. In contrast, spongy or cancellous bone is characterized by a reticular 

structure composed of numerous interconnected bony struts or a lacy network of bone, 

creating multiple tiny cavities that are occupied by marrow. 

 

 

 

Figure I-3. Types of Bone Tissue. Bone is divided into two major types; compact bone and spongy bone. 

(https://arccwaite.files.wordpress.com/2018/12/seeleys-essentials-of-anatomy-and-physiology-9th-

edition.pdf/chapter_6). 

 

Bones are of great significance for the human body to provide skeletal support, form, 

strength (Birk and Trelstad, 1986), and movement to the body (Chen and Galloway, 2014), it 

serves as a home for hematopoiesis and a reservoir for calcium and other important minerals 

(de Baat et al., 2005). They are composed of cellular components, the mineralized matrix 
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component, and the nonmineralized matrix component. The cellular components of bone 

consist of three main cell types; bone forming cells (osteoblasts), bone resorbing cells 

(osteoclasts) and bone sensing cells (osteocytes) (Fig. I-4) (Mohamed, 2008), (Florencio-

Silva et al., 2015). 

 

 

Figure I-4. Cellular components of the bone. Diagrammatic representation of cellular components that 

make up the bone. (https://www.intechopen.com/chapters/64747). 

 

The bone extracellular matrix is mainly composed of type I collagen, along with other 

collagens and non-collagenous proteins such as osteocalcin (OCN=BGLAP), osteopontin 

(SPP1)(Malaval et al., 2008), osteonectin (SPARC) and alkaline phosphatase (Clarke, 2008). 

Once enmeshed into the bone ECM, osteoblasts cease dividing and eventually 

mature/differentiate into osteocytes that have a star-shaped morphology with extensions 

called canaliculi that assist in joining and interconnecting with neighboring osteocytes (Dallas 

et al., 2013). Thus, osteocytes serve as mechano-sensors and master regulators of bone 

remodeling by secreting factors that keep the activities of both osteoblasts and osteoclasts in 

check (Dallas et al., 2013). 

 

1.2.1. Osteoblasts 

Osteoblasts are bone forming cells that differentiate from pluripotent mesenchymal 

stem cells (MSCs) (in the bone marrow of long bones in mammals), going through a 
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maturation process where transcription factors like Osterix (SP7) and Runt related factor 2 

(RUNX2) play actuating roles as reviewed by (Karsenty and Wagner, 2002)(see also below). 

The osteoblasts can be categorized into well-defined stages of increasing hierarchy based on 

their degree of specification towards the skeletal lineage; osteoprogenitors, preosteoblasts, 

committed osteoblasts and mature osteoblasts (Fig. I-5) (Florencio-Silva et al., 2015).  

 

 

Figure I-5. Overview of osteoblast differentiation pathways. Simplified illustration depicting the key 

proteins that are expressed during osteoblast differentiation (Miron and Zhang, 2012). 

 

The commitment to an osteoprogenitor cell fate is marked by the expression of the 

transcription factor SOX9 that also directs cell differentiation towards a chondrocyte cell fate 

(Lefebvre and Dvir-Ginzberg, 2017). The subsequent differentiation of osteoprogenitor cells 

to the preosteoblast cell lineage is characterized by the expression of RUNX2 in the 

osteoprogenitor cell (Bruderer et al., 2014; Komori, 2010). The subsequent expression of 

SP7/OSX in preosteoblasts signifies the commitment to form osteoblasts, as a result of WNT-

β catenin signaling. It is the expression of SP7 and RUNX2 that defines the cell’s 

commitment to form osteoblasts (Yoshida et al., 2012).  

Ultimately, RUNX2 and SP7 induce the expression of alkaline phosphatase (ALPL), 

BGLAP, and bone sialoprotein (BSP), thus marking the cell’s differentiation into a mature 

osteoblast (Schlesinger et al., 2020). These proteins are present on bone surfaces and are 

pledged to be very important for the deposition of the nonmineralized/unmineralized bone 

matrix called osteoid. The osteoid then eventually undergoes hardening by means of 

hydroxyapatite (inorganic salts of calcium and phosphate) deposition, thereby conferring 

stiffness and rigidity which help to withstand compression forces, and yet remain flexible 

(Franz-Odendaal et al., 2006; Schlesinger et al., 2020). This process of hardening is referred 

to as mineralization.  

 

 

            MSC                      Pre-osteoblast           Mature Osteoblast            Osteocyte 
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1.2.2. Osteoclasts 

The process of forming osteoclasts is termed osteoclastogenesis. In contrast to 

osteoblasts, osteoclasts are multinucleated cells derived from hematopoietic stem cells and 

belong to the monocyte-macrophage lineage, that mature via the signaling by RANK-L and 

macrophage colony stimulating factor (M-CSF) (Fig. I-6) (Karsenty and Wagner, 2002).  

 

 

Figure I-6. Schematic representation of osteoclastogenesis. 

  

Both proteins are generated by bone marrow stromal cells and by osteoblasts, M-CSF is 

required for osteoclast precursors to proliferate, while RANK-L is essential for differentiation 

of precursor osteoclast cells to mature osteoclasts (Nakamura et al., 2012). This cell type is 

basically responsible for degrading mineralized tissue that is termed as bone resorption. Bone 

resorption is a two-step process: initiation along with dissolution of the mineralized matrix, 

followed by enzymatic degradation of the organic matrix. The mechanism starts with the 

adhesion of the mature osteoclast to the mineralized bone matrix, leading to osteoclast 

activation and the formation of a tight-sealing zone that encloses the resorption lacuna (Chen 

et al., 2018). This zone encircles a membrane area/region that arises as the result of 

acidification and secretion of lysosomal and proteolytic enzymes (cathepsin K and matrix 

metalloproteinases) between the cell and the bone surface, thereby releasing the mineral 
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components (Calcium (Ca) and Phosphorus (P)) and digesting the organic matrix  of the bone 

(Nakamura et al., 2012). Thus, the balance of bone formation to resorption is a tightly 

controlled program that ensures uniformity in bone mass regulated not only by osteocytes and 

osteoblasts but also physiologically regulated by factors such as osteoprotegerin (OPG) or 

interferon Gamma (IFN-γ) that inhibit RANK-L, thereby affecting osteoclast differentiation 

(Fig. I-7) (Dallas et al., 2013; Detsch and Boccaccini, 2015; Pirraco et al., 2010).  

 

 

Figure I-7. Interaction between osteoblast-osteoclast. Scheme of bone remodeling, a dynamic process 

that involves osteoblast-osteoclast communications which are essential for bone remodeling during bone 

homeostasis. (Kim et al., 2020). 

 

 

After the completion of bone resorption, the osteoclasts undergo apoptosis, usually 

triggered by high concentrations of extracellular calcium, Fas-ligand secreted by osteoblasts, 

the reduction of pro-survival cytokines including M-CSF and RANK-L, which have been 

indicated as a few of the possible mechanisms (Fig. I-7) (Chen et al., 2018; Clarke, 2008; 

Detsch and Boccaccini, 2015). Both osteoblasts and osteoclasts cooperate to actuate bone 

growth, thickness of the cortical layer and structural arrangement of the lamellae (Mohamed, 

2008; VanPutte et al., 2013). The internal structure of the bone continues to change to meet 

the functional requirements, and these noticeable differences arise due to the activity of 

osteoclasts and osteoblasts. The balance between the activity of osteoblasts and osteoclasts is 

required for maintaining normal bone homeostasis (Setiawati and Rahardjo, 2008). However, 

this balance is skewed with age and in postmenopausal women, the osteoclast activity 

overtakes and surpasses the activity of osteoblasts, leading to an increased bone resorption 

and overall weaker, brittle bones as observed in osteoporosis.   
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1.3. Bone formation /Ossification; Different types of bones and 

ossification 
 

Ossification/ bone formation is a highly regulated and complex process involving 

formation and maintenance of bone that can be divided into two major ways/types, namely 

intramembranous ossification and endochondral ossification (Akter and Ibanez, 2016; 

Cashman and Ginty, 2003; VanPutte et al., 2013). 

 

1.3.1. Endochondral Ossification 

Endochondral ossification occurs in vertebrates where bone tissue is formed from a 

cartilage intermediate (Fig. I-8). It is the main mechanism behind the bone growth in the long 

bones of the body, such as the femur, tibia, and humerus (Breeland et al., 2022)(Fig. I-2).  

 

 

Figure I-8. The stages of the endochondral ossification process in long bones. 1. Bone collar is 

formed around a cartilaginous scaffold/model. 2. The degeneration of mature chondrocytes results in the 

formation of a perforated trabecula cavitation. 3. The infiltration of blood vessels and bone cells results in the 

process of mineralization and the formation of the primary ossification centers, located in the center of the bone. 

4. In long bones, the secondary ossification centers are situated at the ends of the bone. The growth plates are 

situated between the epiphysis and metaphysis of long bones, hence facilitating longitudinal bone growth. 5. The 

first ossification step is completed. The figure is adapted from (Zhang et al., 2023). 
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Endochondral ossification begins during embryonic development, when a hyaline 

cartilage model is formed in the shape of the bone that will eventually form. This replacement 

of cartilage with mineralized bone tissue in long bones over time is an intricate process that is 

triggered by the differentiation of proliferating chondrocytes within the cartilage framework 

to a non-proliferative hypertrophic state (Kiernan et al., 2018). Depending upon the location 

of mineralization, it is categorized into two types; perichondral and endochondral ossification. 

Both endochondral and perichondral ossification are crucial for the development of long 

bones (Setiawati and Rahardjo, 2008). Perichondral ossification takes place at the outer edge 

of the cartilage model, usually inside the cartilage template that is present before the long 

bones are formed during embryonic development. This process entails the conversion of 

perichondrium, which is a compact layer of connective tissue that covers the cartilage, into an 

ossified ring enclosing the cartilage structure. The perichondrium harbors progenitor cells that 

undergo differentiation to give rise to osteoblasts secreting the bone matrix and giving rise to 

the periosteal bone collar, a covering of bone that surrounds the cartilage surface, as seen in 

(Fig. I-9a) (Kronenberg, 2003; Mackie et al., 2008). This is followed by invasion of 

osteoblast progenitors, osteoclasts, blood vessel endothelial cells and hematopoietic cells from 

the perichondrium into the hypertrophic cartilage. The hypertrophic chondrocytes are not 

resorbed as previously thought (Karaplis, 2008; Mackie et al., 2008), but rather they de-

differentiate to later form trabecular osteoblasts, stromal cells, or adipocytes (Chagin and 

Chu, 2023; Haseeb et al., 2021). According to some estimates, up to 83% of intramedullary 

osteoblasts are believed to derive from chondrocytes, while about one-third to one-half of 

trabecular osteoblasts originate from chondrocytes (Long, 2022). Additional influx occurs of 

osteoblast progenitors that differentiate into trabecular bone-forming cells, while 

hematopoietic and endothelial cells establish bone marrow that forms a primary ossification 

center (POC), see (Fig. I-9a). Thus, MSCs become osteoblasts via two modes of 

differentiation routes (Jing et al., 2017). The osteoblast progenitors differentiate into 

osteoblasts in the perichondrium to form cortical bone around the cartilage anlage 

(Aghajanian and Mohan, 2018). The primary ossification center expands during embryonic 

development and the establishment of secondary ossification centers (SOCs) (Fig. I-9b) takes 

place at one or both ends of the developing bone, thus resulting in the development of the 

epiphyseal growth plate cartilage accountable for longitudinal growth of the bones (long 

bones), see (Fig. I-8 & 9b) (Long and Ornitz, 2013). 
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Figure I-9. Schematic representation of endochondral ossification process depicting the primary 

ossification and secondary ossification. Figure sourced from (Aghajanian and Mohan, 2018)  

 

Secondary endochondral ossification proceeds very similarly as shown in (Fig. I-9b). 

Primary and secondary ossification centers differ in terms of their timing. Following birth, 

secondary ossification initiates at post-natal in rodents on day 7–8 in the middle section of the 

bone and enlarges outwards contributing to expansion of bone width, while the primary 

ossification is essentially the longitudinal growth of the bone (Long and Ornitz, 2013). The 

resulting long bone has the outer shell made of compact bone, the cortical bone, organized in 

a Haversian system as described in (Fig. I-3) (Martini et al., 2018). The organization of 

osteocytes and the bone matrix in a highly structured manner ensures the strength and ability 

of cortical bone to undergo repair and remodelling. The extensive vascular network of cortical 

bone enables it to effectively withstand mechanical stresses and meet the metabolic 

requirements of bone tissue (Fratzl and Weinkamer, 2007), as discussed in (section 1.2 ). 
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1.3.2. Intramembranous Ossification 

Intramembranous ossification results in the formation of bone that is formed directly 

from mesenchymal cells, without the presence of a cartilage template (Fig. I-10) (Maynard 

and Downes, 2019b). The resulting bone tissues are flat bones that are found on the skull and 

other bones such as the clavicle.  

 

 

Figure I-10. Schematic representation of intramembranous bone formation. a. Mesenchymal cells 

within the derma differentiate into osteoblasts and form ossification centers. b. Osteoblasts secrete bone osteoid, 

and osteoblasts captured into this matrix differentiate into osteocytes. c. Osteoid is laid down between embryonic 

blood vessels forming a random network of trabeculae. d. Bone becomes compact on the outer part and red bone 

marrow develops centrally of the bone. (https://arccwaite.files.wordpress.com/2018/12/seeleys-essentials-of-

anatomy-and-physiology-9th-edition.pdf/chapter_6). 

 

Intramembranous ossification takes place during skull growth and is also observed in 

the sphenoid and mandible, despite the presence of endochondral components. This means 

that both endochondral and intramembranous growth processes take place within the same 

bone (Setiawati and Rahardjo, 2008). The formation of bone tissue is sometimes categorized 

as either periosteal or endosteal ossification depending upon its location (Cashman and Ginty, 

2003). Periosteal bone exclusively arises from intramembranous ossification, while endosteal 

bone can originate either intramembranously or through endochondral ossification, depending 

upon the specific location and the process of formation (Dennis et al., 2015). The process of 

intramembranous ossification (Fig. I-10) commences with the proliferation and differentiation 

of mesenchymal cells into osteoblasts that produce and secrete an extracellular matrix made 

up of collagen and other proteins, that eventually mineralizes to form the hard, calcified bone 

tissue (Karaplis, 2008). The osteoblasts go on to secrete the extracellular matrix that is termed 

osteoid, mineralize it, and become entrapped within the matrix, forming osteocytes that make 
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up the spongy bone tissue (Breeland et al., 2022). The osteoblasts continue to deposit bone 

matrix, forming layers of bone tissue on top of each other. As the bone tissue thickens, blood 

vessels begin to penetrate the bone and the bone tissue becomes vascularized. This results in 

woven bone which then becomes surrounded by the periosteum made of two layers. The inner 

layer generates more and more osteoblasts that accumulate on the surface, secreting matrix 

that thickens to form the compact bone layer thus surrounding the existing spongy bone tissue 

(Provot et al., 2013). In comparison to spongy bone, the compact bone is denser, stronger, and 

does not contain a red bone marrow cavity but it rather provides support and protection 

(Seeman, 2008). Periosteal ossification is important for the growth and expansion of bones, it 

refers to the creation of bone tissue by the periosteum, that covers the outer surface of bones. 

The periosteum contains a large number of osteoprogenitor cells, which undergo 

differentiation into osteoblasts and, by appositional development, lead to an augmentation in 

the diameter of bones, resulting in enhanced strength (Cashman and Ginty, 2003; Karaplis, 

2008). Finally, osteoblasts and osteoclasts work together to remodel the periosteal bone, in 

order to adapt to mechanical strains and help in the maintenance and restoration throughout an 

individual’s life (Florencio-Silva et al., 2015; Karsenty and Wagner, 2002).  

 

1.4. Factors affecting bone formation. 
 

The process of ossification is an important process for the development and 

maintenance of the skeletal system in vertebrates. Bone formation is regulated by several 

different factors, including transcription factors, signaling pathways, extracellular matrix 

proteins, and other regulatory molecules. Impairments in this process can lead to skeletal 

disorders, for example, cleidocranial dysplasia (Balioğlu et al., 2018), a disorder characterized 

by the failure of normal clavicle formation. Mutations in genes involved in important 

processes can result in skeletal anomalies that include bone disorders, such as osteogenesis 

imperfecta and osteopetrosis (Kornak and Mundlos, 2003). These mutations generally 

manifest as either craniosynostosis, resulting from premature fusion of sutures, or as enlarged 

fontanels  that result when two skull bones delay closure or fail to appose correctly (Ko Min, 

2016; Kornak and Mundlos, 2003). To give some examples, mutations in FGFR1, 2, or 3, 

have been shown to cause craniosynostosis (Ciurea and Toader, 2009; Ko Min, 2016). FGFRs 

have been reported to regulate cranial suture fusion and animal studies have pointed out that 

mutations in FGFRs lead to abnormal signal transduction which affects midface and cranium 

(Purushothaman et al., 2011). Defects in WNT signaling have been linked to bone disorders 

(Yang, 2012), for instance an inactivating mutation of LRP5 causes osteoporosis 

pseudoglioma syndrome (OPPG) that is characterized by early onset osteoporosis with low 

bone mineral density and blindness (Levasseur et al., 2005), while mutation or overexpression 

of WNT ligands could also cause abnormalities in osteogenesis (Day et al., 2005; Hill et al., 

2005). LRP5 is known to be responsible for encoding a co-receptor of the WNT signaling 

pathway, which plays a role in regulating bone mineral density (BMD) and activation of 

LRP5 stimulates bone formation (Gong et al., 2001). The loss-of-function of LRP5 leads to an 

inability to transmit signals downstream of the WNT canonical pathway causing suppression 

of WNT signaling, hindering appropriate formation of bone, leading to reduced bone mineral 

density (BMD) and resulting in the development of osteoporosis at an early stage of life (Cui 
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et al., 2011; Gong et al., 2001). Recently, it was reported that more severe manifestation of 

early-onset osteoporosis (EOOP) is linked to a recessive form of LRP5, in combination with 

an additional mutation in either DKK1 or WNT3A (Caetano da Silva et al., 2021) 

Intracellular mediators of the WNT signaling pathway, such as β-Catenin, also affect 

osteogenic differentiation of mesenchymal stem cells (MSCs), as conditional deletion of the 

β-catenin gene in early osteogenic progenitors arrested terminal differentiation of MSCs into 

osteoblasts, thus resulting in excessive chondrocyte formation (Kim et al., 2013a; Rodda and 

McMahon, 2006). Thus, signaling pathways categorized based on their initiation by various 

signaling ligand families, such as Hedgehog (HH), Wingless and int-1 (WNT), NOTCH, 

Transforming Growth Factor-beta (TGF-β), Bone Morphogenic Protein (BMP), and 

Fibroblast Growth Factor (FGF) are critical in osteogenic differentiation (discussed below). 

These signaling pathways transduce their signals and interact with key transcription factors 

like SOX9, RUNX2, OSX, TWIST1, and MSX2 that are crucial for bone development, and 

they have been shown to regulate both the ossification processes, as depicted in (Fig. I-11). 

 

 

Figure I-11. Signal-transduction pathways are involved in the regulation of osteoblast 

differentiation and bone formation.  

Hedghehog (HH) signaling has been shown to be involved in several developmental 

processes of different tissues and there are 3 homologs of HH found in mammals: sonic 

(SHH), Indian (IHH) and desert (DHH)(Carballo et al., 2018). Both SHH and IHH have been 

shown to be involved in skeletal development (Ohba, 2020). SHH promotes the epithelial-

mesenchymal transition of the sclerotome and the skeletogenic mesenchyme and regulates 

differentiation of the cranial neural crest cells (cNCC) derived skeletal structures and digit 

patterning in the appendicular skeleton (Chiang et al., 1996; Fan et al., 1995; Hu et al., 2003; 
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Jeong et al., 2004; Riddle et al., 1993). IHH is involved in the endochondral ossification 

process (Ingham and McMahon, 2001) , it is found to be expressed in pre- and early 

hypertrophic chondrocytes in the growth plate (Maeda et al., 2007) where it plays an 

important role in regulating proliferation and differentiation of chondrocytes, required for 

subsequent osteoblast differentiation (Ohba, 2016). Mutations in IHH have been linked to 

syndactyly with craniosynostosis and acrocapitofemoral dysplasia (Bosse et al., 2000; 

Hellemans et al., 2003), while mutations in SHH lead to congenital hand deformities and 

severe craniofacial alternations, neurological syndromes, polydactyly, and syndactyly 

(Abramyan, 2019; Umair et al., 2018). The TGFβ / BMP belong to a superfamily along with 

Activins and Growth and Differentiation Factors (GDFs) primarily involved in TGFβ and 

BMP signaling (Feng and Derynck, 2005). In mice, double knockout for Tgfβ2 and Tgfβ3 

causes impaired frontal and parietal bones respectively, while deletion of Tgfβ2 in the 

germline leads to mild defects in the ossification and cranial formation (Florisson et al., 2013; 

Sanford et al., 1997). TGFβ signaling has been shown to play an important role in promoting 

condensation and differentiation of mesenchymal cells, inducing proliferation of chondrocytes 

and inhibit terminal differentiation of chondrocytes (Furumatsu et al., 2009; Mueller and 

Tuan, 2008). Similarly, BMPs are critical for mesenchymal differentiation and for 

proliferation and maturation of chondrocytes (Culbert et al., 2014; Li et al., 2003). BMP 

signaling is extremely important for osteoblast development, as knocking out Bmp2 and Bmp4 

disrupted osteoblast differentiation and resulted in reduced bone mass in mouse (Kamiya and 

Mishina, 2011; Wu et al., 2016a). Additionally, there have been reports indicating that 

RUNX2 has the ability to impact the expression of BMPs (Choi et al., 2005; James et al., 

2006; Phimphilai et al., 2006). A recent report conducted on patient having cleidocranial 

dysplasia (CCD) carrying a rare heterozygous deletion in RUNX2 gene, influenced BMP4 

expression, while treatment with BMP4 rescued the osteogenic capacity of the affected bone 

marrow mesenchymal stem cells (Liu et al., 2022). On exploring the role of RUNX2 in BMP 

signaling in these patients, it was shown that RUNX2 regulates osteoblast differentiation via 

the BMP 4 signaling pathway by inhibiting the BMP antagonist CHRDL1 (Liu et al., 2022). 

Thus, BMPs together with RUNX2 are important regulators of osteoblast differentiation 

(Salazar et al., 2016). Also, mutations in the BMP Type I receptor (ACVR1/ALK2) cause a 

condition called Fibrodysplasia ossificans progressiva (FOP) that leads to heterotopic 

endochondral ossification (Culbert et al., 2014). Additionally, TGFβ/BMP signaling can be 

negatively regulated by intracellular antagonists like SMAD 6/7, extracellular antagonistic 

ligands such as NOGGIN and BMPER, inner nuclear membrane proteins, intracellular 

ubiquitin ligases and transcriptional repressors whose disfunction causes craniofacial 

malformations, affects joints, or leads to fractures or skeletal disorders/anomalies (Doyle et 

al., 2012; Gong et al., 1999; Lehmann et al., 2007; Zong et al., 2015). 

The WNT pathway has also been reported to be involved in promoting chondrocyte 

hypertrophy, for instance absence of WNT5A has been shown to delay chondrocyte 

hypertrophy which affects bone formation and WNT5A/B is essential for transition of 

chondrocytes to hypertrophy (Hartmann and Tabin, 2000; Yang et al., 2003). Activation or 

inhibition of WNT signaling have been associated with alterations of bone mass (either 

increase or decrease, respectively) (Bennett et al., 2007; Day et al., 2005; Hill et al., 2005; Hu 

et al., 2005). Mutations in WNT1 have been linked to early onset of osteoporosis and 

osteogenesis imperfecta (Lu et al., 2018). BMP and WNT signaling together have been shown 
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to regulate the development and remodeling of several organs and tissues; for example, 

studies employing mesenchymal cell lines have resulted in both synergistic and antagonistic 

outcomes when examining the relationship between BMP and WNT signaling in osteoblasts 

(Kamiya et al., 2010; Kamiya et al., 2008; Mbalaviele et al., 2005). Both pathways play a 

crucial role in the regulation of osteoblast differentiation and bone formation (Maes et al., 

2010). 

The FGFs or fibroblast growth factors and their receptors are known to be involved in 

formation of most tissues, including bone development, and act as important regulators during 

the earliest stages of development and organogenesis (Ornitz and Marie, 2015). Studies 

suggests that syndromes of craniosynostosis in humans have been directly linked to mutations 

in fibroblast growth factor receptors (Degnin et al., 2010) like FGFR1, FGFR2 and 

FGFR3(Ciurea and Toader, 2009; Teven et al., 2014; Wilkie, 1997). Several FGFs, like 

FGF2, FGF4, FGF9, FGF18, and FGF20 are expressed during early stages of 

intramembranous bone formation (Britto et al., 2001; Lazarus et al., 2007; Liu et al., 2002; 

Ohbayashi et al., 2002; Rice et al., 2000). Studies have shown that FGFR-mediated activation 

of ERK1/2, PLCγ/PKCα and PI3K/Akt signaling pathways leads to modulation of cell 

proliferation, differentiation and apoptosis of osteoblasts, which affects bone formation 

(Ornitz and Marie, 2015). FGF2 ectopic expression in mice causes macrocephaly and coronal 

synostosis (Holmes et al., 2018), while complete KO of Fgf18 in mice leads to craniofacial 

defects and delayed ossification (Xie et al., 2014). Fgf9 has been shown to be expressed in the 

calvarial mesenchyme (Kim et al., 1998) and Fgf18 is found in mesenchymal cells and in 

differentiating osteoblasts (Ohbayashi et al., 2002; Reinhold and Naski, 2007), while both 

Fgf9 and Fgf18 are expressed in the perichondrium and periosteum (Hung et al., 2007; Liu et 

al., 2002; Ohbayashi et al., 2002), and Fgf2 is expressed in the chondrocytes (Gonzalez et al., 

1996). Mice lacking Fgf2 display a significant reduction in bone mass with no observable 

changes in growth plate structure or function (Montero et al., 2000). 

All of these signaling pathways are crucial during the development, osteoblast 

differentiation and in the ossification process (Ornitz and Marie, 2015; Provot et al., 2013; 

Yang, 2012). Their combined action governs the expression and function within the 

differentiating skeletal cells of the transcription factors, such as SOX9, RUNX2 and SP7 that 

are required for cartilage and bone development (Fig. I-11) (Fig. I-5) (Bruderer et al., 2014; 

Oh et al., 2014). The SOX9 transcription factor belongs to the SRY family and it is required 

for chondrogenesis (Akiyama, 2008). The SOX9 gene is considered as the master gene for 

chondrocyte differentiation, it is mutated in skeletal dysplasia including campomelic 

dysplasia characterized by endochondral ossification abnormalities (Kiernan et al., 2018; 

Maes and Kronenberg M., 2016). Further, SOX9 is known to regulate the expressions of 

SOX5 and SOX6 and to directly activate collagen II, all chondrocyte differentiation markers 

(Lefebvre and Dvir-Ginzberg, 2017). SOX9 also induces expression of collagen X in 

hypertrophic chondrocytes (Leung et al., 2011). Studies have shown that Sox9 is essential for 

maintaining the identity of chondrocytes and its downregulation is essential for progression of 

hypertrophy in mice (Dy et al., 2012). Interactions between various signaling pathways like 

IHH, PTH-related peptide (PTHLH), BMP, Wnt and FGF play an important role in regulating 

a balance between chondrocyte proliferation and hypertrophy (Chen et al., 2021; Minina et 

al., 2002). 
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RUNX2 is a transcription factor belonging to the RUNX family and is considered 

crucial for osteoblast commitment and differentiation (Komori, 2011). It is expressed in 

osteoblast progenitors, in immature and in early mature osteoblasts (Bruderer et al., 2014). 

RUNX2 is essential for the differentiation of early mesenchymal stem cells into osteoblasts 

and it controls the expression of various genes like collagen I, bone sialoprotein (BSP), 

osteopontin (OP) and osteocalcin (OC) (Komori, 2010; Marie, 2008; Oh et al., 2012). It is 

important for both intramembranous and endochondral ossification processes during 

skeletogenesis, since germline deletion of Runx2 impedes the formation of mature, 

mineralized bone and is extremely lethal (Komori et al., 1997; Otto et al., 1997). Studies have 

shown that the expression of RUNX2 is observed in proliferating chondrocytes, in pre-

hypertrophic chondrocytes and in the perichondrium during endochondral bone development 

(Inada et al., 1999; Kim et al., 1999). 

The transcription factor SP7 (OSX) regulates osteoblast differentiation and bone 

formation (Nakashima et al., 2002). It has been reported that SP7 expression is essential for 

the RUNX2-positive cells to differentiate into mature and functional osteoblasts and 

osteocytes (Zhou et al., 2010; Zou et al., 2006). Patients lacking the SP7 gene suffer from a 

moderate form of osteogenesis imperfecta and harbor bone fractures, delayed tooth 

development and show mild skeletal deformities (Lapunzina et al., 2010). 

Other transcription factors, such as MSX2 and DLX5, also play a crucial role during 

the differentiation of osteoblasts during the formation of cranial bones by interacting with 

RUNX2 (Rice and Rice, 2008) and, as mentioned above, numerous regulatory factors, 

including signaling pathways such as TGFβ, BMP, Wnt, FGF and HH are essential in 

influencing bone formation by regulating cell differentiation and survival in a spatiotemporal 

fashion (Dailey et al., 2005; Lenton et al., 2005; Opperman, 2000; Rice and Rice, 2008). 

Hormonal signals also play an important role in the regulation of bone formation. For 

example, growth factors like insulin-like growth factor 1 (IGF1) (Guntur and Rosen, 2013), or 

thyroid hormone (TH) can stimulate bone formation by promoting mesenchymal cell 

differentiation and bone matrix production (Bassett and Williams, 2016). Thyroid hormone 

and growth hormone play an equally important role in the regulation of bone formation via 

WNT signaling and BMP signaling pathways (Williams, 2013). It has been shown that TH 

activates COL1 and BGLAP expression in osteoblasts and inhibits osteoclast formation in 

humans and mouse (Bassett and Williams, 2016) (Zaitune et al., 2019).   

Parathyroid hormone (PTH) is known as the key regulator of calcium and phosphate 

homeostasis in the body, one of the factors that play a role in regulating bone formation 

(Lombardi et al., 2020). Studies conducted in vitro have reported that the proliferation and 

differentiation of osteoblasts are stimulated by PTH, through increased expression of BMP2 

and other growth factors essential for differentiation of osteoblasts (Zhang et al., 2011). PTH 

is also known to exert its effect on osteoclast differentiation and bone resorption by 

stimulating the expression of RANKL, causing the calcium to be released into the blood 

stream (Wein, 2017), and thus maintaining normal calcium levels in the blood (Kahil et al., 

2020). Parathyroid hormone stimulates production of Vitamin D, which assists in enhancing 

calcium and phosphorus absorption from the intestine (Christakos et al., 2011). Thus, both 

calcium and vitamin D are involved in a feedback loop that is tightly regulated by the 
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secretion of PTH. Therefore, overall, the process of ossification in vertebrates is influenced by 

a complex interplay of genetic, hormonal, mechanical, and environmental factors. 
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2. THE ZEBRAFISH MODEL SYSTEM 
 

Using model systems to study and understand vertebrate development, as well as to 

assist in solving unanswered questions in biomedical research, is becoming very common. 

Zebrafish (Danio rerio) emerged as one the most valuable model organism used in biological 

research. It is a teleost tropical freshwater fish (Dooley and Zon, 2000) and has become a very 

well-established animal model for studies in developmental biology, when compared with the 

most widely used model systems, the rat (Rattus norvegicus), the mouse (Mus musculus) and 

others (Dooley and Zon, 2000). It has also become an excellent model system for the study of 

muscle and skeletal development in vertebrates (Ackermann and Paw, 2003). One important 

advantage is that fertilization and embryonic development take place outside of the body, in 

contrast to mammals where these processes occur in utero. Early developmental stages are 

easily accessible in the zebrafish embryo as the chorion, a membrane surrounding the egg and 

the embryo, and the embryo itself are transparent (Ackermann and Paw, 2003; Dooley and 

Zon, 2000). The zebrafish has a completely sequenced, annotated genome comprised of 25 

chromosome pairs (Howe et al., 2013). It is impressive that about 70% of the human protein-

coding genes are known to have at least one homolog in the zebrafish (Howe et al., 2013). 

Also, all the main organs are formed within 24 hours post fertilization (hpf) and the larvae 

hatch around 2-3 days post fertilization (dpf). At 26 hpf, the heart starts to beat, initiating 

blood circulation, and pigmentation begins to show up between 30 to 72 hpf (Kimmel et al., 

1995; Lister, 2002). Even though there are other established simple animal models such as 

Drosophila melanogaster and Caenorhabditis elegans, employed for studying many 

biological processes (Cooper, 2000; Dooley and Zon, 2000), these organisms are not suitable 

for addressing questions related to development and functions of vertebrate specific features 

like multi-lineage hematopoiesis, notochord, skeletogenesis and neural crest cells, as they are 

invertebrates (Cooper, 2000). The embryonic development in zebrafish has been described 

and characterized in detail, thus facilitating the analysis and comparison of abnormal 

development during diseases like muscular dystrophy, tuberculosis, and cancer, to name just a 

few (Bassett et al., 2003; Kimmel et al., 1995; Swaim et al., 2006). The zebrafish therefore 

has become an important model, alongside mice and rats, as many mutant/variant genes have 

been found in genetic screens to cause conditions similar to human diseases (Dooley and Zon, 

2000). Osteogenesis and anomalies of mineralized tissues are one of the areas of intense 

investigations in the mammalian field, but different from other areas of organ formation, 

tissue morphogenesis and developmental biology, zebrafish has been somewhat a late entrant 

as a model organism in the area of bone research (Apschner et al., 2011). Zebrafish, which 

offers genetic mutants, facilitates a wide range of studies aimed at examining the signaling 

pathways involved in bone development, caudal fin regeneration, screening for osteoactive 

compounds, performing transcriptomics, in vivo cell tracking using transgenic reporter lines, 

drug treatments, and the discovery of therapeutic tools for bone diseases (Fig. I- 12). 

  



48 

 

 

 

Figure I-12. Zebrafish applications in skeletal biology. Examples of applications of the zebrafish 

model in the field of skeletal research includes modeling for human bone diseases by generating mutants, 

staining for cartilage and skeletal elements, large scale compound screening of osteoactive compounds and drug 

treatments, in vivo cell tracking using Tg reporter line and performing transcriptomic studies at various stages 

during development. Images created with BioRender.com.  
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2.1. Cartilage and bone development in zebrafish 
 

2.1.1. Craniofacial development 

 

Zebrafish and other teleosts have skeletal structures that are made up of both bone and 

cartilage. It is very important to understand the development and maintenance of teleost bone 

and cartilage in order to better comprehend the evolution of the skeletal system and skeletal 

anomalies for developing necessary therapeutic interventions. 

The skull of fish, especially zebrafish, is far more complicated than that of other model 

creatures like frogs, birds, and mammals in terms of the number of bones, diversity of skeletal 

types, and articulations. For example, there are 74 cranial bone elements in adult zebrafish in 

comparison to the mammalian skull with merely 22 (Cubbage and Mabee, 1996), as shown in 

the schematic representation of a zebrafish skull from larvae to juvenile (Fig. I- 13). 

 

Figure I-13. Schematic representation of zebrafish skull in larval and juvenile stages. The larval 

stages are shown in figures and juvenile stages are shown in figures (D-F).  (A, C, D, F) showing the 

viscerocranium and (B, E) the neurocranium. The elements are: anterior basicranial commisure (abc), auditory 

capsule (ac), basibranchials (bb), basihyal (bh), basioccipital, basal plate (bp), ceratobranchials, ceratohyal (ch), 

dentary (d), epibranchial (eb), epihyal (eh), ethmoid plate (ep), epiphysial bar (epb), hypohyal (hh), 

hyosymplectic (hs), lateral commissure (lc), Meckel’s cartilage (mc), notochord (n), posterior basobranchial 
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commissure (pbc), palatoquadrate (pq), parasphenoid (ps), trabeculae (t), tectum synopticum (ts). (Nuesslein-

Volhard, 2002). 

 

The development of the chondrocranium and the patterning of pharyngeal segments in 

zebrafish has been very well documented and described in detail both in mutant and wild type 

organisms (Neuhauss et al., 1996; Schilling and Kimmel, 1997; Schilling et al., 1996b). The 

craniofacial anatomy of zebrafish is made of the neurocranium (Fig. I-13. B, E) (supports the 

brain and sensory systems) and the viscerocranium (Fig. I-13. A, C, D, F) (playing a role as 

feeding and respiratory apparatus), both of which are composed of cartilaginous elements that 

are replaced by bone and a few intramembranous skeletal elements which support the gill 

cover (Mork and Crump, 2015). Many of these bones, especially those forming the cranial 

vault, are cartilaginous (Lettice et al., 1999) in the beginning and eventually ossify much later 

after the embryonic period to form the osteocranium (Nuesslein-Volhard, 2002). 

The pharyngeal skeleton in zebrafish is derived embryonically mainly from neural 

crest, while the muscles are derived from mesoderm (Noden, 1991; Schilling and Kimmel, 

1994). The patterning of the pharyngeal segments is consistent with their hindbrain 

rhombomeric origin (Fig. I-14. A-B), which translates into a segmentally organized set of 

cartilages, bones, and muscles (Fig. I-15. A-C) (Schilling and Kimmel, 1997). In the course 

of the development of the chondrocranium, the cranial neural crest cells (cNCCs) migrate 

laterally and ventrally before differentiating into a lineage of chondrocytes that proceeds to 

form osteogenic or osteoblast-like cells that secrete the bone matrix and undergo ossification 

(Huysseune, 2000). As this differentiation proceeds simultaneously at the cellular level, at 

each stage the cells express different genes or markers that code for transcription factors or 

ECM proteins (Fig. I-16).  
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Figure I-14. Schematic representation of the different components and patterning of the 

pharyngeal skeleton in zebrafish. (A) The figure shows neural crest cells, mesodermal and endodermal 

components of the zebrafish head. The shading of elements inside a segment corresponds to the following: 

mandibular, 1 (derived from neural crest and mesoderm); hyoid, 2 (derived from neural crest and mesoderm); 

branchials, 3-7 (derived from neural crest and mesoderm). The figure briefly describes a schematic picture of the 

initial stages of development, namely during mid-somitogenesis, wherein the formation of head segments 

commences in a vertebrate embryo of a general kind. Neural crest cells undergo ventral migration into the 

pharyngeal arches by three distinct migratory streams, labeled as streams 1-3. During the advanced phases of 

embryonic development, the pharyngeal segments undergo further division into distinct dorsal and ventral 

regions. Within these regions, a cylinder composed of neural crest cells surrounds mesodermal cores, which are 

in turn enveloped by epithelial tissue. In the larval stages of zebrafish development, each arch consists of 

segment-specific cartilages that originate from neural crest cells, as well as muscles that originate from 

mesoderm cells. (B) This figure illustrates the schematic depiction of a zebrafish embryo at an early stage, 

specifically at mid-somitogenesis, when the migration of neural crest cells commences. The hindbrain of the 

embryo is divided into several segments known as rhombomeres, ranging from r2 to r7. Neural crest cells exhibit 

migratory behavior as they relocate to specific parts of the mesoderm inside distinct arches, which is contingent 

upon their segmental origins in close proximity to the hindbrain. A diagram illustrating the transverse section is 

shown, thereby depicting the spatial distribution of the lateral neural crest responsible for generating neuronal 

and glial cell lineages, as well as the medial crest cells responsible for forming cartilage and pigment. (Yelick 

and Schilling, 2002). 
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Figure I-15. The summary of segmental homologies observed in the cranial cartilages and muscles 

of zebrafish larvae. (A) Schematic lateral view of the pharyngeal skeleton at 96 hours. Homologous structures 

exhibit analogous coloration patterns, with the basi structure displaying a blue hue, the hypo structure appearing 

black, the cerato structure exhibiting a purple shade, and the epi structure presenting a red coloration. (B) The 

cranial muscles can be categorized into four groups based on their coloration: the dorsal muscles are brown, the 

intermediate muscles are green, the ventral muscles are yellow, and the putative dorsal muscles are orange. (C) 

The combination of A and B. (Schilling and Kimmel, 1997). 
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Figure I-16. Schematic representation of cranial neural crest cell (cNCC) differentiation in 

zebrafish. During chondrogenesis, the different cartilaginous elements arise from cNCCs. The progenitors 

differentiate and express various genes like hox2a and ap2α3 that are very essential for the specification of arch 

segmentation. Followed by the expression of dlx2a, the cells start to migrate, and those cells start to express 

genes important for chondrogenesis such as runx2b, sox9a, col2a1. The chondrocytes will proliferate to give rise 

to hypertrophic chondrocytes that will become osteogenic or osteoblast like cells and undergo endo- or peri-

chondral ossification. In addition, the influence from signaling pathways (Bmp, Fgf and Hh) is crucial for the 

patterning of the pharyngeal skeleton in the craniofacial area (Muller et al., 2010). 

 

The anterior portion of the larval neurocranium, which includes the ethmoid plate, 

paired trabeculae, and a portion of each bilateral otic capsule, is formed by cranial neural crest 

cells (cNCCs), while the posterior and medial components are derived from mesoderm and 

develop around the cranial end of the notochord (Fig. I-17. A-C). The ethmoid plate can serve 

as a model for the mammalian hard palate in that both derive from two groups of anterior 

maxillary cNCCs which migrate and fuse at the midline to form the roof of the mouth (Mork 

and Crump, 2015). Genetic mutations or misexpressions in critical genes that regulate the 

growth and migration of the cNCCs lead to impairment of the midline fusions and to unfused 

(cleft) palate both in mammals and in fish (Bush and Jiang, 2012; Eames et al., 2013; Swartz 

et al., 2011; Wada et al., 2005). Interestingly, similar observations have been documented in 

the midline region in mutant zebrafish for Bmp pathway components, Sonic hedgehog (Shh), 

Plateled-derived growth factor (Pdgf), or in genes like irf6 whose phenotypes range from 

complete lack of the anterior neurocranium to unfused plates, presence of two parallel rods, or 

a single rod instead of an entire complete plate, similar to mammalian cases (Carroll et al., 

2020; Eberhart et al., 2008; Raterman et al., 2020; Wada et al., 2005). Both the more dorsal 

palatoquadrates, which articulate with the posterior end of the Meckel's to form the jaw joint, 

and the ventrally positioned bilateral Meckel's cartilages, which unite at the midline and serve 

as the lower jaw in the larva, are derived from the mandibular arch.  
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Figure I-17. 5dpf (days post fertilization) picture of young zebrafish larva in lateral position and the head 

cartilaginous skeleton layout. (A) zebrafish larva 5 days old in lateral view (anterior to the left). (B) Alcian Blue 

stained image of head cartilage in ventral view. (C-E) are pictographic representations of the head cartilage in 

various views. (C) The cartilage elements of the neurocanium and the notochord in a dorsal view. (D) The lateral 

view of the pharyngeal skeleton. (E) The ventral view of 5dpf zebrafish larva showing the pharyngeal arches. A, 

anterior; bb, basibranchial; bh, basihyal; cb, ceratobranchial; ch, ceratohyal; D, dorsal; ep, ethmoid plate; hb, 

hypobranchial; hs, hyosymplectic; ih, interhyal; L, lateral; M, medial; m, meckels; not, notochord; oc; otic 

capsule; P, posterior; pch, parachordal; pq, palatoquadrate; tr, trabecula; V, ventral. (Kimmel et al., 2001). 

A smaller interhyal cartilage forms the hyoid joint, joining the hyosymplectic and the 

ceratohyal (Fig. I-17. A & D). At the midline, the unpaired basihyal cartilage is in touch with 

each ceratohyal (Fig. I-17. B & E). The neurocranium is joined to the anterior portion of the 

otic cartilage by the hyosymplectic, (Fig. I-17. A & D). This attaches the jaw skeleton to the 

rest of the head (Kimmel et al., 1998).  

 

The viscerocranium derives mainly from cNCCs and contains the jaw, branchial 

arches, and teeth, as shown in figures; (Fig. I-13 A, C, D and F) and (Fig. I-15). Their origins 

have been studied extensively, highlighting its importance for development and survival in 

zebrafish, and have been shown to originate from the embryonic pharyngeal arches (Kague et 
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al., 2012; Mork and Crump, 2015). The seven pharyngeal arches of the zebrafish embryo 

make up the viscerocranium, where the first and the second pharyngeal arch, i.e., the 

mandibular and the hyoid arch, serve as supportive structures of the jaw (Fig. I-17. B & D 

and Fig. I-18. A) (Schilling and Kimmel, 1997). The remaining third to seventh pharyngeal 

arches are called branchial arches that form the supporting structures of the gills and the teeth 

(Fig. I-17. B & E) (Schilling and Kimmel, 1997). Multiple skeletal components develop 

along each of the arches' dorsal-ventral axis, each of the seven pharyngeal arches have 

separate dorsal and ventral sets of cartilages and muscles (Schilling and Kimmel, 1994; 

Schilling et al., 1996a). Advancing posteriorly, arches 3–7 create unpaired basibranchials at 

the ventral midline, which in turn connect to paired ventrolateral rod–shaped ceratobranchial 

cartilages attached to tiny hypobranchials (Vandewalle et al., 1998). The delicate, heavily 

branched gill tissues are supported by the ceratobranchials and arch 7 gives rise to several 

ossified pharyngeal teeth. The arches are patterned by signals from the surrounding epithelia 

as well as by NCC-intrinsic information carried over from their neuroepithelial origins. For 

example, the transcription factors of the Hox family determine the major anterior-posterior 

and dorsal-ventral axes, as well as precisely which parts of each arch need to produce 

cartilage or bone to establish a domain-specific generalized skeletal plan (Lovely et al., 2016; 

Prince et al., 1998). Despite differences in the precise shapes and numbers of arch-derived 

skeletal elements in various animals, the general functions of these pathways in patterning the 

pharyngeal arches prior to skeletal development have proven to be highly conserved across 

vertebrates in mice and in zebrafish (Medeiros and Crump, 2012). 

Due to the similarities between the fish and the mammals, it is possible to use the 

sophisticated genetic tools available in the zebrafish system to find novel genes that may 

influence these skeletal homologs in both systems. Most of the genes and their roles are 

conserved across species. For example, the anterior portion of the neurocranium, which 

mimics the mammalian palate, and the cranial vault, are unambiguous homologs between 

zebrafish and mammals (Swartz et al., 2011; White et al., 2021). The zebrafish skull has 

skeletal joints, including fibrous joints (such as skull sutures) and articular joints in the mouth, 

similar to mammalian skulls (Fig. I-18. B) (Topczewska et al., 2016). nkx3.2, also known as 

bapx1, belongs to the NK2 class of homeobox genes (Lettice et al., 2001). Its mutation in 

zebrafish results in an open mouth condition that is caused by loss of the jaw joint (Waldmann 

et al., 2021). Mutations in the Endothelin-1 pathway cause significant alterations to the 

anterior lower face of mice and zebrafish. These alterations include reductions and 

transformations of the Meckel's cartilage and the ceratohyals in zebrafish edn1 mutants 

(Miller et al., 2000) and a dramatically reduced mandible in Edn1 mouse mutants (Kurihara et 

al., 1994). In addition, mutations in EDN1 key target genes such as Dlx5/6 cause the lower 

jaw to be transformed into upper jaw and lead to repatterning of the skull in mutant mice a 

(Depew et al., 2002). 

The skeletal elements and the various joints that we observe during the larval stages 

are comparatively more robust and increased in size in adults due to the growth and 

developmental changes. This is clearly illustrated in the figure below where we show 

comparison of joints in different locations (ranging from hyoid joint to jaw joints to skull 

sutures to joints connecting the vertebral bodies and in pectoral fins) in larval stage and in 

adults (Fig.18. A & B) (Askary et al., 2016; Smeeton et al., 2017).  
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Figure I-18. A comparative view of skeletal joints in 5dpf zebrafish and older zebrafish. (A) Shows 

the alcian blue stained young zebrafish larva highlighting the cartilaginous joints; the jaw joint (between meckels 

(m) and palatoquadrate (pq) and the bipartite hyoid joint between hyosymplectic (hs), interhyal (ih), and 

ceratohyal (ch) cartilage). (B) Alcian blue (cartilage) and alizarin red (bone) co-stained adult zebrafish showing 

many types of joints; sutures of the skull, intervertebral joints, the synovial joints in the jaw and pectoral fin; 

distal radial (dr) and proximal radial (pr). The figure is adapted from (Smeeton et al., 2017).  
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2.2. Zebrafish Axial Skeleton 
 

The axial skeleton of fish consists of the vertebral column and the dorsal, anal, and 

caudal median fins, while the paired pectoral and pelvic fins are found ventro-laterally in the 

abdominal area (Fig. I-19) (Cubbage and Mabee, 1996). In terms of development and basic 

anatomy, zebrafish and humans are quite similar but there are differences in the axial and 

appendicular skeleton that can be observed during embryological and developmental studies 

and also by radiographic analysis (Fisher et al., 2003; Hirasawa and Kuratani, 2015).  

 

 

Figure I-19. Pictographic representation of zebrafish adult axial skeleton. The Weberian apparatus is 

indicated in green, while supraneurals are indicated in light green, the vertebra centra are in black. The precaudal 

vertebrae are shown in red, caudal vertebrae are in orange color, while the caudal fin vertebrae are in purple and 

the dorsal, anal fin endoskeletons are shown in blue. The centra, neural arches and spines, parapophyses, and ribs 

make up the precaudal vertebrae, that are anteriorly regionalized as the Weberian vertebrae called the Weberian 

apparatus. Centra, dorsal neural arches and neural spines, and ventral hemal arches and hemal spines make up 

the caudal vertebrae. It is important to note that posterior to the Weberian apparatus begins the precaudal 

vertebrae until vertebra 14. Thereafter, from vertebra 15 onwards through 28, they make up the caudal vertebrae. 

The three caudal vertebrae, especially the most posterior one, are adapted to support the caudal fin. The last 

precaudal and/or first caudal vertebra, which lacks a haemal spine and has prolonged, unfused hemal arches or 

parapophyses, is frequently referred to as a "transitional" vertebra (Cubbage and Mabee, 1996). Figure from 

(Bird and Mabee, 2003).  

 

2.2.1. Vertebral column 

 

In terms of spinal morphology, humans have 33 vertebrae, but zebrafish have 30 to 32. 

The zebrafish vertebral column is made up of a Weberian apparatus made up of four vertebrae 

between the swim bladder and the ear, 10 abdominal vertebrae (also known as precaudal 

vertebrae or trunk vertebrae) that are articulated with rod-shaped rib segments, 14 caudal 

vertebrae, and three caudal fin vertebrae (Fig. I-19) (Bird and Mabee, 2003). Like the 

mammalian spinal canal, the spinal cord in zebrafish travels through the neural arches that 

extend dorsally from each vertebra, also there are haemal arches on the ventral sides of the 

caudal vertebrae that encompass the caudal artery and vein (Bagnat and Gray, 2020). 
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Each zebrafish vertebral body is composed of a vertebral centrum that has a very 

distinct hourglass-shaped three-dimensional (3D) morphology, plus neural and haemal arches 

(Fig. I-20. A) (Dietrich et al., 2021b). In contrast to mammalian vertebrae, the cavities within 

zebrafish vertebral bodies do not carry red bone marrow, since hematopoiesis occurs in the 

kidney (Song et al., 2004). Instead, they are filled with adipose tissue and packed with 

vacuolated notochord cells, wherein each vertebra has trabecular struts that encircle the 

narrow centers (Bensimon-Brito et al., 2012) (Fig. I-20.B). Similar to mammals, spinal bones 

in zebrafish are interconnected by soft tissue (the intervertebral disc), allowing mobility and 

extending the range of locomotion (Galbusera and Bassani, 2019). It is also important to note 

that the nucleus pulposus and fibrocartilaginous cartilage that make up the intervertebral disc 

(McKee et al., 2019) in mammals is absent in zebrafish, instead a ring-shaped ligament 

(intervertebral ligament) connects the outermost circular margins of two neighboring 

vertebrae, thereby distinguishing the intervertebral soft tissue (Fig. I-20.B) (McKee et al., 

2019). The zebrafish spine is loaded axially due to compressive forces from swimming 

through water and direct muscle forces conveyed by tendons linked to the vertebrae (Suniaga 

et al., 2018).  

 

 

Figure I-20. Illustration of precaudal vertebral body from adult zebrafish and a comparative view 

of mouse and adult zebrafish vertebral bodies. (A) Shows the precaudal vertebral body in top and lateral 

(side) views and its parts consisting of neural arch, body end plate and haemal arch. (B) Highlights the 

differences between mouse and adult zebrafish vertebrae. Nucleus pulposus and annulus fibrosus make up the 

intervertebral discs in mice that lie between the vertebral bodies. The vertebral bodies of mice are packed with 

spongiosa. In zebrafish, the corresponding intervertebral structures are made of vacuolated tissues, that are 

situated between lumens and are encircled by bone. The figure is adapted from 

(https://doi.org/10.1101/2020.07.10.197533) and (Guo et al., 2018). 
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Although mineralization of the axial skeleton only starts at later stages (8-9 dpf), most 

of the processes of axial patterning begin quite early during the development in zebrafish, at 

10.5hpf when the first somite arises (Kimmel et al., 1995). This sets the ball rolling for 

segmentation, which progresses antero-posteriorly in a gradual fashion giving rise to pairs of 

somites every 30 minutes till the segmentation is completed, consisting of 30 pairs of somites 

at 24hpf. This segmentation pattern shows muscle precursors in the segmented plate that have 

been induced by signals derived from the notochord until the notochord is surrounded by 

segmented pairs of somites (Stickney et al., 2000). This process is highly controlled and is 

similar to somite formation in other vertebrate species, each somite then forming the 

myotome (muscle precursors) and the sclerotome (vertebral column precursor). In amniotes, 

the sclerotome is a population of mesenchymal cells that are generated from the ventral 

somite and migrate to surround axial midline structures, and then differentiate into cartilage 

and bone. This results in the development of the vertebral column. In zebrafish embryos 

(anamniote), although there are specific single cells that are known to give rise to both 

myotome and sclerotome cells, a lineage of single cells in the ventral somite has been 

demonstrated to form sclerotome cells (Stickney et al., 2000). Simultaneously, on the 

molecular level, expression of specific genes influences the segmentation, such as the Hox 

family of genes. The morphological diversity and axial position of the various types of 

vertebrae occurs due to positional cues coming from regional Hox gene expression, as was 

revealed in mouse and chicken studies (Mallo et al., 2010; Pineault and Wellik, 2014). 

The developing zebrafish notochord is made up of stacked cells that are of two types: 

vacuolated cells (VC) and an outer monolayer of chordoblasts that are referred to as 

notochord epithelium cells or the notochordal sheath cells (NSCs) as shown in (Fig. I-21) 

(Pogoda et al., 2018b).  

 

 

Figure I-21. A simplified graphical layout depicting the zebrafish notochord. The innermost cells of 

the notochord are the vacuolated cells (VC) and the alternating pattern of grey cells, which are entpd5a negative, 

are the notochordal sheath cells (SC) followed by red cells which become entpd5a positive at 6 dpf (E). The 

sheath cells are surrounded by a fibrous matrix (FM) that undergoes mineralization in entpd5a positive areas and 

can be detected by alizarin red staining (AR). It is important to note that the segmental expression of entpd5a in 

notochord sheath cells indicates the sites of chordacentra mineralization. The zebrafish notochordal sheath cells 
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have been shown to form alternating domains consisting of mineralizing domains (entpd5a positive) and non-

mineralizing domains (grey cells), also called the “other cartilage-like domains”. Figure adapted from (Lleras 

Forero et al., 2018). 

 

In zebrafish, the vertebral body precursors (centra) do not develop through an 

intermediary cartilage stage. Instead, the early larval notochord directly secretes the bone 

matrix that makes up the centra, via the mineralization of the notochordal sheath, a collagen 

2-based matrix deposed by the outer cells /chordoblasts. This bone lacks osteoblasts 

(Bensimon-Brito et al., 2012) (Fleming et al., 2004). Mineralization of the notochordal sheath 

requires Entpd5a that is crucial for bone formation which then aids in the recruitment of sp7+ 

osteoblasts in the mineralized domain (entpd5a-positive cells) (Fig. I-21), whereas the 

entpd5a-negative domain/ the cartilage-like domain could somehow contribute to the 

specification of intervertebral discs (Wopat et al., 2018). These segments of the mineralized 

notochord sheath, which are referred to as chordacentra, are subsequently encircled by a bone 

structure known as autocentra that is composed of somite-derived scleroblasts which do not 

have a cartilaginous foundation (Arratia et al., 2001; Bensimon-Brito et al., 2012; Grotmol et 

al., 2003; Inohaya et al., 2007). It is important to note that in zebrafish, even though 

segmentation clearly operates, disruption of the paraxial segmentation does not affect the 

normal segmentation of the chordacentra; their mineralization takes place independently, 

under the influence of axial notochord sheath cells (Fleming et al., 2004; Lleras Forero et al., 

2018).  
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2.2.2. Fins 

 

The majority of fish have two sets of fins: two pairs of abdominal fins, which prefigure 

the paired limbs in vertebrates, and a group of midline fins along the anterior to posterior 

body axis known as the unpaired or median fins (Cubbage and Mabee, 1996). The dorsal, 

anal, and caudal fins, as well as their bony internal support elements and external supports, 

are all part of the median fin rays (Fig. I-22) (Siomava and Diogo, 2018).  

 

 

Figure I-22.Photograph of adult male zebrafish showing the different fins. The abdominal fins are 

also called the pectoral fins and the pelvic fins are paired, whereas the anal fin, dorsal fin and caudal fins are 

unpaired. (Gupta and Mullins, 2010). 

 

In zebrafish, the potential contribution of the trunk neural crest to the caudal fin has 

been reported and investigated (Kague et al., 2012). The caudal fin is the first fin to develop 

in zebrafish, followed by the anal and finally the dorsal fin radials and the fin rays. It has been 

reported that the exoskeleton and endoskeleton of both the dorsal and anal fins develop bi-

directionally (Bird and Mabee, 2003). The positioning of the dorsal and anal fins has not been 

clearly documented in zebrafish, but the influence of the hox and tbx gene expression has 

been reported in sharks (Freitas et al., 2006). Moreover, the influence of hox family gene 

expression and other factors like retinoic acid (Spoorendonk et al., 2008) haven been linked in 

early stages of development to the formation of the pectoral fins owing to their striking 

similarity to tetrapod limbs. Wnt, Shh and Fgf signaling pathways also play an important role 

in patterning of the appendage/limb development (Gibert et al., 2006; Grandel et al., 2000; Le 

Pabic et al., 2022a; Mercader et al., 2006). 

  



62 

 

3. TOOLS FOR STUDYING ZEBRAFISH 

SKELETOGENESIS 
 

Zebrafish is a great candidate for the screening of various novel osteogenic and/or 

mineralogenic compounds or for investigating the effect of drugs or inhibitors as the skeletal 

structures, can be easily assessed through whole-mount/live staining methods (Fig. I-23). 

Different ways to visualize cartilage and mineralized skeletal structures during early 

developmental stages are available in zebrafish. Alcian blue stains the cartilage glycoproteins 

and sulfated glycosaminoglycans (Fig. I-23. A) (Gavaia et al., 2000; Walker and Kimmel, 

2007), Alizarin Red-S (ARS) visualizes ossified bone matrix / mineralized skeletal structures 

in fixed embryos (Fig. I-23. B) or live staining zebrafish larvae using 4-amino-5-

methylamino-2’-7’-difluorofluorescein diacetate (DAF-FM-DA), detecting nitric oxide (NO) 

(Kojima et al., 1999; Lepiller et al., 2007), could reveal developing bone elements and, 

weakly cranial cartilages (Fig. I-23. C) (Renn, 2014). Additionally, the mineralized skeletal 

elements can be visualized in living specimens using live ARS stain (Fig. I-23. D), and also 

by calcein that labels calcified skeletal structures (Du et al., 2001). 

 

 

Figure I-23. Different methods to visualize zebrafish bone and cartilage during early developmental 

stages. (A) Cartilage elements can be visualized by alcian blue staining in developing zebrafish larvae at 5 dpf in 

both lateral and ventral positions. (B) Developing bone elements can be visualized by alizarin red (ARS) staining 

on fixed embryos at 10 dpf in lateral and in ventral views. (C) DAF-FM-DA live stain at 4 dpf detects NO in 

developing bone elements and also weakly stains the cranial cartilage elements. (D) Mineralized skeletal 

structures can be visualized by live ARS stain in living specimen. The image shown in panel (D): is of 4 dpf 

zebrafish larvae. (E, F) Using Tg reporter lines one can also visualize the developing skeletal elements at various 

stages of zebrafish development live in either green or red fluorescence for example at 4 dpf. (E) Tg reporter line 

(Tg(sp7:sp7-GFP)) where GFP expression is driven by the zebrafish endogenous osx/sp7 promoter gene, a 

marker for osteoblasts and (F) Tg reporter line (Tg(Ola.Sp7:mCherry)) where mCherry expression is driven by 

the medaka osx/sp7 gene promoter. 

 

In addition to the state of the art staining techniques for skeletal and cartilage structures, 

there are several transgenic reporter lines that have been generated in several research labs to 

label skeletal lineages at different stages using specific bone marker genes (Hammond and 

Moro, 2012). These lines enable studies in living animals at the cellular level with increased 
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morphological resolution, as the expression of fluorescent proteins is driven by or under the 

control of bone-related promoters. To highlight a few, Tg(1.7col2a1a:mCherry-caax) labels 

chondrocytes (Dale and Topczewski, 2011), preosteoblasts are labelled in Tg(runx2:GFP) 

(Kague et al., 2012), intermediate osteoblasts are revealed in lines where the transgene 

expression is driven by an sp7/osx promoter, such as Tg(sp7:sp7-GFP) (Sojan et al., 2022), 

Tg(Ola.sp7:NLS-GFP)zf132, Tg(sp7:EGFP)b1212 (DeLaurier et al., 2010b; Spoorendonk et 

al., 2008), Tg(Ola.sp7:mCherry) (Windhausen et al., 2015), Tg(osterix:GFP) (DeLaurier et 

al., 2010b). Mature osteoblasts are labeled in Tg(ocn:GFP) (Knopf et al., 2011) and 

osteoclasts in Tg(Ctsk:YFP) (Sharif et al., 2014). The Tg(col10a1a:col10a1a-GFP) is a 

transgenic line where the expression of a fusion protein between Col10a1a and GFP is driven 

by the endogenous col10a1a zebrafish promoter, which then binds to and visualizes 

unmineralized and mineralized bone matrix by GFP fluorescence (Sojan et al., 2022). A table 

listing the available transgenic reporter lines as of 2020 is shown below (Table 1). Using 

these lines in conjunction with live staining methods (Calcein, Alizarin red, or DAF-FM-DA) 

enables to visualize and monitor skeletal development and cell maturation dynamically in a 

live setting, advancements in microscopic imaging techniques (confocal, light sheet) open the 

way to tracking the cells in real time at various specific stages, thus making these resources 

relevant to be employed in studying zebrafish skeletal development. 
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Table 1. Table showing the list of Tg reporter lines developed and available to utilize for 

investigating skeletal development in zebrafish (Tonelli et al., 2020). 

 

It also very convenient to visualize and study in detail the architecture of the adult 

zebrafish skeleton with the help of state-of-the-art imaging techniques, such as X-Ray and 

micro–computed tomography (µ-CT) as depicted in (Fig. I-24. A-B) (Boerckel et al., 2014; 

Hur et al., 2017). Using µ-CT scans of the zebrafish spine, 3D morphometric parameters, such 

as vertebral body length (VL), bone volume, bone volume per tissue volume, vertebral cross-

sectional thickness (V.Th), and eccentricity (i.e., roundness) can be extracted (Fig. I-24. D) 

(Fiedler et al., 2018; Hur et al., 2017; Watson et al., 2020a). This helps to understand the 

overall skeletal wellbeing of the fish. Moreover, instead of calculating bone mineral density 

(BMD), its equivalent tissue mineral density (TMD) is calculated, measuring the amount of 

mineral in bone tissue per unit volume (Kwon et al., 2019). These parameters aid in 

evaluating changes in the vertebral morphology in zebrafish skeletal mutants that could be 

due to aging, disease/anomalies or altered musculoskeletal activity. 
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Figure I-24. Different modalities that can be employed to study and analyze the zebrafish bone 

structure. (A) X-ray image showing the zebrafish adult skeleton, that is generally used for an explorative 

investigation to identify the region of interest or the volume of interest. (B) μ-CT image on the entire adult 

zebrafish skeleton. (C) Schematic representation of a single vertebral body in lateral position (left) and 

transverse cross section (right). The image shows the typical hour-glass shape of the autocentrum that forms the 

core of the vertebral body. (D) The structural parameters that can be measured on the sagittal cross sections of 

the vertebrae: tissue volume, bone volume, vertebral length (VL) and vertebral thickness (VTh). Figure adapted 

from (Vimalraj et al., 2021). 
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3.1. Types of ossification in zebrafish and cell types. 
 

The zebrafish bones develop through endochondral, intramembranous, or perichondral 

ossification (Fig. I-25. A-B) (Tonelli et al., 2020). 

 

 

Figure I-25. Overview of different types of ossification observed in zebrafish in a comparative 

view alongside humans. (A) Adult human skeleton in its entirety. In the human skull, intramembranous bones, 

such as those of the calvaria (the top region of the neurocranium), predominate in terms of surface area. On the 

other hand, endochondral bones primarily inhabit the cranial base. All the bones that make up the trunk and 

appendicular skeletons are endochondral, with the exception of certain parts of the clavicle and the scapula. (B) 

Adult zebrafish skeleton. The primary kind of ossification observed in the zebrafish skeleton is intramembranous 

ossification. Example elements such as the cranial roof, cleithrum, opercles, and most of the vertebrae are 

formed by this process. On the other hand, only a few parts are created through endochondral ossification, in 

which a cartilage template is gradually replaced by bone, including the neural arches of vertebrae 1 to 5. In the 

lower zebrafish jaw, perichondral ossification takes place on a chondral surface without changing the cartilage 

template. Perichondral ossification begins with the transition of perichondrium into periosteum and therefore is 

also considered as a type of intramembranous ossification. Whereas the zebrafish vertebral centrae directly 

mineralize from the notochord sheath, (a layer around the notochord), following an intramembranous 

ossification, whereas this is completely different in mammals where the vertebrae are formed through a cartilage 

intermediate (Le Pabic et al., 2022a). 

 

The zebrafish skeleton / bone have more or less the same skeletal cells as those found in 

mammals: chondrocytes, osteoblasts, osteoclasts (Dietrich et al., 2021b) and osteocytes 

(Witten and Huysseune, 2009). In addition, the genes that regulate skeletal development are 

evolutionarily conserved across vertebrates. A considerable proportion of the zebrafish bone 
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surface is covered by osteoblasts, whose shape is highly variable and dependent on their 

location (Tonelli et al., 2020). There are three overlapping stages in the differentiation of 

osteoblast, each characterized by a specific marker gene. Preosteoblasts express runx2a and 

runx2b that characterize the early stage, the intermediate stage is characterized by sp7/osterix 

(sp7) expression and lastly mature stage osteoblasts express late differentiation marker genes, 

including predominantly bglap/osteocalcin (ocn), osteonectin (osn), spp1, collagens and other 

bone matrix genes (Brown et al., 2009; Valenti et al., 2020). In particular bglap (bone 

gamma-carboxyglutamate protein or osteocalcin) is a small osteoblast-secreted protein that is 

widely accepted as the marker for matrix-secreting mature osteoblast (Gavaia et al., 2006).  

Both runx2 genes are expressed in cartilage and bone primordia at 24hpf, while at 36 

hpf, sp7/osx expression starts in the entire skeletal system alongside the runx2 pre-osteoblast 

marker genes (Valenti et al., 2020). Conservation is high between the zebrafish and human 

SP7 protein, reaching 92% in the zinc finger domain responsible for targeting DNA regions 

for transcriptional regulation (Liu et al., 2020; Nakashima et al., 2002). Moreover, SP7 is one 

of the highly conserved "bone genes" across species, it is a zinc finger transcription factor 

exclusively expressed by osteoblasts that is essential for differentiation and maturation of 

osteoblasts and the formation of osteocytes (Wang et al., 2021). Sp7 acts downstream of the 

Runx2 factors, its expression is regulated by the Shh pathway (Avaron et al., 2006) and 

controls the transcription of several bone matrix genes like bglap, collagen1a (col1a), and 

alkaline phosphatase (alpl) (Huang et al., 2007). Mutation of the sp7 gene leads to delayed 

osteoblast differentiation, increased proliferation of early osteoblasts and increased BMP 

signaling which causes defects in bone growth, irregular skull bones and mineralization (Chen 

et al., 2019; Kague et al., 2016). In addition, sp7 mutation results in significant 

downregulation of genes such as bglap, spp1, col1a1a, col1a1b and sost, all involved in bone 

and chondrocyte development (Niu et al., 2017). The col10a1a gene, encoding the type X 

collagen alpha chain, was also significantly downregulated in the zebrafish sp7 mutant (Niu et 

al., 2017), in contrast to what is observed the Sp7 null mutant mouse (Nakashima et al., 2002). 

Actually, in zebrafish, col10a1a is expressed in immature osteoblasts (Kim et al., 2013b; Li et 

al., 2009)overlapping with the expression of sp7 and other bone matrix genes (Avaron et al., 

2006) unlike what is observed in mammals. 

Osteoblasts that surround themselves with bone matrix eventually transform into 

osteocytes, as zebrafish have cellular bones, unlike other teleosts such as medaka. Osteoblasts 

that stay on the bone surface facing the periosteum can either become inactive bone-lining 

cells or experience apoptosis. However, when there is a requirement for mature osteoblasts in 

case the population dwindles (either due to natural turnover or to a regenerative process 

requiring fresh recruitment, e.g. amputation), new osteoblasts are generated (Knopf et al., 

2011). Osteoblasts then downregulate the mature osteoblast marker bglap, followed by 

upregulation of the pre-osteoblast marker runx2b, resulting in cell proliferation before giving 

rise to immature osteoblasts that express sp7, repopulate and relocate to the region of injury to 

start the process of regeneration (Sehring et al., 2022; Stewart and Stankunas, 2012). These 

dedifferentiated osteoblasts have been reported to remain lineage-restricted and to re-

differentiate to osteoblasts during regeneration (Sousa et al., 2011).  

There are several genes and signaling pathways that play an important role during the 

intermediate and late stages of osteoblast differentiation. For example, Tcf7 has been shown 
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to be a mediator of the WNT signaling pathway and cvl2 a mediator of the BMP pathway; 

both are expressed in all bone precursors and in developing dermal and cranial bones (Valenti 

et al., 2020). Hedgehog (Hh) signaling is another crucial pathway that regulates the 

osteogenic differentiation and the mineralization process, partially through inhibiting the 

process of autophagy (Hu et al., 2019) which itself inhibits the expression of osteoblast 

related genes such as sp7, bmp2 and col10a1a (Bae et al., 2016; Nakamura et al., 2015). 

Additional studies indicate that genes like akt2, sparc, dlx, shox, bmp1a and the collagen 

family of genes like col1a1a, col1a1b and col1a2 also have their role in bone development, 

development of the inner ear and the pharyngeal cartilage, osteoblast differentiation, bone 

matrix deposition and mineralization during skeletal development in zebrafish (Gistelinck et 

al., 2016; Levi et al., 2022). The detailed importance of the BMP signaling pathway in 

skeletal development of zebrafish is described in a section below. 

Mononucleated and multinucleated osteoclasts are responsible for zebrafish bone 

resorption (Witten et al., 2001). Although mononucleated osteoclasts are present in the early 

stages of development and are associated with shallow resorption patterns, multinucleated 

osteoclasts create resorption lacunae, which are typically described for mammalian osteoclasts 

in later life (Witten and Huysseune, 2009). The interplay and balance between bone formation 

and resorption is a key factor in bone remodeling for the maintenance of a healthy skeleton. 

 

3.2. Mineralization of the bone matrix in zebrafish  
The bone matrix secreted by the mature osteoblasts consists of a soft matrix that is 

predominantly composed of Collagen I, other collagens and non-collagenous proteins that 

eventually hardens due to incorporation of hydroxyapatite to result in hardened vertebrate 

bone. Mutations in several collagen genes cause skeletal abnormalities in zebrafish, indicating 

their importance in the formation of bone matrix (Eyre and Weis, 2013). Proteins such as 

Osteopontin, Osteocalcin (Bglap), Matrix Gla protein (Mgp) (Gavaia et al., 2006), alkaline 

phosphatase (Alpl) (Miyake et al., 1997; Shibata et al., 1997) and bone sialoprotein (Bsp) 

(Malaval et al., 2008) are present in the bone matrix that bind to the hydroxyapatite crystals, 

thereby regulating the mineralization process (Shibata and Yokohama-Tamaki, 2008). Mgp is 

a vitamin K-dependent protein that inhibits hydroxyapatite crystal formation, Mgp null mice 

display ectopic mineralization of arteries that leads to rupture followed by early death in the 

initial two months (Luo et al., 1997). 

Even though the macromolecular and elemental composition of bone matrix are 

identical in mammals and zebrafish, some degree of difference in mineralization has been 

observed. In contrast to tetrapods, whose (Calcium) Ca and (Phosphorus) P based bone matrix 

depends on the dietary intake of P and Ca, zebrafish absorb Ca through their gills from their 

Ca-rich environment (Dietrich et al., 2021b). However, P is acquired through diet, and low P 

and high P can have detrimental effects on skeletal development and affect mineralization in 

zebrafish (Costa et al., 2018). Interestingly, reduction of P levels in the diet results in an 

excess of non-mineralized matrix (Cotti et al., 2020), that can later mineralize upon 

restoration of a normal P diet. Similar results were observed in salmon (Drábiková et al., 

2021). It is believed that locally, in the osteoblast and its microenvironment, phosphatases 

such as phosphatase orphan 1 (Phospho1) or tissue-nonspecific alkaline phosphatase 

(Tnap/Alpl) are crucial for the initiation of mineralization (Stewart et al., 2006). Alpl is an 
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enzyme that promotes hydroxyapatite crystal formation (Yagami et al., 1999). Mutations in 

the human ALPL gene has been shown to cause hypophosphatasia (Whyte, 2017), a rare 

hereditary disorder characterized by a wide range of systemic symptoms, such as 

mineralization defects of bones and teeth, premature loss of teeth and craniosynostosis 

(Whyte, 2017). Recently, it was shown that knockdown of alpl and/ or Alpl chemical 

inhibition in zebrafish cause decreased mineralization, impaired cartilage and bone 

development, and neuronal defects (Chen et al., 2017; Ohlebusch et al., 2020). Hence, in fish, 

phosphate is essential for normal skeletal mineralization and maintenance of bone health. 

One of the most important factors that determines bone mineralization and extracellular 

phosphate is encoded by the interplay between the Entpd5, Tnap/Alpl and Enpp1 proteins, 

that govern the levels of extracellular phosphate and pyrophosphate, as described in (Fig. I-

26). 

 

 

Figure I-26. Importance of the entpd5, enpp1, tnap, and ank genes in extracellular phosphate 

concentration and bone mineralization. Pyrophosphate is produced from NTPs through the action of Enpp1 

and is also exported from cells through the Ank transmembrane channel. The biomineralization process that 

takes place on the fibrillar collagen matrix, is inhibited by pyrophosphate. This inhibition is counteracted by the 

tissue-nonspecific alkaline phosphatase (TNAP)-mediated hydrolysis. The free phosphate thus generated is 

crucial for proper mineralization. ENTPD5 significantly contributes to the generation of sufficiently high 

amounts of free phosphate, via hydrolyzing nucleotide diphosphates (NDPs) (and, to a lesser extent, also NTPs). 

The essential role of TNAP for the process of mineralization has been demonstrated in mammals (Yadav et al., 

2011). The role of both ENTPD5 in mammals and the relative contributions of TNAP in teleosts are yet to be 

determined. Evidence in zebrafish show that the absence of Enpp1 activity in the dragonfly (dgf) mutant 

embryos causes a decrease in the amount of pyrophosphate, resulting in a shift in the phosphate/pyrophosphate 

balance towards higher phosphate levels, which leads to an increase in (ectopic) mineralization. On the contrary, 

mutations in the entpd5a gene results in lower phosphate levels in the nobone (nob) mutants, shifting the balance 

in favor of the pyrophosphate which ultimately results in no mineralization (Huitema et al., 2012). This interplay 

between the proteins involved in maintaining the extracellular phosphate concentration and bone mineralization 

was elucidated by studying the zebrafish genes, however it implies to all the vertebrates. 
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4. BMP SIGNALING  
 

Bone morphogenetic proteins (BMPs) belong to the Transforming Growth Factor beta 

(TGF-β) superfamily that play an important role in many biological processes 

(Jiramongkolchai et al., 2016), however their role in all the processes related to skeletal 

morphogenesis is widely recognized (Chen et al., 2004b). As their name suggests, they were 

discovered and isolated as proteins that influence and have a role in cartilage and bone 

formation. BMPs are the largest subfamily of the TGF-β family, and their amino acid 

sequences are highly conserved from invertebrates (insects) to vertebrates (humans) (Newfeld 

et al., 1999). Based on their structural and sequence homology, the more than 20 BMP ligands 

have been classified into various groups, several of which are capable of signaling either as 

homodimeric or heterodimeric proteins, wherein heterodimeric forms show increased 

osteoinduction activity, except for BMP-3 and BMP-15 that were shown to act as monomers 

(Israel et al., 1996; Koosha and Eames, 2022). These ligands are acting in autocrine, 

paracrine, or endocrine fashion by binding to a heterotetrameric receptor complex composed 

of two BMPRI and two BMPRII transmembrane serine/threonine kinase receptors, thereby 

activating the type II receptor, as depicted below (Fig. I-27. A). This in turn cross-

phosphorylates certain serine and glycine residues in the GS domain of the type I receptor. 

Interestingly type I receptors contain a segment of around 30 residues that is rich in serine and 

glycine, which is located between the transmembrane and kinase domains (Jsbrand and 

Kramer, 2016), the GS domain (Leung and Peng, 2003). Phosphorylation of the GS domain is 

a crucial in the transmission of signals by these serine/threonine kinase receptors. (Miyazono 

and Shimanuki, 2008) The crystallographic analysis of the intracellular domain of TβR-I 

demonstrated that the inactive state of the TβR-I kinase is sustained through a physical 

interaction between the GS domain, the N-terminal lobe, and the activation loop of the kinase 

(Huse et al., 1999). Intracellularly, BMP signaling is transduced by a canonical Smad route 

and a non-canonical p38 pathway (Kim and Choe, 2011). It has also been shown that the 

activated BMPRs phosphorylate TAK1 in the noncanonical route, which attracts TAB1 and 

triggers a p38 MAPK signaling cascade that phosphorylates p38 enabling it to enter the 

nucleus which influences the expression of Runx2, Dlx5, and Sp7 in pre-osteoblasts to boost 

their transcriptional activity (Grafe et al., 2018). Activated BMPRs phosphorylate and activate 

receptor-specific Smad1, 5, and 8 (R-Smads), which attract and bind Smad4 (co-Smad) to 

form heteromeric complexes that translocate into the nucleus, thereby initiating the 

transcription of its target genes by binding to the promoter and the cofactors (Derynck and 

Zhang, 2003; Massagué et al., 2005). BMP-activated Smad complexes regulate the expression 

of important osteogenic genes and recruit transcription factors such as Hoxc-8, FAST-1, 

OAZ, Runx2, AP-1, and STAT3 during chondrocyte maturation (Johansson et al., 1997; 

Tsumaki et al., 2004). Smad 6 and Smad 7 are regarded as inhibitory Smads (I-Smads) that 

compete with R-Smads to bind the type I receptor and thus prevent it from phosphorylating or 

binding to co-Smads and stop it from binding to R-Smads. Apart from I-Smads, extracellular 

inhibitors such as Noggin, Chordin, and Follistatin are known to block receptor activation by 

binding to BMP ligands, thus inhibiting BMP signaling (Lowery and Rosen, 2018). In 

addition, intracellular inhibitors like Smurfs suppress phosphorylation of R-Smads, thereby 

blocking BMP signaling (Fig. I-27. B).  
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Figure I-27. Schematic illustration of BMP signaling pathway and the inhibitors. (A) BMP 

signaling pathway. The secreted BMP ligand binds to BMPR (receptor complex), leading to the active kinase 

domain of the Type II receptor to phosphorylate the receptors type I and III respectively. The Smad pathway is 

activated by phosphorylating the regulatory Smads (R-Smads 1/5/8) by the type I receptor.  The activated R-

Smads (1/5/8) couple with co-Smad (Smad4) so as to translocate to the nucleus to commence the process of 

transcription of specific target genes.  Upon dimerization, the activation of type I and type II receptors can result 

in the stimulation of other intracellular transduction signals, which are not dependent on the R-Smads such as the 

ERK, MAPK, P38M JKN and NFK-β. (B) BMP signaling inhibitors. Extracellular inhibitors can form a 

compound with BMP ligand, hence obstructing its ability to bind to its receptor. Smurf 1/2 (Intracellular 

inhibitors) and Smad 6/7 (I-Smad) can inhibit the process of phosphorylation of Smad 1/5/8 and their subsequent 

binding to the co-factor Smad 4. Small molecule inhibitors such as Dorsomorphin (DM), DMH1, K02288 and 

LDN212854 are small molecules that competitively block the kinase activity of BMP type I receptor.  
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The drug dorsomorphin, a small molecule inhibitor, was the first BMP type I receptor 

inhibitor that was discovered in a large compound screening conducted in zebrafish, by 

disrupting the dorso-ventral patterning during early development in zebrafish (Yu et al., 

2008). Exposure to dorsomorphin leads to embryonic dorsalization that mimics the effect 

caused by BMP antagonists like Noggin, Chordin, or Follistatin (Yan and Wang, 2021). It has 

been shown that the heterocyclic core of dorsomorphin interacts with the ATP binding site in 

the kinase domain of the BMP type I receptors (Yu et al., 2008), thus inhibiting the kinase 

activity (Fig. I-27. B) (Bai et al., 2017). Several other BMP inhibitors have been since then 

discovered, such as K02288, LDN193189, or LDN212854 that display significantly better 

selectivity for specific BMP receptors than dorsomorphin in lower dosages (Boergermann et 

al., 2010; Jiramongkolchai et al., 2016; Mohedas et al., 2013; Sanvitale et al., 2013).  

 

In the zebrafish embryo, BMPs play well-established roles in driving the 

differentiation of ectodermal cells and mediating dorsal patterning to establish the dorsal-

ventral axis (Medeiros and Crump, 2012), while also  having a very important role in 

skeletogenesis (Salazar et al., 2016). For example, BMP-activated Smads increase the 

expression of crucial osteogenic genes and they assist in recruiting several transcription 

factors such as Runx2, Osterix/Sp7, and Sox9 (Chen et al., 2012). Bmps are involved in 

cartilage and bone development, where many of the Bmp family of proteins like Bmp2a, 2b, 

Bmp4, Bmp5 and Bmp7 are found to be secreted in the pharyngeal region (Holzschuh et al., 

2005). Expression of the BMP extracellular inhibitor Chordin reduced deposition of bone 

matrix resulting from defect in the maturation of bone matrix secreting cells and down 

regulation of runx2a, runx2b, sox9a, sox9b and col10a1a expression (Smith et al., 2006). 

Additionally, it has been reported that BMP signaling is essential between 48-72 hpf and 72-

96 hpf for bone mineralization in the head skeleton (Dalcq et al., 2012), while inhibition of 

BMP signaling predominantly affects the osteoblast function and not the proliferation or 

terminal differentiation ability of osteoblast (Windhausen et al., 2015). Disruptions of TGF-

/BMP signaling have been associated to several bone diseases, such as tumor metastasis, 

brachydactyly type A2, and osteoarthritis (Wu et al., 2016b). Signaling pathways also interact 

with each other, for example studies have shown that Ihh expression is induced by BMP 

signaling, and both signals work together to govern cartilage formation by inducing the 

proliferation of chondrocytes (Minina et al., 2001). 
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5. OSTEOARTHRITIS (OA) 
 

Osteoarthritis (OA) is a degenerative joint disease that falls under the skeletal anomaly 

category and is one of the most prevalent: OA continues to affect tens to millions of people 

irrespective of their age and sex worldwide (James et al., 2018). OA is predominantly a joint 

disease, it occurs mainly in synovial joints of the knee, hips, wrist joints of the hand, elbow, 

shoulder joints and ankle joints. The most commonly affected joint is the knee joint (Wallace 

et al., 2017). In 2016, a study conducted across India reported that almost 45% of females 

above 65 years of age show symptoms of knee OA, while 70% of females over 65 years of 

age show radiological evidence of knee OA (Pal et al., 2016). In Europe, a 2019 study 

conducted on the incidence of knee OA revealed approximately 576/100,000 cases in females 

and around 419/100,000 cases in males (Stewart, 2021). Hence, it is clear that OA as a 

progressive joint disease will be of increasing concern in the years to come. 

OA is a chronic, progressive joint-related disorder that is characterized by articular 

cartilage (AC) degeneration, synovial inflammation, and changes in the periarticular and 

subchondral bone (Yuan et al., 2014). Therefore, OA is reportedly considered to be a 

degenerative cartilage disease similar to rheumatoid arthritis wherein the cartilage, synovium, 

bone and bone marrow, menisci, ligaments, muscles, and neural tissues are involved in the 

complex onset and progression (Lories and Luyten, 2011). Thus, progression of OA is a 

process that is due to abnormal remodeling and functional failure of joints (Loeser et al., 

2012). In a healthy knee, the bone–cartilage interface is composed of a deep layer of calcified 

articular cartilage and the subchondral bone plate and trabecular bone underneath, separated 

by the tidemark. As a result, the bone–cartilage interface is a complex functional unit that is 

located at the heart of both the function and pathology of the joint. Within the confines of this 

particular setting, various components engage in cooperative and synergistic interactions with 

one another (Goldring, 2012b). Compared to a healthy knee joint (Fig. I-28), the joint of an 

OA patient displays a degradation of the articular cartilage that results in the destruction of 

the bone/cartilage interface which in normal circumstances acts as a protective layer, followed 

by subchondral bone remodeling that leads to neoangiogenesis and neurogenesis, thereby 

leading to the influx of inflammatory markers and attracting immune cells into the 

surrounding area which causes synovial inflammation and fibrosis (Goldring, 2009).  
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Figure I-28. Highlighting the characteristic differences between healthy and OA knee joints. The 

intimate contact between bone and cartilage tissue in a healthy individual knee is shown on the left (L) while the 

knee of a patient with OA, wherein alterations in either of the two tissues affecting other components, is shown 

on the right (R) (Yuan et al., 2014). 

 

It is increasingly recognized that there is an intimate physical relationship between 

subchondral bone and joint cartilage, suggesting the possibility of biochemical and molecular 

crosstalk across the interface which is imbalanced in OA situation (Yuan et al., 2014; Zhou et 

al., 2020) as depicted in the (Fig. I-28). Because of this, one can propose that there is an 

impenetrable barrier to soluble molecules and functional interaction formed by the calcified 

cartilage/bone interface, that would be shifted in the case of OA (Goldring and Goldring, 

2010). This bone-cartilage interface/biochemical unit appears to play a significant role in both 

the beginning stages of OA and during later stages. Increased vascular communication, 

fissures, and microcracks throughout the bone/cartilage interface point to the possibility that 

this junction could now act as a transport conduit, facilitating molecular transport and 

molecular crosstalk between cartilage and subchondral bone in OA (Goldring, 2012b). Hence, 

this leads to the generation of mediators from both tissues, which then move from one zone to 

another, ultimately impacting and altering the homeostasis of the surrounding tissues. In 

addition to these significant alterations, OA is typically characterized by the creation of 

ectopic bone, which leads to the development of osteophytes that contribute to the progressing 

OA (Felson et al., 2005). Thus, subchondral bone thickening, formation of osteophytes or 

ectopic bone formation and increased bone turnover are causing alterations in composition 

and biochemical properties leading to progressive deterioration of the joint (Mansell and 
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Bailey, 1998; Mansell et al., 1997). In conclusion, the participation of a number of factors is 

collectively relevant to OA processes. 

 

Figure I-29. Molecular interactions at the Bone-Cartilage Interface during OA. The damage 

caused by cartilage degradation and increased subchondral bone remodeling results in an imbalance of molecular 

interactions, thereby contributing to aberrant crosstalk (Yuan et al., 2014). 

 

The molecular interactions in the bone-cartilage interface provide insight into the 

specific processes that underlie the influence of critical signaling pathways on the cartilage-

bone pathophysiology that occurs in OA. A number of proteinases are responsible for the 

degradation of proteoglycans and the destruction of the collagenous framework, namely 

matrix metalloproteinases MMP-1, MMP-13, MMP-3 (Stromelysin-1), ADAMTS-4, and 

aggrecanase-1 (Troeberg and Nagase, 2012; Wu et al., 1991). Cathepsin B and other 

physiological activators, as well as tissue inhibitors of matrix metalloproteinases (TIMPs), are 

known to regulate MMP activity, whose imbalance might result in an imbalance between 

these components (Kostoulas et al., 1999). When the AC is subjected to repeated mechanical 

insults, this causes an increase in the production of MMPs, which is then followed by 

cartilage matrix degradation that is found to be particularly pronounced in the superficial layer 

of the AC (Buckwalter et al., 2013; Lin et al., 2004). At the molecular level, activation of 

transcriptional regulators such as RUNX2 and ligands such as FGF2 causes terminal 

differentiation of hypertrophic chondrocytes that express type X collagen in the early stages 

of osteoarthritis and control the expression of MMPs and ADAMTS (Akkiraju and Nohe, 

2015; van der Kraan and van den Berg, 2012; Wang et al., 2004). During OA, BMP2 mRNA 

levels are also found to be upregulated, again causing terminal differentiation of 

chondrocytes, and ultimately leading to an increase in the secretion of ColX and MMP-13 
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(Chawla et al., 2022). During the progression of OA, several inflammatory cytokines like IL-

1β, TNF-α and IL-6 have been shown to be upregulated causing cartilage homeostasis to be 

disrupted and leading to MMP mediated cartilage degradation (Kapoor et al., 2011) (Fig. I-

29). Moreover, it has been shown that these inflammatory cytokines induce the expression of 

nuclear factor-kB (NF-kB) dependent hypoxia inducible factor (HIF-2α) that could lead to 

enhanced AC destruction (Rigoglou and Papavassiliou, 2013; Saito et al., 2010; van de Loo et 

al., 1995; Wehling et al., 2009). Hence, it appears that the damage caused to AC leads to a 

cascade of events whose activation results in an irreversible damage to the cartilaginous tissue 

in OA. Even though, the chondrocytes actively secrete collagen type II and proteoglycans 

upon detection of ECM loss, an imbalance generated between the ratio of ECM production to 

proteolytic enzyme secretion eventually causes a near complete degradation of this tissue 

(Akkiraju and Nohe, 2015). This results in abnormal/ incomplete osteoblast differentiation 

causing osteophyte formation due to fibroblastic differentiation causing joint 

stiffening/hardening or fibrosis (Hashimoto et al., 2002; Remst et al., 2015). 

Furthermore, abnormal expression of growth factors such as TGF-β and BMP-2 has 

been reported that also contributes to the progression and worsening of the OA condition, 

resulting in the development of osteophytes, in addition to an upregulation of other 

inflammatory responses that are secreted by synovial macrophages (Uchino et al., 2000; van 

Beuningen et al., 1998). During the progression of OA, an imbalance is observed between a 

majority of signaling pathways, such as TGF-β1, BMP2/4/7, Wnt5a, Insulin Growth Factor 1 

(IGF-1) and Fibroblast Growth Factor 2 (FGF-2) within OA cartilage. Moreover, an 

imbalanced bone turnover has been linked to OA, due to an increased ratio of RANKL to 

OPG as observed in rabbit OA subchondral bone and in human OA cartilage in comparison to 

normal or healthy cartilage (Akkiraju and Nohe, 2015), increasing osteoclast differentiation 

and activation. 

 

5.1. Spinal OA 
 

Though OA occurs mainly in the articular joints around different parts of the body, OA 

also occurs in the spine (Laplante and DePalma, 2012). Indeed, although the primary function 

of the intervertebral discs in the spine is to protect the spinal cord, provide flexibility and 

mobility, they also help in equal distribution of weight (weight bearing) or mechanical load 

(Laplante and DePalma, 2012; Sarzi-Puttini et al., 2005). Spinal OA in humans causes 

chronic lower back pain that gradually develops over time into a debilitating condition 

leading to discomfort and restricted motion (Goode et al., 2013; Goode et al., 2019). Due to 

the high risk of degeneration with increasing age, the three joint complexes that are found in 

the spinal cord—two facet joints, also known as zygapophyseal joints, and one intervertebral 

disc joint—are possible sources of back pain (Flowers et al., 2018; Goode et al., 2019; Goode 

et al., 2017). The degeneration of the cartilage surface causes the formation of vertebral 

osteophytes (bone spurs), followed by inflammation of the facet joints, which causes 

narrowing of the intervertebral disc space (Gellhorn et al., 2013)(Fig. I-30). 
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Figure I-30. Normal Spine vs OA spine and Normal facet joints and advanced facet joint 

osteoarthritis. OA spine reveals marked differences on comparing to healthy spine such as increased bone 

spurring and narrowed disk space. In OA spine, we can observe similar features in facet joints of the vertebra. 

Made with BioRender and adapted from (Gellhorn et al., 2013). 

 

The etiology of OA is multifactorial; it includes genetic predisposition, age, sex, 

epigenetics, dietary habits, lifestyle, and ethnicity. In addition, one could add muscle strength, 

physical activity, excessive heavy-lifting sports, and work-related habits as potential factors 

involved in OA development (Musumeci et al., 2015) (Weinberg et al., 2017). Even though 

radiological diagnosis using X-RAY, CT, and PET-CT along with tissue biopsy remain at 

one’s disposal for detecting OA (Murray et al., 2017), today screening for some of the 

relevant proteins such as ColX and other inflammatory markers in the blood serum can help 

in early prognosis of OA (Goode et al., 2017).  
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5.2. Zebrafish model of OA 
 

For better comprehension regarding the development and progression of OA, several in 

vivo model systems such as rats, mice, rabbits, guinea pigs, sheep, horses and dogs are used, 

as well as cultured primary cells from affected joints (Kuyinu et al., 2016). Over the course of 

the past few years, several studies have been published demonstrating that zebrafish is an 

ideal model system for orthopedic research (Busse et al., 2020; Lawrence et al., 2018a; 

Waldmann et al., 2021). Indeed, in addition to skeletal anomalies like osteogenesis imperfecta 

or osteoporosis, the zebrafish has been garnered for research on the pathogenesis of 

osteoarthritis (Mitchell et al., 2013; van der Kraan, 2013; Zappia et al., 2023). It is possible to 

study spontaneously occurring osteoarthritis caused by genetic factors (in mutants generated 

in genes associated with OA in humans) in addition to looking at injury-induced OA, which 

would recapitulate the development of osteoarthritis due to sports, accidents, or professional 

overload. Older histological observations conducted in fishes (zebrafish, stickleback and 

lampreys) have shown the presence of “euarthroidal” joints that have similar features of 

mammalian synovial joints (Haines, 1942). Two cartilaginous joints in the head of the 

zebrafish have been the subject of extensive research (Askary et al., 2015; Miller et al., 2003): 

The jaw joint located between the Meckel's cartilage and the palatoquadrate, and the bipartite 

hyoid joint located between the ceratohyal, interhyal, and hyosymplectic cartilages (Fig. I-

18A) (Smeeton et al., 2017). Both the pharyngeal jaw joint and the joints of the fins in 

zebrafish have a structure that is analogous to that of the synovial-like lubricating knee joint 

found in mice and humans (Fig. I-18B) (Askary et al., 2016). In addition, like all other 

vertebrates, zebrafish have intervertebral structures that can deteriorate with age (Hayes et al., 

2013). However, in adult zebrafish these structures are devoid of cartilage(Hayes et al., 2013) 

as explained in (section 2.2.1) (Fig. I-20B) (Williams et al., 2019). It is indeed critical to note 

since zebrafish differ in structure of intervertebral joints and also in terms of mechanical 

loading of the vertebral column is axial in fish, similar to humans and as opposed to 

quadripedal land mammals.  
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6. BONE EXTRACELLULAR MATRIX PROTEINS AND 

THEIR IMPORTANCE 
 

Extracellular matrix (ECM) is the most prevalent type of connective tissue that is 

present in almost all types of cellular microenvironment and is of extreme importance for 

tissue development (Henke et al., 2019). The ECM is a three-dimensional structure that is 

non-cellular and is secreted into the extracellular space by cells that is made up of a particular 

set of proteins as well as polysaccharides (Lin et al., 2020). The extremely diverse 

composition and nature of ECM enables it to perform numerous functions, ranging from 

supporting cells, regulating cell communication, cell survival, migration, proliferation, and 

differentiation (Bonnans et al., 2014; Mouw et al., 2014). In addition to regulating cell 

motility, ECM is also necessary for growth, development, wound healing, and fibrosis that 

results in ECM components being secreted into the existing matrix and aggregating with it 

(Olczyk et al., 2014; Wight and Potter-Perigo, 2011). The production of various forms of 

ECM proteins has been shown to contribute to the organization of multicellular tissues that 

revolve around cell to cell and cell to matrix interactions, such as angiogenesis, cardiac 

remodeling, vascular morphogenesis, and skeletal development (Alberts et al., 2002). 

Depending on the tissue, the ECMs are different based on the specific requirements of the 

tissue, thus each type of tissue has its own distinct composition and topology (Frantz et al., 

2010). For instance, the ECM of skeletal tissues (bone and cartilage) are unique and, although 

cartilage and bone matrices are distinct, both are predominately composed of collagen fibrils 

(Gentili and Cancedda, 2009). Unlike cartilage, bone requires a high degree of mineralization 

since it is essential for making the structure rigid yet flexible, whereas cartilage contains 

aggrecan, a large proteoglycan which distributes the weight and provides durability (Murshed, 

2018; Velleman, 2000). The bone ECM is made up of two major components, one inorganic 

(mineral) made up of hydroxyapatite, while the organic component is noticeably more diverse 

and is made up of mainly 90% of collagen type I and 10% of non-collagenous proteins. The 

osteoblasts are primarily responsible for ECM protein synthesis prior to the mineralization 

process (Mansour et al., 2017). 

There are four distinct categories of non-collagenous proteins: the γ-carboxyglutamate-

containing proteins, the glycoproteins, the proteoglycans, and the small integrin-binding 

ligands N-linked glycoproteins (SIBLINs) (Paiva and Granjeiro, 2017). Numerous ECM 

proteins are glycoproteins that are classified into two or several classes based on related 

domain structures and / or functions, the larger class comprises of relatively large molecules 

like laminins, fibronectin, and elastin, while the second family consists of several classes of 

smaller ECM proteins that were identified and have been reported to modulate cellular 

functions (Mouw et al., 2014). A recent addition to this family includes the fibulins (de Vega 

et al., 2009). The ECM also consists of other important components such as integrins, growth 

factors (GFs) and a group of matrix metallo-proteinases (MMPs) (Akkiraju and Nohe, 2015). 
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6.1. Collagens 
 

Collagen is the most abundant protein that can be found in the body, it is accumulated 

within the ECM of connective tissues such as cartilage, bone, skin and tendons (Deshmukh et 

al., 2016). There are around 42 genes in humans that code for α-chains, and there are 28 

different types of collagen (Ricard-Blum, 2011). Collagen is structured into fibrils so that it 

can fulfill its role in maintaining the structural integrity of tissues. Collagen types I, II, III, V, 

XI, XXIV, and XXVII are the fibril-forming collagens (Fig. I-31) that are characterized by a 

long uninterrupted triple helix-forming domain, characterized by a large number of  Gly-X-Y 

repeats, flanked by small globular non-fibrillar domains at the end of the molecule (Exposito 

et al., 2010).  

 

 

Figure I-31. Structural organization of collagens, showing fibril-forming collagens. Domain 

composition and supramolecular assemblies of collagens. (Ricard-Blum, 2011). 

Collagen types I, II, and III are the most abundant fibril-forming collagens in 

vertebrates. Collagen type I is the most abundant and ubiquitously expressed kind of collagen. 



82 

 

It is made up of a heterotrimer of two a1-chains and one ß-chain (112(I)), that confers their 

crucial load-bearing, tensile strength, and mechanical stress resistance capabilities to many 

tissues including bone (Naomi et al., 2021). Different configurations contribute in their own 

unique way to the various qualities possessed by the tissues. In tendons, the fibrils of type I 

collagen are placed in parallel to form bundles, whereas in skin, the organization is more 

random, generating a complex network of interlaced fibrils (Gelse et al., 2003). In bone, type 

I collagen mostly occurs with either type III or type V collagen while forming fibrils (Birk et 

al., 1988; Fleischmajer et al., 1990), which have been demonstrated to play a vital role in the 

process of mineralization to form hard connective tissue, such as bones and teeth (Wojtas et 

al., 2020). In contrast, collagen types IV, VI, VIII, and X are all considered to be network-

forming collagens (Fig. I-32) (Karsdal et al., 2013). 

 

 

Figure I-32. Structural organization of collagens, showing network-forming collagens. Domain 

composition and supramolecular assemblies of collagens. (Ricard-Blum, 2011). 

The majority of hyaline cartilage is made up of type II collagen, which can also be 

found in the vitreous body of the eye, the corneal epithelium, the notochord, in the 

intervertebral discs, and embryonic epithelial-to-mesenchymal transitions (Kague et al.) 
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(Ricard-Blum, 2011). Skeletal disorders, such as osteoarthritis and rheumatoid arthritis, are 

mostly associated with the degradation of type II collagen (Bay-Jensen et al., 2011). In all of 

the body's tissues, the epithelium and the stroma are separated by a particular type of 

extracellular matrix (ECM) known as the basement membrane (BM), which is primarily 

composed of type IV collagen. It has a big C-terminal NC1 globular domain, an N-terminal 

7S domain, and a core triple helix that is approximately 25% longer than those seen in 

fibrillar collagens, and the Gly-X-Y repeat is frequently interrupted which leads to high 

flexibility (Knupp and Squire, 2005). Type VI collagen is a heterotrimeric molecule that has 

the isoform 123(VI). It consists of a short triple helix that is bordered by two extended 

globular domains, and it is present, albeit in a variable manner, in practically all organs. 

Collagen type VI molecules are known to have a distinct beaded appearance, and they interact 

with collagen type I and fibronectin (Engvall et al., 1986), whereas in higher vertebrates 

collagen X can be found in cartilage (Shen, 2005). 

 

6.1.1. Collagen type X / Col-X/ Col10 

 

Collagen X (Col10) is a short chain collagen that is localized to hypertrophic cartilage 

and at the chondro-osseus junction in the hematopoietic stem cell niche in mammals (Jacenko 

et al., 2002). It is made up of a homotrimer comprising three a1(X) chains, a triple helix of 

463 aa, flanked by a highly conserved COOH-terminal non-collagenous domain (NC1) of 161 

aa and a short (38 aa) non-helical amino terminus (NC2) (Shen, 2005). Similar to type VIII 

collagen, type X collagen trimers assemble into hexagonal matrices in vitro (Kwan et al., 

1991; Ricard-Blum, 2011), and supramolecular aggregates of type X collagen form in the 

territorial matrix of hypertrophic chondrocytes in vivo (Schmid and Linsenmayer, 1990). 

Col10a1 gene from mice was shown to have a high degree of similarity with chicken, bovine, 

and human collagen X gene sequences when compared using combined nucleotide and 

deduced amino acid sequences . This suggests that the gene has been conserved throughout 

evolution (Ninomiya et al., 1986; Shen, 2005; Thomas et al., 1991). Col10A is widely 

regarded as a marker gene for hypertrophic chondrocytes across species ranging from humans 

to mice (Zheng et al., 2003). More than 30 mutations have been characterized for the human 

COL10A1 gene, of which the most common and extensively studied condition is Schmid 

metaphyseal chondrodysplasia (Gudmann and Karsdal, 2016; Richmond et al., 1993). This 

type of osteochondrodysplasia is characterized by short-limbed small stature, normal facial 

structure, but extensive metaphyseal dysplasias of the long and short tubular bones 

(Richmond et al., 1993). Research carried out on mice has shown that complete inactivation 

of the Col10a1 gene does not result in a significant phenotype; rather aberrant bone 

architecture and cox vara is only seen upon expression of altered versions of the gene, 

indicating that abnormal COL10A1 disrupts ECM function (Jacenko, 1998). In humans, mice, 

and sheep, ectopic chondrocyte hypertrophy that is characterized by elevated expression of 

Col 10 is thought to be a characteristic of osteoarthritis (OA) (van der Kraan and van den 

Berg, 2012). A biomarker C-10C is being used to screen patients with collagen degradation in 

OA, that measures / detects considerably higher quantities of collagen type X fragments in the 

serum of patients with OA, in addition to other candidates (He et al., 2014; Lotz et al., 2013). 
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Due to the partial duplication of its genome, the zebrafish has two copies of the col10a1 

gene, named col10a1a and col10a1b. In zebrafish, col10a1a is expressed in the osteoblasts, in 

addition to the expected hypertrophic chondrocytes (Eames et al., 2012). At 4, 5, and 6 dpf, 

the expression of col10a1a is seen in skeletal elements such as the dentary, maxilla, ethmoid 

plate, opercle, and cleithrum, as well as in the pharyngeal teeth, while the expression of 

col10a1b was detected only in teeth at 4 and 6dpf, respectively (Fig. I-33) (Debiais-Thibaud 

et al., 2019).  

 

 

Figure I-33. Expression of col10a1a and col10a1b in zebrafish at various stages using in situ 

hybridization. Panels (A, B) Expression of col10a1a in whole-mount zebrafish larvae at 4 and 6 dpf. (D, E) 

Expression of col10a1b in whole-mount zebrafish larvae at 4 and 6 dpf respectively. (C, F) Expressions of 

col10a1a and col10a1b post in situ in paraffin sections of zebrafish larvae at 5dpf. arrowheads point to 

ameloblasts of developing teeth; cl- cleithrum; d- dentary; m- maxilla; op- opercle; p- parasphenoid. This Figure 

was sourced from (Debiais-Thibaud et al., 2019) and adapted. 

 

 

 

6.2. Fibulins 
 

Fibulins have only very recently been identified as a family of proteins that are found in 

the extracellular matrix, as a part of the smaller ECM proteins that help influence cellular 

behavior and functions (de Vega et al., 2009). Fibulins are a type of glycoproteins that are 

secreted by cells and are associated with basement membranes, elastic fibers, and other 

matrices throughout the body (Argraves et al., 2003). The fibulins share a common specific 

C-terminal fibulin-domain, and they contain a varying number of modules that are similar to 
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epidermal growth factor (EGF) (Fig. I-34) (de Vega et al., 2009; Mahajan et al., 2021). 

Furthermore, the seven members of the family have binding domains similar to those of other 

basement membrane proteins, such as tropoelastin, fibrillin, fibronectin, and proteoglycans, 

which take part in assembling a variety of supramolecular structures (Vogel and Hedgecock, 

2001). 

 

 

Figure I-34. Domain structures of proteins belonging to the fibulin family. The eight members of the 

family share a similar modular structure, consisting of I, II, and III domains. The C terminus of domain III 

contains a sushi motif, whereas the core of domain II is composed of EGF-like motifs. These motifs are found in 

domains II and III of all fibulins. The N-terminal domain I of the fibulin family varies in size and motif 

composition (Mahajan et al., 2021). 

It has been demonstrated that fibulins play a role in the development of supramolecular 

ECM complexes as well as their continued stability. Due to the role that they play in the 

production and upkeep of the extracellular matrix, fibulins have been linked to a variety of 

pathological processes, including tissue organogenesis (Mahajan et al., 2021), vasculogenesis 

(Albig et al., 2006), fibrogenesis (Liu et al., 2019), and cancer (Fontanil et al., 2019; Zhang et 

al., 2020). Recent research using in vitro systems, mouse models, and human genetic 

disorders has led to a better understanding of the roles that fibulins play in the body (Argraves 

et al., 2003) (Chu and Tsuda, 2004). 
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6.2.1. Fibulin1 or Fbln1 

 

The first member of the fibulin family, Fbln1 has a molecular weight that ranges from 

90 to 100 kDa and it is also known as BM-90 (Argraves et al., 1989). There is evidence for 

the expression of fibulin-1 in basement membranes, connective tissues, and matrix fibers 

(Kluge et al., 1990; Roark et al., 1995). It has been shown in mouse that Fbln1 RNA is 

expressed in presomitic mesoderm, somites, rhombomeres 2, 4, 6/7, in pharyngeal arches 1-4, 

and the expression of Fbln1 in rhombomeres is identical to neural crest cells (NCC) marker 

Crabp1 gene (Cooley et al., 2008). In the developing mouse embryo, the expression of Fbln1 

was found to be high in the mesenchymal cells of developing organs like the kidney, lung, 

and intestine, as well as in meninges that surround the spinal cord (Zhang et al., 1996). An in 

vitro expression analysis in human corneal fibroblasts using microarray revealed the 

expression of FBLN1 and FBLN2, along with their binding partners, such as fibronectin, 

nidogen-1, aggrecan, fibrilin-1, endostatin, laminin alpha-2 chain, and ADAMTS-1 (de Vega 

et al., 2009; Timpl et al., 2003). In avian embryos, early expression of FBLN1 has been 

observed during the first 23 hours of development in the embryonic midline, in the elastin 

fibers surrounding structures of the midline, and in the areas undergoing epithelial to 

mesenchymal transition, including the developing myotomes, neural crest, and endocardial 

cushions (Spence et al., 1992; Visconti et al., 2003). High levels of FBLN1 expression are 

seen in tissues that are transitioning from epithelial to mesenchymal states during 

development, such as endocardial cushion tissue, developing myotomes, neural crest, tooth, 

and hair follicles (Zhang et al., 1996). Furthermore, it has been reported that both Fbln1 and 

Fbln2 are expressed in the developing cartilage in mice (Zhang et al., 1996). During the 

process of embryo development, FBLN1 interacts with FGF8, which is essential for the 

survival of neural crest cells (NCCs) and the embryo (Fresco et al., 2016). In a recent study 

conducted in rats, temporospatial expression pattern of FBLN1 was investigated after spinal 

cord injury (SCI). The results showed a significant increase in the FBLN1 protein levels by 

immunoblotting, while double immunofluorescence detected the expression in neurons and 

microglia cells (Xu et al., 2015). All these observations indicate a role for FBLN1 in 

organogenesis, migration, cell-cell and cell-matrix interactions.  

On the functional level, it is reported that the ECM of developing limb digits also 

contains FBLN1, and haploinsufficiency of a FBLN1-D variant is caused by the chromosomal 

translocation t(12;22) that leads to limb malformation called synpolydactyly in humans 

(Debeer et al., 2002). Fbln1 KO mice have malformed cranial nerves, thymic hypoplasia, 

thinning of the wall of cardiac ventricles, abnormalities of the aortic arch artery, and defects 

of the ventricular septae (Mahajan et al., 2021). In addition, there is evidence that Fbln1-/- 

embryos (E17.5) displayed pharyngeal gland abnormalities, followed by decreased 

ossification of most cranial bones such as, frontal, parietal, tympanic ring, nasal, premaxillary 

bones, reduction in skull bones, NCC derived elements of the cartilages of the throat are 

reduced compared to WT embryos. Therefore, suggesting a role for Fbln1 in the formation of 

structures that derive from the neural crest, since NCCs are essential to the development of all 

of these tissues (Cooley et al., 2008). Concerning skeletal development, mice lacking Fbln1 

had decreased mineralization of both the membranous and the endochondral bones, had 

smaller calvarial bone volume and a reduced expression of the protein SP7. In addition, it was 

shown that FBLN1 acts as a positive modulator of the BMP2-mediated induction of Sp7 
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expression (Cooley et al., 2014). Moreover, researchers have found evidence of increased 

FBLN1 expression in both ovarian and breast carcinomas (Fontanil et al., 2019; Zhang et al., 

2020).  

Very little is known about the function of the fbln1 gene in zebrafish. Its expression at 

early developmental stages was shown in somites and fin mesenchymal cells within the inter-

epidermal space of the fin fold at 16hpf and 48hpf (Fig. I-35), together with the hemicentin2 

(hmcn2) gene, another member of the Fibulin family (Feitosa et al., 2012). Morpholino 

knock-down of both these genes, but not each one alone, resulted in blistering in the trunk and 

moderately affected fin folds, indicating that there is a close interaction between Hmcn2 and 

Fbln1 that is essential for the migration of mesenchymal cells. Additional research needs to be 

carried out to shed light on the significance of these genes in the development of cartilage and 

bone in zebrafish. 

 

 

Figure I-35. Expression of zebrafish fbln1 at various stages with in situ hybridization. At 16 hpf and 

48 hpf, fibulin1 is expressed in fin mesenchymal cells within the inter-epidermal space of the fin fold of 

zebrafish (Feitosa et al., 2012). 

 

 

6.2.2. Fibulin3/Efemp1 

 

Fibulin3/Fbln3 is another member of the Fibulin family, which is also called Efemp1 

(EGF containing fibulin extracellular matrix protein 1). It is a short Fibulin protein molecule 

with 5 EGF-like domains (Fig. I-34) (de Vega et al., 2009). In humans, EFEMP1 has been 

shown to be distributed throughout the body and expressed along with FBLN4 in heart, lungs, 

placenta, and skeletal muscle (Giltay et al., 1999). In developing mouse embryos, Efemp1 was 

shown to be highly upregulated in a wide variety of tissues, among which skeletal regions 

including the developing cartilage, bone, and condensing mesenchyme suggesting its role in 

shaping the skeletal parts of the body (Ehlermann et al., 2003). Mice lacking Efemp1 have a 

decreased bone density (Mahajan et al., 2021). 
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Fbln3 is expressed in the superficial zone of articular cartilage in healthy humans and 

mice, this level declines with increasing age in both species (Hasegawa et al., 2017). It has 

been shown that suppression of Fbln3 by siRNA caused SOX-9, collagen II and aggrecan 

expression to significantly increase in AC, while overexpression of Fbln3 inhibited 

chondrogenesis in MSC, suggesting that it plays an important role in governing the 

differentiation of adult progenitor cells. It has been reported that decline of FBLN3 expression 

during ageing could be an indication for an early event in OA (Hasegawa et al., 2017). An 

examination of the secretome of sclerotic and non-sclerotic (healthy) osteoblasts collected 

from OA subchondral bone indicated that sclerotic osteoblasts secrete significantly higher 

amounts of 3 fragments derived from FBLN3, Fib3-1, Fib3-2 and Fib3-3 (Fig. I-36)(Sanchez 

et al., 2018). 

 

 

Figure I-36. 3 fragments of FBLN3 along with interaction partners. The three FBLN3 fragments are 

depicted within the complete sequence of the FBLN3 protein, also showing the domains II (blue) and III 

(hatched blue-violet), and putative interaction and cleavage sites (Sanchez et al., 2018). 

 

Furthermore, the FBLN3 fragments Fib-3.1 and Fib-3.2 were found to be increased in 

the urine and serum of OA patients, indicating that they could be used as potential biomarkers 

for screening OA patients to monitor early changes in the subchondral bone metabolism 

(Henrotin et al., 2012). Other studies reported a close relationship between FBLN3 and tissue 

inhibitor of metalloproteinases 3 (TIMP-3) that plays a role in the pathogenesis of 

osteoarthritis (OA). The relationship between FBLN3 and TIMP-3 has been studied in the 

context of macular degeneration in the past, where it has been shown that there is dramatic 

accumulation and overlap of TIMP-3 and EFEMP1 expression between retinal pigment 

epithelia and Bruch membrane in patients with AL and AMD (Klenotic et al., 2004a). These 

proteins also colocalize in vivo in human placenta sections and form a complex in situ 

(Kevorkian et al., 2004; Sahebjam et al., 2007). Based on these observations, it seems likely 

that FBLN3 is involved in the process of regulating the shaping of tissues in the body. Mice 

lacking Efemp1/ Fbln3 experience premature aging as well as herniation, but they do not 

suffer from macular degeneration (Mahajan et al., 2021). The fact that the absence of Efemp1 

produces a phenotype that is quite different from that of Fbln4 or Fbln5 is evidence that 

Fbln3/ Efemp1 is a functionally distinct member of the Fibulin family that plays a more 
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localized role in the biology of elastic fibers (Papke and Yanagisawa, 2014) (McLaughlin et 

al., 2007). In contrast, a point mutation in the FBLN3 gene resulting in an R345W substitution 

can cause Malattia Leventinese or Doyne honeycomb retinal dystrophy (Marmorstein et al., 

2007). We are still lacking detailed information about the role and function of efemp1/fbln3 

gene in zebrafish. 

 

  



90 

 

  



91 
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This thesis has been developed in the framework of Marie Sklodowska-Curie 

Innovative Training Network (MSCA-ITN) Project BioMedAqu (H2020, MSCA-ITN No. 

766347). The main goal of this research training network was to develop novel skills and 

expertise by integrating studies on skeletal biology in humans and biomedical research 

models such as zebrafish and medaka with the studies on farmed fish (aquaculture).  

Understanding osteoblast differentiation and their function in bone matrix deposition 

and mineralization is central to the comprehension of bone development and of various bone 

pathologies. It is crucial to not only follow the expression of some landmark transcription 

factors or ECM proteins, but to also investigate the status of signaling pathways and factors 

regulating these processes. Our perspective was given by the observation that osteoarthritic 

patients present defects in their joint cartilage, but also in the underlying subchondral bone 

plate. Mechanistic and diagnostic studies of this condition often focus on cartilage or bone 

ECM proteins, as laid out in (section 5). Our assumption was that the proteins affected in OA 

patients would play a role in skeletal formation and homeostasis, and that we could contribute 

to a better understanding of this role by investigating their homologs in the zebrafish model. 

These considerations led to the formulation of two major questions for this thesis: - a 

general, and preliminary question was to unravel the transcriptomic profile of zebrafish 

osteoblasts at an early developmental stage (the very onset of the first bone elements 

formation in the head at 4 dpf) with a focus on ECM proteins; -the second question was 

whether genes that encode bone ECM proteins have an important role in skeletal 

development. 

Thus, the main objectives of this thesis were: 

1- To determine the zebrafish osteoblast-specific transcriptome at 4dpf using a 

transgenic reporter line carrying fluorescent osteoblasts (Tg(sp7:sp7-GFP)). 

The first objective would be addressed by employing transgenic line where the 

expression of the fluorescent protein GFP is driven by the endogenous zebrafish sp7 

gene promoter. GFP-positive osteoblast cells were isolated from this line to perform 

RNA sequencing and transcriptomic analysis on the isolated cells. 

2- To elucidate the role of three extracellular matrix protein genes; col10a1a, 

fbln1 and efemp1 in zebrafish skeletal development. 

The second objective was addressed by generating KO mutants for three genes of 

interest; col10a1a, fbln1 and efemp1. The effects of these mutations were investigated 

on cartilage and bone formation in 5dpf and 10dpf larvae, and in adults using µ-CT 

analysis. 

3- To investigate the effects of probiotics in the presence or absence of a BMP 

inhibitor on early skeletal growth using transgenic reporter zebrafish lines. 

This third objective arose from first results obtained within the BioMedAqu project 

indicating that probiotics treatment could be beneficial for skeletal health. A 

collaboration was initiated to use transgenic zebrafish reporter lines fluorescent in 

skeletal structures to further extend these findings.   
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1.  Osteoblast transcriptome and function of the ECM 

proteins Col10a1a and Fbln1. 
 

Preliminary Notice: This section presents the main results covering objectives 1, and 2. 

Currently zebrafish are extensively employed for investigating skeletal development and 

skeletal anomalies. To achieve this objective, it is important to comprehend the process of 

osteoblast differentiation and function, expression of signaling molecules and transcription 

factors. Small model systems such as zebrafish make it easier to observe and follow the 

development of skeletal structures in vivo real time using Tg reporter lines. We used the 

fluorescent reporter line T (sp7:sp7-GFP) generated in our lab that labels the osteoblasts to 

isolate sp7 expressing GFP+ osteoblasts, and to analyze their transcriptome at 4dpf. Based on 

the GFP fluorescence intensity, we isolated two subpopulations of osteoblasts. RNA-Seq 

analysis of these two distinct osteoblast populations revealed several genes presenting 

different expression patterns. Subsequently, we selected two specific genes, col10a1a and 

fbln1 that code for extracellular matrix proteins to study their function by generating 

inactivating mutants. 

These results are summarized in a manuscript entitled “The Osteoblast Transcriptome in 

Developing Zebrafish Reveals Key Roles for Extracellular Matrix Proteins Col10a1a and 

Fbln1 in Skeletal Development and Homeostasis” Biomolecules. 2024 Jan 23;14(2):139. doi: 

10.3390/biom14020139  

The supporting information can be downloaded at: 

https://www.mdpi.com/article/10.3390/biom14020139/s1 

 

https://www.mdpi.com/article/10.3390/biom14020139/s1
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The osteoblast transcriptome in developing 

zebrafish reveals key roles for extracellular matrix 

proteins Col10a1a and Fbln1 in skeletal 

development and homeostasis. 
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Abstract: Zebrafish is now widely used to study skeletal development and bone 

related diseases. To that end, understanding osteoblast differentiation and 

function, the expression of essential transcription factors, signaling molecules, 

and extracellular matrix proteins is crucial. We isolated Sp7-expressing 

osteoblasts from 4 days old larvae using a fluorescent reporter. We identified 

two distinct subpopulations and characterized their specific transcriptome as 

well as their structural, regulatory, and signaling profile. Based on their 

differential expression in these subpopulations, we generated mutants for the 

extracellular matrix protein genes col10a1a and fbln1 to study their functions. The 

col10a1a-/- mutant larvae display reduced chondrocranium size and decreased 

bone mineralization, while in adults a reduced vertebral thickness and Tissue 

Mineral Density, and fusion of the caudal fin vertebrae were observed. In 

contrast, fbln1-/- mutants showed an increased mineralization of cranial elements 

and a reduced ceratohyal angle in larvae, while in adults a significantly 

increased vertebral centra thickness, length, volume, surface area, and Tissue 

Mineral Density was observed. In addition, absence of the opercle specifically on 

the right side was observed. Transcriptomic analysis reveals up-regulation of 

genes involved in collagen biosynthesis and down-regulation of Fgf8 signaling 

in fbln1-/- mutants. Taken together, our results highlight the importance of bone 

extracellular matrix protein genes col10a1a and fbln1 in skeletal development and 

homeostasis. 
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1. Introduction 

Bone formation and homeostasis is a highly regulated process, 

whose better understanding will provide insights into diagnosis and 

therapeutic interventions to be developed for the welfare of an aging 

human population suffering from skeletal pathologies like osteoporosis, 

osteopetrosis, osteoarthritis, and age-/sports-related injuries. The two 

cell types critical for bone formation are the chondrocytes secreting the 

cartilage extracellular matrix (ECM) and the osteoblasts that are 

responsible for building new bone tissue (Long, 2012). Cartilage and 

bone cell fate is governed by the foremost regulator RUNX2 (Komori, 

2017), whereas SP7 promotes osteoblast commitment in early osteoblast 

progenitors (DeLaurier et al., 2010a; Nakashima et al., 2002). Together 

with these two cell types, osteocytes form the cellular component of the 

bone skeleton, ultimately responsible for deposition, mineralization and 

maintenance of the bone ECM. The ECM forms the non-cellular 

component of the bone tissue, comprising the organic component made 

up of predominantly collagens and non-collagenous proteins, and the 

inorganic component consisting of calcium phosphate apatite and trace 

elements (Lin et al., 2020). 

Despite being a late entrant in bone research, the zebrafish (Danio 

rerio) has recently become a powerful model for skeletal biology, due to 

its conserved genetic and functional characteristics compared to 

mammals and its numerous technical and experimental advantages 

(Apschner et al., 2011; Hammond and Moro, 2012; Le Pabic et al., 2022b). 

The most studied skeletal structures during early development are the 

cranial bones, as they are the first to undergo ossification and are of 

particular interest for the study of craniofacial disorders (Staal et al., 

2018). Similar to terrestrial vertebrates, the skeleton of zebrafish contains 

bones of both dermal and chondral origins, which form from neural 

crest-derived cells relatively early in the course of development (Paudel 

et al., 2022; Schilling and Kimmel, 1994). In later stages and in adults, the 

vertebral column and fin rays are extensively studied (Tonelli et al., 

2020). Individual structures of the skeleton are formed either by 

osteoblasts derived from mesenchymal cells, without a previous 

cartilage matrix (intramembranous), or through endo- or peri-chondral 

ossification building up onto a preformed cartilage extracellular matrix 

(ECM) previously secreted by chondrocytes (Apschner et al., 2011; 

Verreijdt et al., 2002). Both the key regulators and signaling pathways 

controlling skeletal development are highly conserved between 

mammals and teleosts (Caetano da Silva et al., 2023; Dietrich et al., 

2021a; Li et al., 2009). Indeed, zebrafish osteoblasts express specific genes 

(Nie et al., 2021), often orthologs of their mammalian counterparts, such 

as those for the transcription factors Runx2 (runx2a and runx2b) and for 

Sp7 (sp7). The sp7 gene is the earliest regulator and marker for 

osteoblasts in zebrafish (Niu et al.). 

The ECM plays a crucial role in the formation of the skeleton, not 

only as a protein backbone for the mineralization to form the bone 

tissues, but also through its regulatory interactions with the bone cells. 
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The first zebrafish model for osteogenesis imperfecta (the chihuahua 

mutant) has a dominant mutation in the col1a1a gene, illustrating how 

modifying a major component of the bone ECM is able to affect skeletal 

development (Fisher et al., 2003) and how such a model can help to 

better understand bone mineralization (Cotti et al., 2022). Other 

collagens have been shown to affect skeletal formation, such as Col2a1a, 

Col11a2 (Bergen et al., 2019), or Col8a1a (Gray et al., 2014). COL10A1 is 

interesting, as it is expressed in hypertrophic chondrocytes in fish and 

mammals, but only zebrafish (and other teleosts) express it in osteoblasts 

(Kim et al., 2013b; Renn et al., 2013; Simões et al., 2006). It is a nonfibrillar 

collagen forming a homotrimer of three identical chains. In mammals, 

COL10A1 plays a significant role in endochondral bone development 

due to its specific expression in hypertrophic chondrocytes, mainly in 

the calcifying zone of growth plate cartilage (Gudmann and Karsdal, 

2016). It is also expressed in the calcified zone of knee articular cartilage, 

where increased hypertrophy and COL10 expression are well 

documented in osteoarthritis (He et al., 2014). In humans, missense, 

nonsense and frame-shift mutations in the COL10A1 gene cause Schmid 

type metaphyseal chondrodysplasia (SMCD) (Bateman et al., 2005; van 

der Kraan and van den Berg, 2012). In mice, the presence of abnormal 

COL10A1 resulting from dominant acting mutations in the Col10a1 gene 

affects trabecular bone and causes cox vara, reduced thickness of the 

growth plate resting zone and articular cartilage, altered bone content 

and atypical distribution of matrix components within growth plate 

cartilage (Kwan et al., 1997) (Jacenko et al., 1993). In zebrafish, however, 

the significance of this additional expression is unknown. 

Genes coding for non-collagenous ECM proteins were also 

identified. The bglapl gene is often used as a marker for mature or late 

osteoblasts (Rutkovskiy et al., 2016). Other genes, such as spp1 

(Venkatesh et al., 2014) or gpc4 (Ling et al., 2017), were shown to be 

required for bone formation, in part by interacting with extracellular 

signaling proteins involved in WNT, BMP, or HH pathways that are 

crucial for skeletal formation. Another family of ECM proteins is the 

Fibulin family, glycoproteins that are found in basement membranes, 

fibers, and proteoglycan aggregates (Mahajan et al., 2021) in many 

locations where they play a role in organogenesis by stabilizing the ECM 

through their interactions with binding partners (Kobayashi et al., 2007). 

Its founding member, FBLN1 was shown to be required for bone 

mineralization in a mouse KO model (Cooley et al., 2014). Indeed, Fbln1 

KO results in defects in neural crest cell patterning, leading to anomalies 

of the aortic arch arteries, thymus, thyroid, cranial nerves, hemorrhages 

in the head and neck, and finally increased mortality (Cooley et al., 2008; 

Singh et al., 2006). Furthermore, Fbln1 KO mice display a significant 

reduction in mineralization followed by reduced bone volume and size 

in the calvarial and frontal bones, at least in part by impeding Sp7 

induction by BMP2 (Cooley et al., 2014). In zebrafish, fbln1 expression 

was observed in posterior presomitic mesoderm, the tail tip and regions 

of somite formation. At later stages, it is expressed in fin mesenchymal 

cells (Feitosa et al., 2012) and in the myocardium (Patra et al., 2011), 

however its role in skeletal development of zebrafish is unknown. In that 

context, it is also noteworthy that human osteoarthritis, a condition due 

to degradation of cartilage in joints and increased subchondral bone 
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formation, is characterized by modifications in the content of cartilage 

and bone ECM proteins (Sanchez et al., 2018). 

Here, to further increase our understanding of skeletal formation 

using the zebrafish as a model system, we first investigated the early 

zebrafish osteoblast specific transcriptome by isolating sp7-expressing 

cells using the Tg(sp7:sp7-GFP) reporter line described earlier (Sojan et 

al., 2022). Based on their sp7 expression, we identified two distinct 

subpopulations of osteoblasts that differentially expressed two ECM 

protein genes, col10a1a and fbln1 whose function in bone development 

was unknown in zebrafish. We generated mutant zebrafish lines for 

these two genes, and we show that the col10a1a and fbln1 mutants 

present opposite effects on skeletal elements at early development stages 

and in adults. In conclusion, we show that ECM proteins, in addition to 

their structural role in the bone matrix, also substantially contribute to 

the development and mineralization of the bone skeleton. 

2. Materials and Methods 

Fish and Embryo Maintenance 

Zebrafish (Danio rerio) were reared in a recirculating system from 

Techniplast (Buguggiate, Italy) at a maximal density of 7 fish/L. The 

water characteristics were as follows: pH = 7.4, conductivity = 50 mS/m, 

temperature = 28 °C. The light cycle was controlled (14 h light, 10 h 

dark). Fish were fed twice daily with dry food (ZM fish food®, Zebrafish 

Management Ltd, Winchester, UK) with size adapted to their age, and 

once daily with fresh nauplii from Artemia salina (ZM fish food®). Larvae 

aged less than 14 days were also fed twice daily with a live paramecia 

culture. Wild type zebrafish from the AB strain and mutant lines were 

used. The Tg(sp7:sp7-GFP) transgenic line has been generated in-house 

as described earlier (ulg071 Tg) (Sojan et al., 2022). 

In general, two males and two females were used for breeding in 

the morning, eggs were collected and raised in E3 (5 mM Na Cl, 0.17 mM 

KCl, 0.33 mM CaCl2, 0.33 mM MgSO4, 0.00001 % methylene blue). 

Dissociation of 4 dpf larvae to obtain osteoblasts and preparation for FACS 

sorting 

A Tg(sp7:sp7-GFP) (ulg071 Tg) heterozygous transgenic parent was 

outcrossed with a WT parent to obtain a clutch of transgenic and non-

transgenic offspring. At 3 dpf, the transgenic, fluorescent larvae were 

separated from their non-transgenic siblings and raised separately in 

two different plates. At 4 dpf, around 100-150 larvae were euthanized  

by adding MS-222 (Ethyl 3-aminobenzoate methane sulfonate; Merck, 

Overijse) (0.048% w/v), and transferred to "gentle MACS™ C" tubes 

(Miltenyi Biotec, Leiden, Netherlands) in an excess of E3 medium 

(Westerfield, 2007). The supernatant was removed and replaced with 1–

1.5 ml of de-yolk (Westerfield, 2007) buffer. The yolk was removed by 

vigorously pipetting up and down several times for 10 minutes and the 

supernatant discarded. The larvae were washed twice with HBSS- buffer 

(without Ca+2 and Mg+2 ions and phenol red free) and the supernatant 

was discarded. The larvae were resuspended in 1.5ml digestion buffer 

(1x HBSS-, 10 mM HEPES (0.5 %), 2 mM EDTA, TrypLeTM Select 1x 

(Thermo Fisher Scientific, Merelbeke, Belgium), Proteinase K 0.2 µg/µl 

(Thermo Fisher Scientific, Merelbeke, Belgium), Collagenase-2 0.2 mg/ml 

(Worthington Biolabs, Lakewood, NJ, USA) at 28°C and dissociation was 
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performed running the protocols m_brain_01 and m_brain_03 

(according to the manufacturer's instructions in the Neural Tissue 

Dissociation Kit (T)) once on a gentleMACS™ Dissociator machine 

(Miltenyi Biotec, Leiden, Netherlands), followed by three runs of 

m_brain_03, 2 runs of protocol m_brain_02, five runs of m_brain_03, 

each run separated by continuous shaking in the water bath at 28 °C for 

5 min. Then m_brain_01 protocol was run before adding 30 ul of 

Enzyme A as supplied by Miltenyi Biotec (Neural Tissue Dissociation 

Kit (T) 130-093-231) followed by 4 additional runs of the m_brain_03 

protocol, separated by 5 min incubation at 28 °C with continuous 

shaking and the tube transferred on ice. The samples were centrifuged at 

4 °C at 300 g for 10 min and the supernatant discarded as gently as 

possible to avoid cell resuspension. The pellet was very quickly 

resuspended in 1ml HBSS- buffer and filtered through mesh to eliminate 

cell clumps and aggregates. The filtered cells were collected in 

polypropylene tubes and viability dye 10% v/v propidium iodide (Fisher 

Scientific, Merelbeek, Belgium) was added to distinguish live cells from 

dead cells /cell debris while sorting. It is very important to ensure that 

the steps following centrifugation are carried out by placing the tubes on 

ice. The cells were then brought to the FACS Aria III sorter (BD 

Biosciences, Erembodegem, Belgium) and the green fluorescent cells 

were sorted into a 1.5 ml Eppendorf tube containing 500 µl of PBS buffer 

with RNAse inhibitor (Promega, Leiden, Netherlands) and 1% bovine 

serum albumin (BSA, Sigma-Aldrich/Merck, Overijse, Belgium). Note 

that a preliminary run was performed using the non-transgenic siblings 

to ensure that the GFP-positive cells were truly due to transgene 

expression, not to autofluorescence. 

mRNA sequencing 

Cells coming from cell sorting (about 30,000–50,000 cells) were 

immediately lysed in 0.5% Triton X-100 containing 2 U/µl RNAsin and 

stored at −80 °C. cDNAs were prepared from these lysed cells according 

to the SMART-Seq 2.0 protocol (Illumina, San Diego, CA, USA) for low 

input RNA sequencing, while libraries were prepared using the Nextera 

XT DNA library kit (Ma et al.). Only high-quality libraries were kept for 

sequencing (5 for the P1 and 3 for the P2 subpopulations). For the whole 

larvae mRNAs extracted from wt and fbln1 mutants, the cDNA libraries 

were generated from 100 to 500 ng of extracted total RNA using the 

Illumina Truseq mRNA stranded kit (Illumina, San Diego, CA, USA) 

according to the manufacturer’s instructions. All cDNA libraries were 

sequenced on a NovaSeq sequencing system (Illumina, San Diego, CA, 

USA), in 1 ×100 bp (single end). Approximatively 20–25 M reads were 

sequenced per sample. The sequencing reads were processed through 

the Nf-core rnaseq pipeline 3.0 (Ewels et al., 2020) with default 

parameters and using the zebrafish reference genome (GRCz11) and the 

annotation set from Ensembl release 103 (www.ensembl.org; accessed 1 

May 2020). Differential gene expression analysis was performed using 

the DESeq2 pipeline (Love et al., 2014). Pathway and biological function 

enrichment analysis was performed using the WEB-based "Gene SeT 

AnaLysis Toolkit" (http://www.webgestalt.org; accessed on 10 

November 2022) based on the integrated GO (Gene Ontology 

Consortium, 2021), KEGG (Kanehisa et al., 2022), Panther, and 

WikiPathways databases (all accessed on 19 April 2023 via 

http://www.ensembl.org/
http://www.webgestalt.org/
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http://www.webgestalt.org). Two additional databases were generated 

using data from zfin (zfin.org) and based on phenotypes associated to 

gene mutations ((Geno-Pheno) or on location of gene expression 

(Expression). 

Generation of mutant lines 

Mutant lines for fbln1 (zfin Id: ulg075) and col10a1a (zfin Id: ulg076) 

were generated using the CRISPR/Cas9 method as previously described 

(Doudna and Charpentier, 2014; Hwang et al., 2013). The guide RNAs 

have been introduced into the Alt-RTM Cas9 system from Integrated 

DNA Technologies (IDT, Leuven, Belgium), the gRNA sequence used 

are, respectively: 5'-CCTGGTGGCCTTGACGGCTGCCC-3' for col10a1a, 

and 5'-CACCAGATAGTCACGCCCGT-3' for fbln1. 

The Alt-R crRNA (gRNA for the gene of interest) and tracrRNA 

were resuspended in nuclease-free IDTE Buffer to a final concentration 

of 100 μM each. The two components were mixed according to the 

manufacturer's instructions, heated to 95 °C for 5 minutes and cooled to 

22°C (gRNA). The 10 μg/μL Cas9 protein was diluted to 0.5 μg/μL using 

Cas9 Buffer consisting of 20 mM HEPES, 150 mM KCl with pH = 7.5 in a 

final volume of 10 μL. 3 μL of gRNA were mixed with 3 μL of the Cas9 

solution, incubated at 37 °C for 10 minutes, cooled to 22°C and mixed 

with a 0.5 μL tracer dye (0.5 mg/mL, Rhodamine dextran (RD), 

Molecular Probes, Carlsbad, California USA) Microinjection of 2–3 nL 

per embryo was carried out on single cell stage (20-60 min post-

fertilization) zebrafish embryos using an InjectMan micromanipulator 

(Eppendorf, Hamburg, Germany) assembled on a Leica M165 FC 

stereomicroscope. 

DNA was isolated from larvae or finclips from adults/juveniles at 

various stages of development in 50 mM NaOH by heating at 95 °C for 

20 minutes. The solution was cooled down on ice for 10 minutes, 

neutralized by adding Tris-HCl 1 M, pH = 8.0, 1/5th the volume of NaOH, 

spun down using a desktop centrifuge for 2 minutes to recover the 

supernatant, and stored at 4 °C. Genomic fragments covering the 

targeted region were obtained by PCR using the above primers. The 

primers for PCR genotyping were, respectively: forward 5'-

CAGATTTGACTTCAGAGAATGGA-3', reverse 5'-

AGAAACACAGCTTTTCCGAGAG-3' for col10a1a and forward 5'-

GTTGGGTCAGATGTGCTGTG-3', reverse 5'-

ATGAGTCTGACCGTGTGCTG-3' for fbln1. The mutants were identified 

using Heteroduplex Mobility shift Analysis (HMA) by polyacrylamide 

gel electrophoresis, selected DNAs were further processed for Sanger 

sequencing to identify the exact position and extent of the mutation. 

Genotyping and RNA extraction of WT and mutant larvae 

Homozygous mutants were obtained by crossing heterozygous 

parents carrying the desired mutation. Resulting larvae were first 

sacrificed, fixed in para-formaldehyde (PFA) 4 % or stained, then 

photographed and, finally DNA was extracted from individual larvae to 

genotype them as described above. Only homozygous WT or mutants 

were then assigned to their photograph for phenotype determination. 

For the RNA-Seq experiment on mutants, 10 dpf larvae were stored 

in RNA later (Fisher Scientific, Merelbeek, Belgium). Individual fish 

were decapitated, the heads were individually stored in a 96 well plate, 

http://www.webgestalt.org/
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while the body was used for DNA extraction and genotyping. Once the 

genotypes were known, the heads were recovered and pooled to 

constitute three independent batches of, respectively 21 WT and mutant 

individuals. The RNA was extracted using the RNA mini extraction kit 

(Qiagen, Hilden, Germany) according to the manufacturer's instructions. 

The RNA was treated with DNAseI (Qiagen, Hilden, Germany) to avoid 

DNA contamination. Quantity and quality of each extract was assessed 

by nanodrop spectrophotometer measurements. The pellets were further 

purified by lithium chloride precipitation, followed by 2 times pellet 

washing with 70% ethanol, resuspended in 51 µL of RNAse-free water 

and stored at −80 °C. The integrity of total RNA extracts was assessed 

using the BioAnalyzer (Agilent, Santa Clara, CA, USA). RIN (RNA 

integrity number) scores were > 9 for each sample. 

Alizarin red (AR) staining 

Larvae were sacrificed at 5 dpf and 10 dpf. The larvae were fixed in 

PFA 4% overnight at 4 °C and thereafter rinsed three times with 

Phosphate Buffered Saline/0.1 % Tween (PBST) for 10 minutes. Bleaching 

was performed by adding 6 ml of H2O2 3% / KOH 0.5% during 30 

minutes for 5 dpf and 45 minutes for 10 dpf respectively, followed by 

washing twice for 20 minutes with 1ml 25% glycerol / 0,1 KOH to 

remove bleaching solution. The larvae were stained with AR (Merck, 

Overijse, Belgium) at 0.05% in the dark for 30 minutes on low agitation. 

Rinsing and destaining was performed thrice at 50% glycerol / 0.1% 

KOH for 30 minutes. The solution was replaced with a fresh solution of 

50% glycerol / 0.1% KOH and stored at 4°C. The larvae were placed in 

lateral or ventral view onto glycerol (100%) for imaging. Images of 

stained larvae (n = 60–100 larvae) in three or more independent 

experiments were obtained on a binocular (Olympus, cell B software). 

Alcian blue (AB) staining 

Larvae were sacrificed by exposure to MS-222 (Ethyl 3-

aminobenzoate methane sulfonate; Merck, Overijse, Belgium)(0.048% 

w/v) at 5 dpf and 10 dpf. The larvae were fixed in PFA 4%, ON at 4 °C 

and thereafter rinsed three times with PSBT for 10 minutes. The larvae 

were stained with 1ml of alcian blue at 0.04% alcian blue (Sigma-

Aldrich/Merck, Overijse, Belgium) / 10mM MgCl2 / 80% EtOH pH 7.5 

O/N, on low agitation. Thorough rinsing was performed at least 7 to 8 

times with 80% EtOH / 10mM MgCl2 / water, on low agitation till excess 

of blue stain is washed and the washing solution appears clear. The 

larvae were washed with 50% EtOH pH 7,5 for 5min and then with 25% 

EtOH pH 7,5 for 5min. Bleaching was performed by adding 6 ml of H2O2 

3% / KOH 0.5% during 30 minutes for 5 dpf and 45 minutes for 10 dpf 

respectively. Then, washing was performed twice for 20 minutes with 

1ml 25% glycerol / 0.1 KOH to remove bleaching solution. Rinsing and 

destaining was performed thrice at 50% glycerol / 0.1% KOH for 30 

minutes. The solution was replaced with a fresh solution of 50% glycerol 

/ 0.1% KOH and stored at 4 °C. The larvae were placed in lateral side or 

ventral side onto glycerol (100%) for imaging. Images of stained larvae 

(n = 60–100 larvae) in three or more independent experiments were 

obtained on a stereomicroscope (Olympus, cell B software), taking care 

to always use the same lighting and magnification conditions. 
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Image analysis of larvae stained for cartilage or bone 

Image analysis was performed on the pictures of larvae stained 

with alcian blue for cartilage or alizarin red for bone. According to 

(Aceto et al., 2015a), cartilage (alcian blue) images were analyzed by 

measuring the distances from anterior to the posterior end of the 

ethmoid plate (head length-hl), between the two hyosymplectics (d-hyo), 

between the articulations joining the Meckel's cartilage to the 

palatoquadrate (d-art), and the angle formed by the two ceratohyals (a-

cer); while bone (alizarin red) images were evaluated by estimating the 

degree of mineralization (absent, low, normal/intermediate, high) of the 

following elements (Aceto et al., 2016a): maxillary (m), dentary (d), 

parasphenoid (p), entopterygoid (en), branchiostegal rays 1 and 2 

(br1/br2), opercle (o), ceratohyal (ch), hyomandibular (hm), vertebral 

bodies (vb)(see also Fig. III-4A, C for illustration). 

Micro-computed tomography scanning (µCT) and analysis 

Wt and their respective mutant siblings were grown in the same 

tank at identical zebrafish density to minimize variability. The zebrafish 

were sacrificed, their standard length documented, then fixed for 14-16 h 

at 4 °C in 4% (w/v) PFA and prepared for µCT analysis. The individual 

zebrafish were kept hydrated in a sponge covering and placed in a 

sample holder during µCT acquisitions (SKYSCAN 1272 scanner (Bruker 

Corporation, Kontick, Belgium). Whole body scans were acquired at 70 

kV and 100 µA with a 0.50 mm aluminum filter and at an isotropic voxel 

size of 21 µm. For high-resolution scans and quantitative analysis of the 

first precaudal vertebrae, zebrafish were scanned at 70 kV and 100 µA 

with a 0.5 mm aluminum filter at an isotropic voxel size of 7 µm. For all 

samples, ring artifact and beam hardening correction was kept constant 

and no smoothing was applied during reconstruction (NRecon, Bruker). 

Reconstruction of the scans was performed using the NRecon software 

(Bruker Corporation) and resulted in a single dicom file for each voxel 

size. Images with 7 µm voxel size were manually segmented using 

PMOD (PMOD Technologies, Zurich, Switzerland) to extract precaudal 

vertebrae 6-8 and both vertebral thickness and vertebral length were 

determined. 

Further analysis of the 21 µm images was performed using the 

FishCuT Software (Hur et al., 2017; Watson et al., 2020b). Briefly, FishCut 

is a matlab toolbox (Hur et al., 2017) designed to analyse microCT image 

of zebrafish and extract morphological and densitometric quantitative 

information of zebrafish for 25 vertebrae per individual in the case of 

fbln1-/- mutants whereas for col10a1a-/- mutants, only 23 vertebrae were 

analyzed due to the fusion of the caudal fin vertebrae. Since FishCut was 

initially developed on images obtained with a vivaCT40 (Scanco 

Medical, Switzerland), we first adapted the parameters (intercept and 

slope) that should be used in the TMD conversion formula (Hur et al., 

2017). These parameters were estimated from the calibration scan 

performed on the same day of the data acquisition. The following 

combinatorial measures were considered and quantified for each 

vertebra: centrum surface area (Cent.SA), centrum thickness (Cent.Th), 

centrum tissue mineral density (Cent.TMD), centrum length (Cent.Le), 

haemal arch surface area (Haem.SA), haemal arch thickness (Haem.Th), 

haemal arch tissue mineral density (Haem.TMD), neural arch surface 

area (Neur.SA), neural arch thickness (Neur.Th), neural arch tissue 
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mineral density (Neur.TMD), vertebral surface area (Vert, SA), vertebral 

thickness (Vert.Th), vertebral tissue mineral density (Vert.TMD), and 

were measured. Vertebral measures (Vert) represent the total vertebral 

body, with all three elements (centrum, haemal arch, neural arch) 

combined. 

 

 

Statistical analysis 

Statistics were performed using GraphPad Prism9 software (v. 

9.4.1). An unpaired t-test was used for comparing distances (d-hyo, hl, 

and d-art) and angle (a-cer) for cartilage elements in larvae, while for 

vertebral thickness and length in adults an ordinary one-way ANOVA 

was used. For comparing the degree of mineralization, we used a Chi-

square test on contingency table between WT and mutants. Multivariate 

analysis (Multiple linear regression analysis) was used for statistical 

analysis of the FishCut output data. Comparison of left and right 

opercular areas were performed using Sidak’s multiple comparisons test 

of mixed effect analysis. All the values are expressed as mean ± SEM and 

statistical significance was set at p<0.05. 

3. Results 

Analysis of sp7-expressing cells from transgenic zebrafish larvae reveals the 

presence of two distinct osteoblast populations at 4 dpf. 

To analyze the transcriptome of living osteoblasts isolated from 

developing larvae, we employed the transgenic line Tg(sp7:sp7-GFP) 

(ulg071 Tg) that carries the GFP reporter cDNA inserted into the 

endogenous, osteoblast-specific sp7(osterix) gene (Sojan et al., 2022). 

Transgenic larvae were dissociated at 4 dpf and the cells were analyzed 

using Fluorescence Activated Cell Sorting (FACS). Interestingly, when 

looking at the fluorescence distribution of individual cells, we observed 

two clear subpopulations based on their GFP fluorescent intensities, 

referred to as P1 (weakly positive for GFP) and P2 (strongly positive for 

GFP), respectively (Fig. III-1A). Both populations were not observed in 

cells obtained from non-transgenic siblings of the larvae (not shown). 

Whole transcriptome RNA sequencing was performed to compare the 

transcriptomes of these two subpopulations (P1 and P2). In addition, we 

also compared each subpopulation's transcriptome to that of a 4 dpf 

whole larvae gene expression data set ("All") from a public database 

(https://www.ebi.ac.uk/ena/browser/view/PRJEB7244). 

Analysis of the Differentially Expressed Genes (DEGs) (p<0.001, 

log(fold-change)>1.6) lists revealed, respectively 4308 DEGs in P1 and 

4531 DEGs in P2 relative to the "All" population ("AllvsP1" and 

"AllvsP2"), but only 966 DEGs were observed between P1 and P2 

subpopulations ("P1vsP2")(Fig. III-1B and Table S1). A Venn diagram 

analysis showed that a vast majority of genes (3648) were common to the 

"AllvsP1" and "AllvsP2" (Fig. III-1C), which encompassed also a 

majority of those differentially expressed in the subpopulations 

"P1vsP2". Principal Component Analysis, based on the 500 most variable 

genes, revealed that the two subpopulations P1 and P2 were very 

distinct from the general "All" cell population (PC1; 89% of the variance), 

however the P1 and P2 cells clearly clustered separately (PC2; 4% of the 

variance), indicating that they may be distinct subpopulations of 
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osteoblasts (Fig. III-1D). We then analyzed the different DEG lists for 

enrichment in various databases (GO terms, KEGG, Panther, Reactome, 

and Wikipathways) to identify biological functions, cellular components, 

or pathways that may be affected. GSEA analysis revealed that, relative 

to "All", in the P1 population ("AllvsP1") immune response and 

cardiovascular development were the top biological processes that were 

up-regulated, while in the P2 subpopulation ("AllvsP2"), ossification and 

biomineral tissue development were significantly induced (Fig. III-1E 

and Table S2). Also, "extracellular region part" and "collagen trimer" 

were identified as the major cellular components. 

 

Figure III-1. The osteoblasts at 4 dpf reveal two distinct populations based on 

the GFP fluorescence intensity and differential gene expression. (A) FACS plot 

showing forward scattering (FSC-A) and GFP fluorescence in singlet, living cells 
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in gates P1 and P2. Cell distribution according to their GFP fluorescence is also 

shown to illustrate the two subpopulations P1 and P2. Gates were set to exclude 

the 100-fold larger population of non-fluorescent cells for illustration. (B) 

Number of DEGs that are up- or down-regulated in the different comparisons. 

(C) Venn diagram comparing the DEGs in "AllvsP1", "AllvsP2", and "P1vsP2". 

(D) PCA plot showing that the two cell subpopulations P1 and P2 are clearly 

different from each other, but very different from the whole larvae "All" 

population at 4 dpf. (E) Selected terms enriched in the DEG lists "AllvsP1", 

"AllvsP2", and "P1vsP2" as determined by GSEA analysis; columns represent the 

list concerned, the database used, the dataset concerned, its name, the 

normalized enrichment score, and the false discovery rate value (FDR). Positive 

enrichment scores indicate up-regulated terms (highlighted in red), negative 

ones refer to down-regulated terms (highlighted in green). 

Finally, comparison of the P1 and P2 transcriptomes clearly 

identified "biomineral tissue development", "ossification", and 

"Endochondral ossification" as significantly up-regulated in P2, as well 

as the signaling pathways initiated by TGFbeta, BMP, Wnt, and 

MAPkinases. GSEA analysis using databases for known phenotypes 

upon mutation (Pheno-Geno in Table S2) or expression domains of 

specific genes in zebrafish (Expression in Table S2) revealed a near 

perfect enrichment in genes expressed in and affecting skeletal elements 

for genes up-regulated in the P2 subpopulation, relative to P1 and "All". 

Cardiovascular genes were also up-regulated in P2, while both 

subpopulations revealed down-regulation of genes involved and 

expressed in neural development. 

Taken together, a picture emerges of a P1 population that is already 

engaged into skeletal differentiation, while the P2 population appears as 

resolutely committed to the osteoblast fate with many specific genes 

being strongly upregulated, such as runx2b, col10a1a, or spp1. Therefore, 

we will in the following analysis consider the P1 population as 

osteoblast-like cells clearly distinct from the general cells of the whole 

larva ("All"), and possibly a precursor to the more mature P2 osteoblast 

population. Different patterns emerged for individual genes when 

looking at their changes in expression in the different cell populations, as 

illustrated for selected genes displayed in a clustered heat map based on 

the change in the number of reads relative to the "All" population (Fig. 

III-2A). Genes unaffected or slightly upregulated in P1, but strongly 

upregulated in P2 would be known osteoblast markers such as sp7 (and 

the transgene GFP, as expected from the FACS sorting method), but also 

bmp2a, col10a1a, panx3, and spp1 (Fig. III-2B). Others were increased in 

P1, and remained high in P2 (fbln1, col1a1, col2a2a, col2a2b). The last 

group of genes show increased expression in P1 relative to "All", and a 

decrease in P2 (lrp2a, omd, stcl1). These observations indicate the 

involvement of a complex pattern of gene regulations comparing the 

general larvae cell population "All" to the P1 and P2 subpopulations. 
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Figure III-2. Specific genes present variable expression patterns when 

comparing the different cell populations. (A) change in the number of reads 

relative to the "All" population of selected genes; For each gene, the color code 

indicates the number of reads relative to the total number of reads for this gene 
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in all the samples. (B) relative gene expression in the different cell populations. 

All samples are represented here: 10 for the "All" population, 5 for the P1 and 3 

for the P2 subpopulations. 

To gain further insight into the mechanisms involved in these 

differentiation processes, we decided to overlay the differential 

expression data between P1 relative to "All", and those between P1 and 

P2, to specific process networks. First, we collected the genes with 

annotations "Mineralization" or "Ossification" to construct a network of 

genes involved in the main function of osteoblasts (Fig. III-3)(Maynard 

and Downes). Genes upregulated in both P1 and P2 include the bone-

related sp7 and vdra transcription factor genes and the ECM protein 

genes (spp1, bglapl, col1a1, mgp). Genes for enzymes controlling 

extracellular phosphate concentration to ensure mineralization (Entpd5a, 

Alpl, Phospho1) were strongly induced in both population, as were 

those for some extracellular peptidases (Mmp9, Mmp14a and b) and 

some cell membrane proteins such as Panx3 and Tmem119a. Activation 

of the Hedgehog pathway is clearly indicated by the induction of the 

ptch1 and ptch2 genes, while the Bmp pathway appears to be activated 

mainly through Bmp3, Bmp1a, and Ltbp1. The Wnt pathway is mainly 

activated by Wnt5b in both P1 and P2, while the wnt9a gene is mainly 

induced in P2, and the wls and lrp5 genes in P1. Thus, complex gene 

expression patterns emerge distinguishing the two osteoblast 

populations P1 and P2. As an example, the Hedgehog ligands display a 

complex pattern, with the ihhb gene induced in P2, the ihha gene 

expression reduced in P1 and induced in P2, while the shha and dhh 

genes were both down-regulated in P2 relative to P1. 

We then looked more specifically at the BMP signaling network 

(Fig. III-S1). It appears very clearly that the genes for ligands Bmp2a, 

Bmp3 and Bmper were strongly upregulated in both P1 and P2, while 

bmp4, bmp6, bmp7a were more strongly induced in P1, or bmp1a and 

bmp2b only in P2. Other genes are only weakly affected (bmp1b) or follow 

a decrease-increase pattern (bmp15). Note that Bmp1 proteins are not 

bona fide BMP ligands but are rather involved in the collagen synthesis 

process through their peptidase activity. Considering BMP receptors, we 

observe that the bmpr1aa, bmpr1ba, bmpr1bb, and acvrl1 genes are strongly 

induced mainly in P1, while bmpr2a and acvr2ba are induced both in P1 

and P2. Genes smad4a, smad4b, smad6b, and smad9, coding for the Bmp 

signal transducing transcription factors, are up-regulated in both 

subpopulations. Down-regulated genes in P2, relative to P1, are the 

transcription factors of the Gata family, involved in hematopoiesis, 

cardiac and vascular development, as well as genes coding for 

extracellular inhibitors of BMP signaling, such as follistatins (fsta, fstb, 

and fstl1a). Other BMP antagonists are mainly upregulated in P1 and not 

changed in P2 (grem1b, grem2a), while bambia and bambib are strongly 

upregulated in both subpopulations, possibly reflecting their role in 

enabling Wnt signaling (Lin et al., 2008; Zhao et al., 2020). 

Analysis of the WNT signaling pathway leads to similar 

observations (Fig.III-S2). The genes for Wnt1, Wnt5b, and Wnt10a are 

upregulated in both P1 and P2, while those for Wnt5a, Wnt11, Wnt11f2, 

Wnt7bb are strongly upregulated in P1 and those for Wnt3 and Wnt 6b 

are downregulated. Some of the WNT ligand genes are up-regulated in 

P1, and down-regulated in P2 (wnt7aa, wnt7ab, wnt5a, and wnt4b). In 

terms of receptors, the genes for Fzd1, Fzd2, Fzb8b, Lrp4, Lrp5, and Lrp6 
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are mainly upregulated, as well as the downstream mediators such as 

Axin2, disheveled proteins Dvl1a and Dvl1b as well as beta catenins 

Ctnnb1 and Ctnnb2 are upregulated. WNT pathway target transcription 

factors Jun and Tcf7 are strongly upregulated. 

Taken together, a picture emerges where, compared to the general 

cell population "All", two distinct subpopulations of osteoblasts are 

present in 4 dpf zebrafish larvae based on their sp7 (or the transgene 

GFP) expression. Both subpopulations present clear features of skeletal 

cell gene expression, with the P2 population more clearly identified as 

osteoblasts. However, the different components: transcription factors, 

ECM proteins, signaling ligands, receptors, and downstream effectors 

present a complex pattern of changes in expression in the two 

subpopulations, probably reflecting the requirement for precise 

coordination and regulation of the various players involved. 

 

Figure III-3: Expression changes in osteoblast subpopulations of genes 

involved in bone mineralization and ossification. The nodes represent genes, 

outer ring color represents the log(fold-change) between "All" to the P1 

subpopulation, while the fill color represents the log(fold-change) between P1 

and P2 subpopulations. The network was generated in Cytoscape, using the 

GeneMANIA databases for zebrafish Shared protein domains and Co-

expression. 
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The ECM protein gene col10a1a attracted our special attention at this 

stage. First, in contrast to its specific expression in hypertrophic 

chondrocytes as is generally accepted in mammals, it is also expressed in 

osteoblasts in zebrafish (Niu et al., 2017; Simões et al., 2006; van der 

Kraan and van den Berg, 2012). Moreover, our analysis of the osteoblast 

transcriptome at 4 dpf revealed col10a1a as one of the most highly 

upregulated genes in the P2 osteoblast population relative to P1 (Table 

S1, Fig. III-2), while it was slightly down-regulated in P1 relative to "All" 

(Fig. III-3, log(fold-change)= -1.34, p-value= 4.7 10-7). These 

considerations prompted us to investigate its function in zebrafish, 

which was unknown. 

Another ECM protein whose function was unknown in zebrafish is 

Fibulin1, although its involvement in skeletal development was already 

shown in a mouse model (Cooley et al., 2014). The fbln1 gene, different 

from col10a1a, displayed increased expression in the P1 subpopulation 

relative to "All", and a further increase in the P2 population (Fig. III-2A, 

B), thus following the expression pattern of sp7. We thus decided to also 

investigate the function of this gene in skeletal development. 

Analysis of col10a1a-/- zebrafish mutants. 

To elucidate the role of col10a1a in zebrafish skeletal development, 

we generated a mutant line (ulg076) disrupting the col10a1a coding 

region with a 34-nucleotide insertion and we compared the effects of this 

mutation in the developing larvae and in adults. No difference was 

observed in the standard length of WT compared to col10a1a-/- siblings at 

10 dpf, respectively (p value = 0.97). Staining of the larvae at 5 dpf with 

Alcian blue to elucidate the effects of the mutation on cranial cartilage 

(Fig. III-4A) revealed a significant reduction of the chondrocranium in 

the col10a1a mutants, as indicated by the smaller distance between the 

two hyosymplectics (d-hyo) and the head length (hl) in mutants 

compared to WT (Fig. III-4B). Alizarin Red staining at 10 dpf revealed 

an overall decreased mineralization in col10a1a mutants for elements of 

the cranial skeletal such as m, d, en, p and br1 in comparison to wt 

controls (Figs. III-4C, D). These observations are consistent with those 

made using another mutant carrying a 7-nucleotide deletion at the same 

location (not shown). 
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Figure III-4. col10a1a-/-mutants display a small chondrocranium at 5 dpf and 

decreased mineralization at 10 dpf compared to wt controls. A) Ventral view of 

alcian blue stained WT and col10a1a-/- larvae at 5 dpf. The distances measured are 

indicated as described in Mat. and Meth. B) col10a1a-/- reveal reduced head size at 

5 dpf compared to WT (p<0.01; WT n =12, col10a1a-/- n =15). Measures are: 

distances from anterior to the posterior end of the ethmoid plate (head length-

hl), between the two hyosymplectics (d-hyo), between the articulations joining 

the Meckel's cartilage to the palatoquadrate (d-art), and the angle formed by the 

two ceratohyals (a-cer). C) Ventral view of alizarin red stained WT and col10a1a-/- 

larvae at 10 dpf. The blue arrowheads point to the skeletal elements: maxillary 

(m), dentary (d), parasphenoid (p), entopterygoid (en), branchiostegal rays 1 and 

2 (br1/br2). Inserts show the maxillary and dentary. D) Fraction (%) of 

individuals presenting a high (green), reduced (red), or absent (Black et al.) level 

of bone mineralization in the different bone elements in WT and col10a1a-/- fish at 

10 dpf. (WT n =20, col10a1a-/- n=17). significance: **p<0.01, ***p<0.001 and 

****p<0.0001. 
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Figure III-5. Adult col10a1a-/- zebrafish have decreased vertebral TMD and 

altered bone properties. A) Representative µCT scans (MIPi = Maximum 

Intensity Projected image) of a year-old adult WT (top) and col10a1a-/- (bottom) 

reveal a decreased mineralization and fusion of the caudal fin vertebrae in the 
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mutant. B) Lateral view of pre-caudal vertebrae 6-8 (L to R) for WT and col10a1a-/- 

fish. C) Representative µCT scan of a vertebra in 3 planar views, showing the 

two morphometric measurements: vertebral thickness (µm) and vertebral length 

(µm). D) Comparison of morphometric measures on precaudal vertebrae 6-8 (n= 

4 fish/group) in WT and col10a1a-/- fish. VTh and VL. E) Line plots generated 

using the FishCut software revealing significantly decreased TMDs in vertebra 

(Vert.TMD) and centra (Cent.TMD), as well as neural arch volumes and surface 

areas (Neur.Vol, Neur.SA) in col10a1a-/- relative to WT, while centra volume 

(Cent.Vol) and surface area (Cent.SA) were not significantly affected (*p<0.05), 

(n= 6 fish/group). F) col10a1a-/- mutants display fusion of the tail fin vertebra. 

significance: **p<0.01, ***p<0.001 and ****p<0.0001. 

The mutant larvae and their WT siblings were grown throughout 

adulthood and the one-year-old fish were subjected to µCT analysis. No 

significant difference in the standard length was observed between WT 

and col10a1a mutants (n-6, p=0.259). No major deformities were detected 

in the head or vertebral column, however a projected image of a µCT 

scan revealed a decreased mineralization in col10a1a-/-fish relative to WT 

(Fig. III-5A), and fusion of vertebral bodies at the tail fin was detected 

(Fig. III-5A,F). The µCT images were analyzed using two different 

approaches. First, three precaudal vertebral bodies (number 6-8) were 

selected, as shown in (Fig. III-5B) and morphometric measurements of 

vertebral thickness (at equivalent positions) and vertebral length were 

carried out as illustrated in the 3 different planar sectional view (Fig. III-

5C). This analysis (n = 4 fish/group) revealed a significantly decreased 

vertebral length (p<0.05) and vertebral thickness in all three vertebrae in 

col10a1a-/- adult zebrafish compared to WT (Fig. III-5D). An additional 

analysis was performed by quantifying combinatorial measures over the 

entire vertebral column (Fig. III-5E).The TMD of the vertebrae and 

centra, as well as the haemal and neural arches (not shown) (n = 6 

individuals/group and 23 vertebrae/individual) was significantly 

decreased in the col10a1a-/- mutants compared to WT controls (p<0.05) 

(Fig. III-5E), while surface area and volume were only affected in neural 

arches (Neur.SA)(Neur.Vol). A closer look at the µCT of the tail fin 

vertebrae revealed a complex vertebral fusion in 4 out of 6 col10a1a-/- 

animals (Fig. III-5F). 

Analysis of the fbln1-/- mutant line 

To elucidate the role of fbln1 in skeletal development, we generated 

a mutant line presenting a 16-nucleotide deletion in the fibulin1 coding 

region (ulg075) and performed phenotypic analysis by staining for 

cartilage using AB and for bone using AR staining at developmental 

stages 5 dpf and 10 dpf. No significant differences were observed in 

standard length for fbln1-/- mutants at 5 dpf (p value = 0.671) or 10 dpf (p 

value = 0.857) compared to WT. Looking at the 5 dpf chondrocranium 

(Fig. III-6A), we observed that the fbln1 mutants exhibit significant 

reduction in the ceratohyal angle (a-cer) (p-value = 0.0154), while no 

significant effects were observed in the other measures (d-hyo, d-art, hl) 

(Fig. III-6B). Looking at the calcified bone matrix (Fig. III-6C-F), the 

level of mineralization for skeletal elements such as en, br1, p and vb 

was significantly increased in mutants at 5 dpf and 10 dpf (Fig. III-6D, 

F). 
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Figure III-6. fbln1-/- mutants present increased mineralization at 5 dpf 

compared to WT. A) Ventral view of alcian blue stained WT and fbln1-/- larvae at 

5 dpf. The distances measured are indicated. B) fbln1-/- reveal reduced angle 
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between ceratohyals (a-cer) at 5 dpf compared to WT (WT n =15, fbln1-/- n =12). 

C) Ventral view of alizarin red stained WT and fbln1-/- larvae at 5 dpf. The blue 

arrowheads point to the skeletal elements: ceratohyal (ch), parasphenoid (p), 

entopterygoid (en), branchiostegal rays 1 and 2 (br1/br2), hyomandibular (hm), 

and vertebral body (vb). D) Fraction (%) of individuals presenting a high (dark 

blue), intermediate (green), low (red), or absent (Black et al.) level of bone 

mineralization in the different bone elements in WT and fbln1-/- fish at 5 dpf. (WT 

n =52, fbln1-/- n=68). E) Ventral view of alizarin red stained WT and fbln1-/- larvae 

at 10 dpf. F) Fraction (%) of individuals presenting a high (dark blue), 

intermediate (green), low (red), or absent (Black et al.) level of bone 

mineralization in the different bone elements in WT and fbln1-/- fish at 10 dpf. 

(WT n =35, fbln1-/- n=40).  
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Figure III-7. fbln1-/- adult zebrafish exhibit increased vertebral TMD and 

vertebral thickness. A) µCT scans (MIPi = Maximum Intensity Projected image) 

of 1 year old adult WT and mutants. fbln1-/-- show an increased mineralization. B) 

Lateral view of Vertebrae 6-8 (L to R) for WT and fbln1-/- respectively. C) 

Representative µCT scan of a vertebra in 3 planar views, showing two 

morphometric measurements: vertebral thickness (µm) and vertebral length 

(µm). D) Morphometric analysis of individual precaudal vertebral body 

numbers 6-8 (n= 4 fish/group) revealed a significantly increased thickness and 

length of the vertebral body in fbln1-/- compared to WT controls. E) Line plots 

generated using FishCuT software show significantly increased centra volume 
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(Cent.Vol) and surface area (Cent.SA) in fbln1-/- compared to WT controls (n= 7 

fish/group). Similarly, both vertebral (Vert.TMD) and centra TMD (Cent.TMD) 

are significantly increased in fbln1-/-. Significance: *p <0.05, ** p<0.01, and 

***p<0.001. 

No lethality or no major physical defect were observed in the on-

growing fbln1-/- mutants, thus we let them grow alongside their WT 

siblings until one year of age to perform µ-CT analysis. High 

mineralization was easily visible in fbln1 -/- zebrafish in a whole body 

projected image of the µ-CT scans compared to WT (Fig. III-7A). Using 

the pmod software, we segmented the precaudal vertebral centra of the 

precaudal vertebrae 6-8 (Fig. III-7B). Morphometric measurements, as 

illustrated in the 3 different planar sectional views (Fig. III-8C) revealed 

(n = 4 fish/group) a significantly increased vertebral length (p<0.01) and 

vertebral thickness (p<0.0001) in fbln1-/- adults relative to WT (Fig. III-

7D). Using the FishCuT software to performed combinatorial 

measurements on all individual 25 vertebral bodies/fish (Hur et al., 

2017), we observed a significantly increased volume (Cent.Vol), surface 

area, (Cent.SA), thickness (Cent.Th), and TMD (Cent.TMD) for the 

vertebral centra in fbln1-/- as compared to the WT controls (n=7 

individuals /group, p<0.05) (Fig. III-7E). In addition, whole vertebra 

TMD (Vert.TMD) was increased, while overall neural arch thickness 

(Neur.Th) was not affected. 

To complete our analyses of the fbln1-/- line, whole larvae mRNA 

was extracted from WT and homozygous mutant larvae at 10 dpf to 

compare their expression level by whole genome sequencing. 2511 DEGs 

(p-value<0.05, log(fold-change)>0.5) were observed (2214 up-regulated, 

297 down regulated in the mutant) (Fig. III-8A & B and Table S3). 

Among the most strongly up-regulated genes were the col10a1a, col1a1a, 

col11a1a, and the col2a1a genes, but also many bone-related genes such as 

entpd5, enpp1, sp7, and spp1 (Fig. III-8A). Among the small number of 

down-regulated genes, we spotted runx2b and alpl, both markers for 

osteoblast differentiation, that were minimally affected. The fbln1 mRNA 

was decreased in the mutant, indicating that the mutation caused some 

degree of RNA degradation. Functional annotation using GSEA revealed 

that mainly one biological process was up-regulated: collagen 

biosynthesis, trimerization, and endochondral ossification (Fig. III-8B). 

Interestingly, all three signaling pathways for Bmp, Wnt and Fgf ligands 

were identified as slightly downregulated. We constructed a network 

around collagen biosynthesis which revealed the consistent up-

regulation of all the collagen genes, but also some genes coding for 

integrins (itgb1a), matrilins, fibronectin, or for enzymes involved in 

collagen maturation (plod1a, plod2, p3h1, p3h3) (Fig. III-8C). Taken 

together, these results correlate with an increase of bone matrix 

deposition and mineralization, although some markers for osteoblast 

differentiation were not significantly affected. 
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Figure III-8. Changes of transcriptome in fbln1-/- mutants relative to WT at 10 

dpf. A) Log(fold-change) and p-values for some genes selected for their known 

role in osteogenesis. B) Selected functional annotations of the list of DEGs in 

fbln1-/- mutants. C) Network of DEGs centered around the genes involved in 

collagen biosynthesis. Red color refers to functions or genes that are 

upregulated, Green indicates genes or functions that are down-regulated in the 

mutants. In C), the edges are color-coded according to the nature of interaction 

between nodes (genes) as indicated. 
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Figure III-9. fbln1-/- mutant zebrafish show missing opercle on the right side. 

A) Adult fbln1-/- fish bright field image showing the missing opercle (yellow 

arrow). B) 3D Reconstructed images from µCT scans of adult WT control and 

fbln1-/- fish head (yellow arrow: missing opercle, blue arrow: thickened 

subopercular bone). C)10 dpf Alizarin red stained zebrafish in ventral view 

(yellow arrow: missing opercle). D. Left (L) and Right (R) opercle area measured 

in ventral view on 10 dpf alizarin red stained WT control and fbln1-/-zebrafish 

larvae show the trend of asymmetry between the L and R opercles in fbln1-/- 

mutant zebrafish (n= 34 WT, n= 37 fbln1-/- mutants). E) Differentially expressed 

genes in fbln1-/- mutants that are involved in Fgf and Mapk signaling. 

The fbln1-/- mutant lacks an opercle specifically on the right side. 
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Another unexpected phenotype that we observed was that 75% of 3 

months-old fbln1-/- mutants were missing an opercle on the right side (9 

out of 12 individuals), compared to none in the WT controls. Simple 

observation of one year old adult homozygous fbln1-/- zebrafish clearly 

revealed this missing opercle, always on the right side compared to the 

contralateral left side or the WT (Fig. III-9A). The µ-CT scans of fbln1-/- 

adult zebrafish heads confirmed this observation; we can clearly observe 

the missing opercle (Fig. III-9B). In addition, closer examination of these 

µ-CT scans of fbln1-/- adults revealed a thickening of the cavity walls and 

of the subopercular bone at the site of the missing opercle (Fig. III-9C). 

The surprising asymmetry in opercle development in the adults 

prompted us to find out when it arises, and to measure the opercle area 

on alizarin red stained 10 dpf larvae, this time comparing the left (L) and 

right (R) opercle in mutants and WT (Fig. III-9D). The fbln1-/- mutants 

exhibited a trend (p=0.12) to a smaller opercle on the right side 

compared to the left one, which is not observed in wt siblings. This 

unique phenotype is reminiscent of the condition previously observed in 

aceti282a/fgf8 heterozygote zebrafish due to fgf8 haploinsufficiency 

(Albertson and Yelick, 2007). These fgf8ti282a/+ presented an asymmetric 

jaw and various size reductions of the opercle always on the right side, 

often displaying fusion of the opercle with the branchiostegal rays1 and 

2. fgf8 expression was observed in distinct regions of the opercle, jaws 

and in the cranial sutures (Albertson and Yelick, 2007). Thus, our results 

suggest a probable role of Fbln1 in modifying Fgf8 signaling specifically 

regulating opercle development. To further investigate this hypothesis, 

we analyzed the changes in gene expression in the fbln1-/- mutants 

specifically in the context of FGF signaling (Fig. III-9E). Interestingly, we 

observe a slight down-regulation of the fgf8a and fgf8b genes, along with 

induction of FGF receptor genes fgfrl1a and fgfrl1b, and several 

MAPkinase genes. Looking at known marker genes and specific targets 

for Fgf8 signaling (Roehl and Nüsslein-Volhard, 2001), we observe that 

etv4 is slightly up-regulated (log(fold-change)= 0.16, p= 0.6), but etv5a 

and etv5b are down-regulated (respectively (log(fold-change)= -0.32, p= 

0.016 and (log(fold-change)= -0.13, p= 0.44). 

4. Discussion 

Omics technologies have been used in the past to reveal the entire 

transcriptome of osteoblasts from human bone marrow progenitor cells 

(Qi et al., 2003), differentiating primary fibroblasts (Rakar et al., 2012), or 

primary mouse bone marrow stem cells (Bartelt et al., 2014; Kim et al., 

2018; Rendenbach et al., 2014) by micro-array analysis. More recently, 

deep sequencing was applied to analyze the transcriptome of human 

osteoblasts from osteoarthritic patients (Grundberg et al., 2008) or from 

mouse tibias (Hsu et al., 2018). In all these studies, the cells were isolated 

from a specific location (often calvarial bone marrow) in adult 

individuals and kept in culture for some time before submitting them to 

a differentiating treatment. Some recent studies investigated primary 

osteoblasts directly after surgery, such as comparing primary human 

osteoblasts to osteoblastomas (Moriarity et al., 2015) or mouse primary 

calvarial osteoblasts (Wattanachanya et al., 2015). Interestingly, one such 

study revealed that cells isolated from rat skull or ulnar bones presented 

distinct transcriptomes (Rawlinson et al., 2009). Recently, the single cell 

transcriptome of two-months old zebrafish tail muscle tissue revealed 
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the presence of osteoblast-type cells (Nie et al., 2022). These studies 

confirmed the presence of crucial transcription factors, such as SOX9, 

RUNX2, and SP7 in differentiating osteoblasts, but they all relied on cells 

obtained from mature tissues in adults. 

We decided to take advantage of the quite unique opportunity 

given by the zebrafish model to obtain, easily and without dissection, 

developmentally early osteoblasts from 4 dpf larvae. This was achieved 

by isolating fluorescent cells from transgenic larvae carrying the GFP 

reporter cDNA inserted into the endogenous sp7 gene. Our assumption 

that this was the best way to drive GFP expression into developing 

osteoblasts is verified by the RNA-Seq analysis, as the highly fluorescent 

cells (subpopulation P2) preferentially express bone-related genes (such 

as sp7 itself, but also runx2b, spp1, entpd5a, alpl, col10a1a), while the 

functional annotations specifically point to induction of ossification, 

ECM formation and mineralization. This identifies subpopulation P2 as 

mature osteoblasts. The presence of a larger, weakly fluorescent 

population (subpopulation P1) came as a surprise. These cells are 

distinct from the P2 cells, however many of the genes involved in bone 

development are also expressed, albeit at lower levels (sp7, bmp2a, spp1, 

fbln1) (Fig. III-2 and Table S1). Other genes, such as col1a1, col2a2a, and 

col2a2b are equally expressed in P1 and P2, while still others are 

downregulated in P2 relative to P1 (hoxb9a, omd, stc1l). Thus, while it is 

tempting to speculate that population P1 would constitute a discrete 

osteoblast precursor population due to its very similar transcriptome to 

P2 (Fig. III-1C, D), it is at present unclear whether the P1 and P2 

subpopulations can be placed in a continuous differentiation lineage or 

whether they represent two independent lines. One possibility would be 

that the P2 osteoblasts are related to intramembranous ossification, as at 

4 dpf mainly this type of bone elements is mineralizing. The P1 

population would correspond to the higher number of precursor cells. 

These precursor cells do not (or not yet) express late marker genes such 

as spp1 or col10a1a. This is also consistent with previous reports showing 

col10a1a expression nearly exclusively in bones at 4 dpf (Kim et al., 

2013c; Ling et al., 2017), while its expression in chondrocytes is observed 

at 6 dpf (Eames et al., 2012). 

Further comparison of the P1 and P2 subpopulations revealed 

various patterns of gene expression (Fig. III-3 and Figs. S1 and S2), 

illustrating the complex regulatory events occurring in these cells. Two 

other genes caught our attention: the stanniocalcin 1-like (stc1l) gene and 

the osteocrin (ostn) gene, which both were strongly up-regulated in P1, 

but down-regulated in P2 (Fig. III-2B and 3). These genes play a role in 

calcium homeostasis (Lin et al., 2017) and skeletal development (Chiba et 

al., 2017; Wang et al., 2021), respectively, and both are expressed 

specifically, but not exclusively in the corpuscles of Stannius. Whether 

this means that the P1 population contains this type of cells, which 

would express low amounts of sp7, or whether these genes are also 

expressed transiently in osteoblast precursor cells remains to be seen. 

Further insight into the function of the two subpopulations may be 

gained from the phenotypes of the mutants that we analyzed. The 

col10a1a gene is interesting in this respect, as it is down-regulated in the 

P1, but dramatically up-regulated in the P2 subpopulation. Furthermore, 

its mammalian homolog is considered not to be expressed in osteoblasts. 

This expression pattern is consistent with the report that the Sp7 
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transcription factor directly regulates the col10a1a gene during zebrafish 

development (Niu et al., 2017), however it appears that only high sp7 

expression leads to high col10a1a expression. The otherECM protein gene 

that drew our attention is the fibulin1 (fbln1) gene, which is up-regulated 

in both P1 and P2 subpopulations. Analysis of the mutants we generated 

revealed opposing effects upon mutation of the col10a1a or the fbln1 

genes, with respectively a decreased or increased mineralization in both 

larval and adult stages. These phenotypes are consistent with a role for 

the col10a1a gene mainly in the P2 mature osteoblasts, while fbln1 is 

already required in the P1 precursors, possibly by facilitating 

proliferation or recruitment to the osteogenic lineage. Such a role would 

be consistent with the observed increase in expression of mature 

osteoblast genes in the fbln1-/- animals, among which actually col10a1a. 

The decreased mineralization we observed in the col10a1a mutants 

is coherent with the observations made in mice and humans. It is also 

consistent with the high expression of this gene in osteoblasts, which 

also extends to the axial skeleton at 6 dpf and later in the entire vertebral 

column (Renn et al., 2013; Tian et al., 2022). Interestingly, although 

col10a1a is a direct transcriptional target of the Sp7 transcription factor, 

we did not observe the dramatic defects in opercula, tail fin, and 

craniofacial development that were described in sp7-/- mutants (Niu et al., 

2017), indicating that Col10a1a is only one of the factors regulated by 

Sp7 to be required for correct osteogenesis. We only observed a vertebral 

fusion at the tail end of the vertebral column in the col10a1a mutants. 

In the fbln1-/- mutants, the increased mineralization is consistent 

with the observed fbln1-/- transcriptomic profile, showing a significant 

increase in several of the collagen family genes such as col1a1a/1b, 

col2a1a/1b, col10a1a, and col11a1a, as well as several genes for enzymes 

involved in collagen biosynthesis and maturation, such as plod1a, plod2, 

p3h1 or p3h3 (Fig. III-8). Interestingly, many of the genes up-regulated in 

fbln1-/- mutants at 10 dpf are also among those that are up-regulated in 

the P1 and P2 osteoblast subpopulations at 4 dpf, such as col10a1a, 

entpd5a, enpp1, and spp1. Some of these genes are also target genes for the 

transcription factor Sp7 (Albertson and Yelick, 2007), whose expression 

is significantly induced in the fbln1-/- mutant (Fig. III-8A). This is a sharp 

difference to the mouse Fbln1 KO, where Sp7 expression was clearly 

reduced (Cooley et al., 2014), possibly explaining the divergent effect of 

Fibulin1 depletion in zebrafish and mouse. Increased Sp7 expression 

may be one of the driving mechanisms for the increased bone matrix 

deposition and mineralization in fbln1 mutants, even though some of the 

osteoblast differentiation marker genes like runx2b and alpl are 

downregulated. 

In contrast to the findings in Fbln1 KO mice, the survival rate of 

fbln1-/- zebrafish is normal until adulthood and without any 

malformations or defects that could impact its development and growth. 

A possible explanation for this discrepancy may be given by the fact that 

the fbln1 gene belongs to a family of 8 ECM proteins (Mahajan et al., 

2021), whose increased (possibly ectopic) expression may lead to the 

recently described phenomenon of "transcriptional adaptation" (Sztal 

and Stainier, 2020). In zebrafish, members of this family such as fbln7 or 

fbln8 are expressed in skeletal structures (Russell et al., 2014), and hmcn2 

is co-expressed with fbln1 in the fin mesenchymal cells and developing 

somites (Feitosa et al., 2012). Increased expression of FBLN2 was indeed 
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shown to rescue the function of FBLN1 in the placenta of KO mice 

(Singh et al., 2006) (Kostka et al., 2001). Our analysis of the fbln1-/- mutant 

transcriptome, compared to WT, did reveal a down-regulation of the 

fbln1 gene, together with an up-regulation of fbln2, fbln5, hmcn1, hmcn2 at 

10 dpf. Thus, although the general function of these genes remains 

largely unknown in zebrafish, we cannot rule out the possibility that one 

of them may rescue the lethal phenotypes in our fbln1-/- mutant zebrafish, 

as described in mouse. 

Other, more morphological effects probably result from 

perturbations of morphogenetic signaling pathways, as Fibulins are 

known to interact with signaling molecules such as BMPs, WNTs, or 

FGFs (Mahajan et al., 2021). The most striking such defect was obviously 

the missing opercle on the right side detected in 75% of fbln1-/- mutants 

(Fig. III-8) that was already detectable in 10 dpf mutant larvae (Fig. III-

8D). Closer inspection revealed a thickening of the opercular cavity 

walls and of the subopercular bone at the location of the missing opercle 

(Fig.8B), suggesting that fusion of the developing opercle occurred in 

these animals as was described in haploinsufficient fgf8ti282a/+ mutants 

(Albertson and Yelick, 2007). Transcriptome analysis of the mutant was 

consistent with a down-regulation of the FGF8 signaling pathway. The 

role of Fgf8 in zebrafish left-right asymmetry was previously shown 

(Albertson and Yelick, 2005), while the Fgf8 dosage was also shown in 

mouse to influence craniofacial shape and symmetry (Zbasnik et al., 

2022). Furthermore, tight binding has been shown between mouse 

FBLN1 and FGF8, while downregulation of FBLN1 inhibits FGF8 

expression (Fresco et al., 2016). Taken together, these observations 

suggest that fbln1 mutation leads to downregulation of FGF8 signaling, 

resulting in absence of the opercle on the right side. 

5. Conclusions 

Taken together, we show that a population of sp7-expressing 

osteoblasts isolated from 4 dpf zebrafish larvae could be discriminated 

in two subpopulations, each one characterized by a specific expression 

pattern of bone-promoting genes. Pathway analysis revealed a complex 

pattern of signaling pathway components, transcription factors and 

ECM protein genes that characterize each of the subpopulations. 

Investigation of mutant zebrafish for two genes encoding ECM proteins 

revealed that both col10a1a and fbln1 play important roles in maintain 

skeletal integrity, interestingly with opposite effects. Our results point to 

a central role for the transcription factor Sp7, activating expression of the 

col10a1a gene (among others) in regulating bone and vertebral column 

mineralization, while the fbln1 mutant provides a hint that Fgf8 

signaling controls the growth and morphogenesis of specific elements. 

Analyzing the detailed, and probably various effects of the mutations on 

different regions of the zebrafish skeleton (head, skull, vertebrae, fins) 

will require more work in the future. 

Supplementary Materials: The following supporting information can be 

downloaded at: www.mdpi.com/xxx/s1, Figure III-S1: Gene expression changes 

in genes involved in BMP signaling. The nodes represent genes, outer ring 

color represents the log(fold-change) between "AllvsP1", while the fill color 

represents the log(fold-change) between "P1vsP2" populations. The network was 

generated in Cytoscape, using the GeneMANIA databases for zebrafish Shared 

protein domains, Co-expression, and Physical interaction.; Figure III-S2: Gene 
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expression changes in genes involved in Wnt signaling. The nodes represent 

genes, outer ring color represents the log(fold-change) between "AllvsP1", while 

the fill color represents the log(fold-change) between "P1vsP2" populations. The 

network was generated in Cytoscape, using the GeneMANIA databases for 

zebrafish Shared protein domains, Co-expression, Physical interaction, and 

Genetic interaction.; Table S1: List of genes differentially expressed genes 

when comparing, respectively population P1 to population P2 (P1vsP2), whole 

larvae to population P1 (AllvsP1), or whole larvae to population P2 (AllvsP2). 

Only significantly regulated (p<0.001, log(fold-change)>1.6) genes are listed, raw 

data and complete gene list are available at 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE237934. On each page, 

the columns give ENSEMBL gene name, the zebrafish gene name, the log(fold-

change), p-value, and adjusted p-value.; Table S2: Gene ontology analysis of 

differentially expressed genes when comparing, respectively population P1 to 

population P2 (P1vsP2), whole larvae to population P1 (AllvsP1), or whole 

larvae to population P2 (AllvsP2). On each page, the table first lists the GSEA 

(Gen Set Enrichment Analysis) analysis using the databases GO, KEGG, Panther, 

Reactome, and Wikipathways on "Webgestalt", followed by home-made 

zebrafish mutant gene-phenotype (Pheno-Geno) and gene expression in 

zebrafish databases. The table further shows a separate over-representation 

analysis (ORA) of up (UP)- or down (DOWN)-regulated genes carried out using 

the same databases. Columns "gene set" and "description" give the names of the 

corresponding term, "NormalizedEnrichment" or "EnrichmentRatio" indicates 

the enrichment factor in the term, pValue and FDR (False Discovery Rate) 

indicate the statistical significance of the enrichment, while "size" and "overlap" 

indicates the number of genes respectively in the term and the dataset, and 

finally "gene names" holds the list of the overlapping genes in the dataset. 

Highlighted in red are selected terms/processes that are up-regulated, in green 

those that are down-regulated.; Table S3: List of genes differentially expressed 

between WT and fbln1-/- mutants. Only significantly regulated (p-value<0.05, 

log(fold-change)>0.5) genes are listed, raw data and complete gene list are 

available at https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?&acc=GSE238059. 

The columns give ENSEMBL gene name, the zebrafish gene name, the log(fold-

change), and adjusted p-value. The second page focuses on selected genes 

involved in collagen synthesis, Fgf signaling, and on members of the fibulin 

family. 
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2. Function of Efemp1 in zebrafish skeletal development: 
 

Preliminary Notice: This section presents the main results covering objective 2.  

Our collaborator from mSKIL Lab at CHU, Université de Liège have detected EFEMP1 

(Fib3) protein in the serum and urine of human osteoarthritic (OA) patients. A mutation in 

EFEMP1 gene has been reported to cause macular degeneration in humans. In mice, lack of 

Efemp1 results in early aging, herniation, and skeletal deformities, as illustrated in the 

graphical summary. This work provides insights into the expression and function of efemp1 in 

zebrafish skeletal development. 

The results are summarized in a manuscript entitled “A zebrafish mutant in the extracellular 

matrix protein gene efemp1 as a model for spinal osteoarthritis.”  

Animals (Basel). 2023 Dec 24;14(1):74.doi: 10.3390/ani14010074 

The supporting information can be downloaded 

at: https://www.mdpi.com/article/10.3390/ani14010074/s1 
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Simple Summary: Osteoarthritis is a debilitating and painful joint disease 

affecting mainly aging animals and people. Previous results indicated that 

Efemp1, a protein present in the extracellular matrix that surrounds each cell, is 

increased in the blood, urine, and bone of osteoarthritic patients. We used the 

zebrafish as a model system to investigate the role of the Efemp1 protein in 

skeletal development and homeostasis. We showed that the efemp1 gene is 

expressed in the brain, the pharyngeal cartilage, and the developing notochord 

which will later form the vertebral column. We generated a mutant in this gene, 

devoid of a functional Efemp1 protein, to show that this mutant presents 

transient deformities in its head cartilage at early stages. More importantly, 

adult mutants expressed a phenotype characterized by a smaller distance 

between vertebrae and ruffled edges (bone spurs) at the vertebral ends. This 

defect is reminiscent of that observed in spinal osteoarthritis; we therefore 

propose the efemp1−/− mutant line as the first zebrafish model to study this 

condition. 

Abstract: Osteoarthritis is a degenerative articular disease affecting mainly aging 

animals and people. The extracellular matrix protein Efemp1 was previously 

shown to have higher turn-over and increased secretion in the blood serum, 

urine, and subchondral bone of knee joints in osteoarthritic patients. Here, we 

use the zebrafish as a model system to investigate the function of Efemp1 in 

vertebrate skeletal development and homeostasis. Using in situ hybridization, 

we show that the efemp1 gene is expressed in the brain, the pharyngeal arches, 

and in the chordoblasts surrounding the notochord at 48 hours post-fertilization. 
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We generated an efemp1 mutant line, using the CRISPR/Cas9 method, that 

produces a severely truncated Efemp1 protein. These mutant larvae presented a 

medially narrower chondrocranium at 5 days, which normalized later at day 10. 

At age 1.5 years, µCT analysis revealed an increased tissue mineral density and 

thickness of the vertebral bodies, as well as a decreased distance between 

individual vertebrae and ruffled borders of the vertebral centra. This novel 

defect, which has, to our knowledge, never been described before, suggests that 

the efemp1 mutant represents the first zebrafish model for spinal osteoarthritis. 

Keywords: zebrafish; skeletal development; ECM; efemp1; notochord; vertebra; 

osteoarthritis 

 

1. Introduction 

Vertebrate skeletal development depends on transcription factors 

and signaling pathways controlling the differentiation and maturation of 

crucial cell types such as chondrocytes and osteoblasts (Kobayashi and 

Kronenberg, 2005). These cells secrete the specific cartilage and bone 

extracellular matrix (ECM), respectively (Alcorta-Sevillano et al., 2020; 

Kozhemyakina et al., 2015; Lin et al., 2020). It is this ECM, made up of an 

organic and an inorganic component, that confers the mechanical and 

structural functions to the skeleton. The major collagens are obviously 

crucial for the structural integrity of the skeleton, as illustrated by 

mutations in their genes (Ricard-Blum, 2011). Other collagenous and non-

collagenous proteins play additional roles in structuring and fine-tuning 

the functions of the skeletal ECM. Furthermore, increasing evidence 

shows that ECM proteins also play a role in controlling and shaping 

skeletal development (Alcorta-Sevillano et al., 2020; Lin et al., 2020). ECM 

proteins such as osteocalcin (Gavaia et al., 2006), osteopontin (Kwon et al., 

2019; Thurner et al., 2010), osteonectin (Sparc), and bone sialoprotein 

(Malaval et al.) shape the skeleton by binding calcium during 

mineralization but also by interacting with BMP, Wnt, or integrin 

signaling pathways. 

Fibulins are highly conserved glycoproteins that can associate with 

numerous components of the extracellular matrix, such as the basement 

membrane and elastic microfibers (Mahajan et al., 2021). Two subgroups 

of fibulins can be distinguished by the length and structure of their 

modules. The first subgroup is made up of lengthy fibulins (Fibulin-1, -2, -

6 and -8) that have a propensity to form dimers. The second subgroup is 

comprised of short fibulins (Fibulin-3, -4, -5, and -7), all of which are 

monomeric forms. All fibulins have the same fundamental structure, 

composed of three domains, where the N-terminal domain I varies most 

amongst different members of the fibulin family. Domain-II, located 

centrally, is characterized by a varying number of EGF-like modules that 

contain calcium-binding sequences (cbEGF). Finally, the unique C-

terminal domain-III consists of 120–140 amino acids and is also known as 

the fibulin-type module (Timpl et al., 2003). The short fibulins have an 

additional cbEGF-like module in domain-I, while the long fibulins contain 

three anaphylatoxin modules (Chu and Tsuda, 2004). Though fibulins are 

close in terms of their structure and, to some extent, location, they have 

varied functions and binding partners (Timpl et al., 2003). They play an 

important part in tissue remodeling during embryonic development, in 
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maintaining the structural integrity of basement membranes and elastic 

fibers, and in other cellular activities (Giltay et al., 1999; Miosge et al., 1996; 

Papke and Yanagisawa, 2014). Some fibulins have been linked to tissue 

organogenesis, vasculogenesis, fibrogenesis, and cancer because of their 

participation in the production and stabilization of the ECM (Kobayashi et 

al., 2007). 

Fibulin-3, now renamed as EGF-containing fibulin extracellular 

matrix protein 1 (EFEMP1) (Ehlermann et al., 2003), is highly expressed 

all over the body. It is most prevalent in tissues that are rich in elastic 

fibers and in ocular structures (Zhang and Marmorstein, 2010). In 

humans, mutations in the EFEMP1 gene cause Malattia 

Leventinese/Doyne honeycomb retinal dystrophy (ML/DHRD), a form 

of early onset macular degeneration (Marmorstein, 2004). They have also 

been linked in genome-wide association studies to a variety of complex 

phenotypes, including developmental anthropometric factors and 

defects in connective tissue function (Livingstone et al., 2020) or inguinal 

hernia (Jorgenson et al., 2015). In addition, alterations in EFEMP1 

expression have been linked in humans to a variety of cancers 

(Livingstone et al., 2020). In mice, EFEMP1 is expressed in the heart, 

lungs, placenta, skeletal muscle (Giltay et al., 1999), and in the 

condensing mesenchyme that gives rise to bone and cartilage, 

suggesting its role in skeleton development (Ehlermann et al., 2003). An 

Efemp1−/− KO mouse displayed reduced fertility, premature aging, 

decreased body mass, lordokyphosis, as well as generalized fat, muscle 

and organ atrophy (McLaughlin et al., 2007). Hernias, including inguinal 

hernias were also observed, possibly resulting from a marked reduction 

of elastic fibers that was observed in the fascia, a thin connective tissue 

surrounding and protecting structures throughout the body. 

Interestingly, no macular degeneration was observed in these mice, 

while expression of a mutated version (R345W) of EFEMP1 did cause 

deposits in the retinal pigment epithelium (Fu et al., 2007; Marmorstein 

et al., 2007). Overexpression of EFEMP1 in mouse inhibits angiogenesis 

and chondrocyte differentiation by affecting the creation of cartilage 

nodes, as well as the production of proteoglycans (Wakabayashi et al., 

2010). EFEMP1 is also known to interact with the matrix-bound matrix 

metalloproteinases (MMPs) inhibitor, the basement membrane protein 

known as extracellular matrix protein 1 (ECM1) and tissue inhibitor of 

metalloproteinase-3 (TIMP-3) (Klenotic et al., 2004b). 

Osteoarthritis (OA) is a condition of increasing interest in aging 

populations that is characterized by joint pain, loss of articular cartilage, 

and sclerosis of the subchondral bone (Aspden and Saunders, 2019). 

Recently, higher levels of EFEMP1 fragments (Fib3-1, Fib3-2, and Fib3-3) 

have been detected in the serum and urine of OA patients, thus 

representing potential biomarkers for screening OA (Henrotin, 2022; 

Henrotin et al., 2012; Runhaar et al., 2016). In addition, secretome data 

revealed that sclerotic osteoblasts collected from OA subchondral bone 

secrete significantly higher amounts of the 3 EFEMP1 fragments than 

healthy tissue (Sanchez et al., 2018). Furthermore, it was shown that 

EFEMP1 was highly expressed in sections of articular cartilage in knee 

joints from OA patients (Hasegawa et al., 2017). 

Here, we decided to investigate in more detail the function of 

EFEMP1 in vertebrate skeletal development, using the zebrafish (Danio 

rerio) as a model system. The zebrafish has recently become an excellent 
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model system for studying teleost and mammalian skeletal development 

and homeostasis. Indeed, the major signaling pathways are conserved 

among vertebrates and many genes were shown to play similar roles in 

this species (Lleras-Forero et al., 2020; Witten et al., 2017). Here, we 

investigate for the first time the early expression pattern of the efemp1 

gene in zebrafish embryos, and we characterize the effect on skeletal 

development of a mutation in this gene, both in larval stages and adults. 

2. Materials and Methods 

2.1. Fish and Embryo Maintenance 

Zebrafish (Danio rerio) were reared in a recirculating system from 

Techniplast (Buguggiate, Italy) at a maximal density of 7 fish/L. The 

water characteristics were as follows: pH = 7.4, conductivity = 50 mS/m, 

and temperature = 28 °C. The light cycle was controlled (14 h light, 10 h 

dark). Fish were fed twice daily with dry powder (ZM fish food®, 

Zebrafish Management Ltd., Winchester, UK) with size adapted to their 

age, and once daily with fresh nauplii from Artemia salina (ZM fish 

food®). Larvae aged less than 14 days were also fed twice daily with a 

live paramecia culture. Wild type from the AB strain and mutant lines 

were used. The day before breeding, two males and two females were 

placed in breeding tanks out of the recirculating system, with an internal 

divider to prevent unwanted mating. On the day of breeding, fish were 

placed in fresh aquarium water and the divider was removed to allow 

mating. Eggs were raised in E3 (5 mM Na Cl, 0.17 mM KCl, 0.33 mM 

CaCl2, 0.33 mM MgSO4, 0.00001% methylene blue). 

2.2. In Situ Hybridization 

In situ labelling was performed as previously described (Close et 

al., 2002). The probe was made for efemp1 using nested PCR (first PCR: 

primers F: 5’-AGTACGGGTGTGTGAACAGC-3’: R: 5’-

CACACTGCCTACTAGTGTTTCAGG-3’; nested: primer R: 5’-

GCGAATTGTAATACGACTCACTATAGGGGCAACAGACAGAACGC

AGAAG-3’) (655 bp covering part of the 3’-untranslated region) and the 

antisense probe RNA was synthesized via in vitro transcription using 

the DIG SP6/T7 Transcription kit Roche (Merck, Overijse, Belgium). In 

situ hybridization was performed as previously described (Quiroz et al., 

2012); the larvae were photographed under a stereomicroscope (Leica, 

Wetzlar, Germany) or a dissecting microscope (Olympus, Antwerp, 

Belgium) 

2.3. Generation of Mutant Lines 

The mutant line for efemp1 was created using CRISPR/Cas9 as 

previously described (Doudna and Charpentier, 2014; Hwang et al., 2013). 

The target site for the CRISPR guide RNA was 

AAGTGTATAAACCACTACGG, located in coding exon 3 of the efemp1 

gene. The generated deletion (line efemp1ulg074) induces a frameshift in the 

coding sequence at amino acid 62 and a STOP codon at position 77. 

For genotyping, DNA was isolated from fin clips from adults or 

larvae at various stages of development in 50 mM NaOH via heating in a 

95 °C water bath for 20 min. The mix was cooled down on ice for 10 min 

and the DNA extraction was stopped by adding Tris-HCl pH = 8.0, 1/5th 

the volume of NaOH, and spun down using a desktop centrifuge for 2 

min. The extracted DNA was stored at 4 °C, or directly used for PCR. 
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Primers for genotyping were F: 5’-CGAGTGTGTCCTCGTGTCTG-3’; R: 

5’-CGTGGCAGTAGTTGTGTTGG-3’. 
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2.4. RNA Extraction and Sequencing 

The RNA was extracted from dissected adult caudal complex using 

the RNA mini extraction kit (Qiagen, Hilden, Germany) according to the 

manufacturer’s instructions. The RNA was treated with DNAseI 

(Qiagen, Hilden, Germany) to avoid DNA contamination. The quantity 

and quality of each extract was assessed via nanodrop 

spectrophotometer measurements, then the RNAs were stored at −80 °C. 

The integrity of total RNA extracts was assessed using the BioAnalyzer 

(Agilent, Santa Clara, CA, USA). RIN (RNA integrity number) scores 

were >9 for each sample. 

The cDNA libraries were generated from 100 to 500 ng of extracted 

total RNA using the “Stranded Total RNA Prep” kit (Illumina, San 

Diego, CA, USA) according to the manufacturer’s instructions. All 

cDNA libraries were sequenced on a NextSequ550 sequencing system 

(Illumina, San Diego, CA, USA), in 2 × 76 bp (paired end). 

Approximatively 20–25 M reads were sequenced per sample. The 

sequencing reads were processed through the Nf-core rnaseq pipeline 

3.0 (Ewels et al., 2020) with default parameters and using the zebrafish 

reference genome (GRCz11) and the annotation set from Ensembl release 

103 (www.ensembl.org; accessed 1 May 2020). Differential gene 

expression analysis was performed using the DESeq2 pipeline (Love et 

al., 2014). 

2.5. Alcian Blue (AB) Staining 

AB staining is one of the most widely applied techniques for 

staining ECM glycosaminoglycans to observe cartilage structures. 

Larvae were sacrificed by exposure to MS-222 (Ethyl 3-aminobenzoate 

methane sulfonate; Merck, Overijse, Belgium) (0.048% w/v) at 5 dpf or 10 

dpf. The larvae were fixed in para-formaldehyde (PFA) 4% for 14–16 h at 

4 °C and thereafter rinsed three times with Phosphate Buffered 

Saline/Triton 0.1% for 10 min. The larvae were stained in 1 mL of alcian 

blue 8Gx (Sigma Aldrich, Hoeilaart, Belgium) at 0.04% alcian blue/10 

mM MgCl2/80% EtOH pH 7.5 O/N, on low agitation. Thorough rinsing 

was performed at least 7 to 8 times with 80% EtOH/10 mM MgCl2, on 

low agitation till the excess of blue stain was washed and the washing 

solution appeared clear. The larvae were washed with 50% EtOH pH 7.5 

for 5 min and then with 25% EtOH pH 7.5 for 5 min. Bleaching was 

performed by adding 6 mL of H2O2 3%/KOH 0.5% for 30 min for 5dpf 

and 45 min for 10 dpf larvae, respectively. Then, washing was 

performed twice for 20 min with 1 mL 25% glycerol/0.1% KOH to 

remove the bleaching solution. Rinsing and destaining was performed 

thrice at 50% glycerol/0.1% KOH for 30 min. The solution was replaced 

with a fresh solution of 50% glycerol/0.1% KOH and stored at 4 °C. The 

larvae were placed in lateral or ventral view onto glycerol (100%) for 

imaging. Images of stained larvae (n = 20–30 larvae) in three or more 

independent experiments were obtained on a dissecting microscope 

(Olympus, cell B software). 

2.6. Alizarin Red (AR) Staining 

Larvae were sacrificed at 5 dpf and fixed in PFA 4% for 14–16 h at 4 

°C and thereafter rinsed three times with Phosphate Buffered 

Saline/0.1% Tween (PBST) for 10 min. Bleaching was performed by 

adding 6 mL of H2O2 3%/KOH 0.5% for 30 min for 5 dpf, followed by 

http://www.ensembl.org/
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washing twice for 20 min with 1 mL 25% glycerol/0.1% KOH to remove 

the bleaching solution. The larvae were stained with AR (Merck, 

Overijse, Belgium) at 0.05% in the dark for 30 min on low agitation. 

Rinsing and de-staining was performed thrice at 50% glycerol/0.1% KOH 

for 30 min. The solution was replaced with a fresh solution of 50% 

glycerol/0.1% KOH and stored at 4 °C. The larvae were placed in lateral 

or ventral view onto glycerol (100%) for imaging. Images of stained 

larvae in two independent experiments were obtained on a binocular 

(Olympus, cell B software). 

2.7. Image Analysis of Larvae Stained for Cartilage or Bone 

Image analysis was performed on the pictures of larvae stained 

with alcian blue for cartilage or alizarin red for bone. According to Aceto 

et al., 2015 (Aceto et al., 2015a), cartilage (alcian blue) images were 

analyzed by measuring the distances from anterior to ethmoid plate, 

anterior to posterior (head length-hl), articulation left to articulation 

right (d-art), ceratohyal ext. left to ceratohyal ext. right (d-cer), ethmoid 

plate to posterior, hyosymplectic left to hyosymplectic right (d-hyo), and 

the angle formed by the two ceratohyals (a-cer). Bone (alizarin red) 

images were evaluated by estimating the degree of mineralization 

(absent, low, normal/intermediate, high) of the following elements 

(Aceto et al., 2016a): maxillary (m), dentary (d), parasphenoid (p), 

entopterygoid (en), branchiostegal ray-1 (br1), opercle (o), ceratohyal 

(ch), and hyomandibular (hm) (see also Figure III-S1 for illustration). 

2.8. Micro-Computed Tomography Scanning (µCT) 

WT and efemp1−/− zebrafish siblings were grown in the same tank at 

identical density to minimize variability before being analyzed with µCT. 

For quantitative evaluation, 6 wt and 6 efemp1−/− at 1 year old were 

selected to document the standard length and thereafter analyzed. The 

zebrafish were sacrificed and fixed overnight at 4 °C in 4% (w/v) PFA. 

Individual zebrafish were kept hydrated in a sponge covering and placed 

in a sample holder during µCT acquisitions (SKYSCAN 1272 scanner, 

Bruker Corporation, Kontick, Belgium). 

Whole body scans were acquired at 70 kV and 100 µA with a 

0.50 mm aluminum filter and at an isotropic voxel size of 21 µm. For 

high-resolution scans and quantitative analysis of the first precaudal 

vertebrae, zebrafish were scanned at 70 kV and 100 µA with a 0.5 mm 

aluminum filter at an isotropic voxel size of 7 µm. For all samples, ring 

artifact and beam hardening correction was kept constant, and no 

smoothing was applied during reconstruction (NRecon, Bruker). 

Reconstruction of the scans was performed using the NRecon version 2.0 

software (Bruker Corporation) and resulted in a single dicom file for 

each voxel size 21 and 7 µm. Images with 7 µm voxel size were manually 

segmented using PMOD version 4.0 (PMOD Technologies, Zurich, 

Switzerland) to extract precaudal vertebrae and both vertebral thickness 

and vertebral length. GraphPad Prism9 was used to perform ordinary 

one-way ANOVA test for comparing wt controls versus mutants. 

Further analysis of the 21 m images was performed using the 

FishCuT version 1.2 Software (Hur et al., 2017; Watson et al., 2020b). 

Briefly, FishCuT is a matlab toolbox designed to analyze microCT 

images of zebrafish and extract morphological and densitometric 

quantitative information of zebrafish (Hur et al., 2017). Since FishCuT 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/quantitative-technique
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was initially developed on images obtained with a vivaCT40 (Scanco 

Medical, Brüttisellen, Switzerland), we first adapted the parameters 

(intercept and slope) that should be used in the TMD conversion 

formula (https://doi.org/10.7554/eLife.26014, accessed on 07/02/2022). 

These parameters were estimated from the calibration scan performed 

on the same day of the data acquisition. FishCuT output data were then 

subjected to statistical analysis (multiple linear regression analysis with 

post hoc d’Agostino–Pearson normality testing) in GraphPad Prism9 

software (9.4.1). 

The following combinatorial measures were considered and 

quantified for each vertebra: centrum surface area (Cent.SA), centrum 

thickness (Cent.Th), centrum tissue mineral density (Cent.TMD), 

centrum length (Cent.Le), haemal arch surface area (Haem.SA), haemal 

arch thickness (Haem.Th), haemal arch tissue mineral density 

(Haem.TMD), neural arch surface area (Neur.SA), neural arch thickness 

(Neur.Th), neural arch tissue mineral density (Neur.TMD), vertebral 

surface area (Vert.SA), vertebral thickness (Vert.Th), and vertebral tissue 

mineral density (Vert.TMD). Vertebral measures (Vert) represent the 

total vertebral body, with all three elements (centrum, haemal arch, and 

neural arch) combined. Multivariate analysis was performed for 

statistical significance. 

3. Results 

3.1. efemp1 Expression in Zebrafish 

To gain insight into the expression domain of the efemp1 gene 

during early zebrafish development, we performed whole mount in situ 

hybridization experiments on 48 hours post-fertilization (hpf) zebrafish 

embryos (Fig. III-10). efemp1 was expressed in the brain (br), in the 

pharyngeal region (pa), and in the notochord (nt) along the entire length 

of the trunk (Fig. III-10A,B). Closer inspection of the expression in the 

notochord revealed that it was seen in the chordoblasts (cb) (Fig. III-

10C,D), responsible for secretion of the notochordal sheet (nts) (Grotmol 

et al., 2005; Pogoda et al., 2018a). No labelling was observed in 24, 96, or 

120 hpf larvae. 

https://doi.org/10.7554/eLife.26014
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Figure III-10. Whole mount in situ hybridization on 48 hpf zebrafish embryos. 

(A) Lateral view, anterior to the left. Expression is seen in the brain (br), the 

pharyngeal area (pa), and in the notochord (nt) (B) Dorsal view, anterior to the 

left. Dissection microscope picture. Expression is seen in brain and notochord. 

(C,D) Lateral views, anterior to the left. Enlarged view of expression in the 

notochord, specifically (D) in the chordoblasts (cb) immediately adjacent to the 

notochordal sheath (nts). Other, non-related probes served as negative control. 

3.2. Characterization of Early Skeletal Development in a Mutant in the efemp1 

Gene 

To gain insight into the function of the efemp1 gene during 

development, we generated a mutant (efemp1ulg074) carrying a 5-

nucleotide deletion (delin −7+2) at position 184 relative to the ATG, 

leading to disruption of the coding sequence at amino acid 62 and a 

STOP codon at position 77. Heterozygous parents carrying this mutation 

were crossed and their offspring larvae were stained for cartilage with 

alcian blue at 5 and 10 days post-fertilization (dpf). 

Each larva was photographed, and its DNA was subsequently 

extracted for individual genotyping. Morphometric measurements were 

performed (Aceto et al., 2015a) and assigned to, respectively, wt and 

homozygous efemp1−/− mutants. Measurements on 5 dpf larvae revealed 

a significant (p = 0.032 and 0.047, respectively) decrease in the distance 

between the Meckel’s-palatoquadrate articulations (d-ar) and between 

the posterior end of the ceratohyals (d-cer), while the angle between 

ceratohyals (a-cer) (p = 0.19) and the head length (hl) (p = 0.76) were not 

affected. Thus, it appears that the chondrocranium was narrower in the 

efemp1-/- mutants at 5dpf (Figure III-11A,C). The head width seemed to 

be restored with age, as in 10dpf larvae the d-ar and d-cer were not 

significantly different anymore (Figure III-11B,D). 
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Figure III-11. Cartilage staining with alcian blue of 5 dpf (A,C) and 10 dpf (B,D) 

wt and efemp1−/− mutant larvae. The different measures are illustrated in (A,B): 

d-ar: distance between the Meckel’s-palatoquadrate articulations; d-cer: distance 

between the posterior ends of the ceratohyals; a-cer: angle between the 

ceratohyals; hl: head length and d-hyo: head width. (C) efemp1−/− reveal a 

reduced distance between the articulation (d-ar) and narrower distance between 

the ceratohyal elements (d-cer) at 5 dpf compared to wt (wt n = 24, efemp1−/− n 

=21). (D) No difference in the cartilage elements in efemp1−/− at 10dpf compared 

to wt (wt n = 22, efemp1−/− n = 27). The graphs show the individual data points, 

the mean value ± SEM; significance: * p < 0.05 (unpaired student’s t-test). 
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We also performed staining of the mineralized bones with alizarin 

red on 5 dpf larvae; no significant difference was observed on bone 

mineralization between wt and mutant larvae (Figure III-S1). 

3.3. The Skeleton in Adult efemp1−/− Mutants 

No impact was observed on the survival or growth of the efemp1−/− 

mutants relative to their wt siblings. Therefore, we grew them to 1.5 years 

in order to analyze their adult skeleton with µCT analysis (Fiedler et al., 

2018). No difference was apparent in the projected images of the µCT 

scans (Fig. III-12A). We then selected the precaudal vertebrae 6–8 (Fig. III-

12B) for further morphometric analysis. In particular, we measured the 

vertebral length and the vertebral thickness (Fig. III-12C). No difference 

was observed in the vertebral length; however, the vertebral thickness was 

increased in the efemp1−/− mutants relative to wt in all three vertebrae, 

although never reaching significance (p < 0.05, n = 6) (Fig. III-12D). We 

further analyzed the vertebral column over its entire length by quantifying 

combinatorial measures for each vertebra. This analysis revealed that the 

tissue mineral density (TMD) was significantly increased (p = 0.04) in all 

vertebrae and in vertebral centra (p = 0.04) of efemp1−/− mutants compared 

to wt siblings, while all other bone properties were unaffected (Fig. III-

12E). 

Upon closer inspection of the images of the precaudal vertebrae 6–8, 

we observed a decrease in the intervertebral distance between individual 

vertebrae (Fig. III-13A). This distance was significantly reduced for both 

the vb06-vb07 (0.0051) and vb07-vb08 (p= 0.021, respectively) (Fig. III-

13B). In addition, we also observed that the anterior and posterior ends 

of each vertebral body, facing the neighboring one, appeared to be 

ruffled in the mutants, compared to the smooth surface observed in the 

wt (Fig. III-13A). 
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Figure III-12. Increased TMD in efemp1−/− mutants. (A) Representative µCT 

scans (MIPi = Maximum Intensity Projected image) of a 1.5-year-old wt (top) and 

efemp1−/− (bottom) adult. (B) Lateral view of pre-caudal vertebrae 6–8 (L to R) for 

the two groups; wt and efemp1−/−. The black arrow points to the decreased 

intervertebral distance and ruffled border. (C) Representative µCT scan of a 

vertebra in three planar views, showing the two morphometric measurements: 

vertebral thickness (µm) and vertebral length (µm). (D) Morphometric analysis 

comparing vertebral thickness and vertebral length of individual precaudal 

vertebral body numbers 6–8 (n = 6 fish/group) in efemp1−/− compared to wt. The 

values are expressed as mean ± SEM (standard error on mean), statistical 

significance as determined with ordinary one-way ANOVA test. (E) Line plots 

generated using the GraphPad Prism9 Software (v.9.4.1) of the data points 
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obtained from the FishCuT Software revealing significantly increased TMDs in 

the entire vertebrae (Vert.TMD) and in the vertebral centra (Cent.TMD) of 

efemp1−/− adults relative to wt (p < 0.0001), with no significant differences 

observed in other combinatorial measures, (n = 6 fish/group and total no. of 

vertebrae analyzed = 25/individual). The values are expressed as mean ± SEM, 

significance: * p < 0.05, as determined via multiple linear regression analysis. 

 

Figure III-13. Reduced intervertebral disk space and bone spurs observed in the 

spine of efemp1−/− adult zebrafish. (A) Closeup view of pre-caudal vertebrae 6–8 

(L to R) for wt and efemp1−/−, clearly showing reduced intervertebral disk space 

and bone spurs, indicated by yellow bar and arrowheads, respectively. (B) 

Intervertebral disk space calculated between vb06-vb07 and vb07-vb08 (n = 6 

fish/group), revealing significant reduction of the intervertebral disk space in the 

efemp1−/− zebrafish adults. The values are expressed as mean ± SEM, 

significance: * p < 0.05, ** p < 0.01, as determined by ordinary one-way ANOVA 

test. 

4. Discussion 

The ECM is a complex network made up of a variety of 

multidomain proteins that interact with each other in a specific manner 

to produce a composite stable structure (Yue, 2014). These structures 

contribute to the mechanical properties of tissues and play a crucial role 

in controlling the most fundamental characteristics of cells, such as 

proliferation, adhesion, migration, polarity, differentiation, and 

apoptosis (de Vega et al., 2009; Lu et al., 2011; Mecham, 2012). In that 

context, it is very important to understand and study the role of ECM 

proteins in skeletal development and homeostasis. 

Among the non-collagenous ECM proteins, EFEMP1/FIBULIN3 has 

been shown in humans and mice to be expressed in a wide range of 

tissues, including cartilage and bone (Ehlermann et al., 2003), and to be 

involved in numerous connective tissue diseases. Very little is known 

about Efemp1 in zebrafish and especially its role in skeletal 

development. Our study provides a first characterization of the efemp1 

gene in zebrafish development. In situ hybridization revealed efemp1 

expression in the head, pharyngeal region and in the notochord in 48hpf 

zebrafish embryos (Fig. III-10). Using the CRISPR/Cas9 gene editing 

method, we generated a mutant carrying a deletion of five nucleotides in 

the efemp1 coding region, introducing a premature STOP codon and thus 

coding for a protein devoid of its major functional domains. Although 
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we were not able to confirm the absence of Efemp1 protein in the 

mutants for lack of available antibodies, we did thoroughly genotype 

each individual larva and adult to identify the bona fide homozygous 

mutants before analysis. In addition, we showed via RNA-Seq that in 

adult mutant fish, the efemp1 RNA was slightly decreased (log(fold-

change) = −0.44, p-value = 0.27), indicating some extent of degradation of 

the mutant RNA. The described phenotypes were always shared by all 

the mutants, and not present in wt individuals for efemp1, excluding the 

involvement of an inadvertent off-target gene. We therefore believe that 

this mutation is actually causing the phenotype. 

Our first morphometric characterizations of the efemp1−/− line 

during early stages revealed some effects in the head cartilage, with 

significant decreases in the distance between the lower jaw articulations 

(d-art) and some decrease in the ceratohyal angle (a-cer) at 5 dpf (Fig. 

III-11). These findings indicate a narrowing of the medial 

chondrocranium at 5 dpf, which, however, disappears at 10dpf, possibly 

due to some compensatory mechanism in the developing larvae. Bone 

structures were also not affected at these early stages. 

In contrast, the 1.5-year-old efemp1−/− zebrafish display an increased 

TMD of the vertebral centra and the entire vertebrae, along with a 

slightly increased thickness in vertebral centrae 6–8. The most striking 

effect was, however, the significantly decreased distance between the 

vertebral bodies in all mutants. This reduced intervertebral disk space 

was concomitant of the appearance of ruffled edges, or bone spurs, at the 

extreme ends of the vertebral bodies (Fig. III-13). This phenotype is 

reminiscent of the osteoarthritic OA-like phenotype of the spine as 

described in humans (Gellhorn et al., 2013; Laplante and DePalma, 2012; 

Sarzi-Puttini et al., 2005). OA in synovial joints is characterized by 

articular cartilage degeneration, synovial inflammation, and changes in 

the periarticular and subchondral bone (Yuan et al., 2014). There are 

many different locations within the body where an individual could 

possibly develop OA, including the leg, the synovial knee, ankle, wrist, 

elbow, shoulder, or hip joint (Wallace et al., 2017), but also the facet 

joints of the vertebra in the spine (Goode et al., 2019; Laplante and 

DePalma, 2012; Sarzi-Puttini et al., 2005). The degeneration of the 

cartilage surface causes the formation of vertebral osteophytes, or bone 

spurs, followed by inflammation of the facet joints, ultimately causing 

narrowing of the intervertebral disc space (Gellhorn et al., 2013). 

OA studies in the zebrafish have been previously proposed (Brunt 

et al., 2017; Brunt et al., 2015; Dietrich et al., 2021a; Lawrence et al., 

2018b; Mitchell et al., 2013); however, they focused on the study of the 

jaw joint (the articulation between the palatoquadrate and the Meckel’s), 

while spinal deformities resembling osteoarthritis have been previously 

described in aging zebrafish (Hayes et al., 2013). Taken together, these 

observations indicate that the efemp1−/− mutant described here 

represents the first zebrafish model for spinal osteoarthritis. Recently, it 

was shown that both age-related and experimentally induced 

osteoarthritis in the knee joints was more severe in Efemp1−/− mice 

(Hasegawa et al., 2017), further supporting our proposal that the 

efemp1−/− zebrafish constitute a valid model for studying the 

pathogenesis and putative treatments of vertebral osteoarthritis. 

Although we found that the early skeletal development was largely 

unaffected in the efemp1−/− mutant, our results indicate that the mutation 
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affects the health of the vertebral column at later stages. In this context, 

the early expression of efemp1 in the zebrafish notochord is interesting, 

as closer inspection revealed that the expression takes place in the 

chordoblasts, surrounding the notochord and responsible for secreting 

the notochordal sheath (Bagnat and Gray, 2020). This structure is known 

to encase the notochord and comprises of three layers: a thin inner layer 

of elastin, a thick layer containing lamellar collagen type II, and an 

outside layer also made of elastin, the elastica externa. The chordoblasts 

are found at the level of the collagen type II fibers, while osteoblasts and 

collagen type I are located on the outside layer (Pogoda et al., 2018b). 

Later, in teleost species like zebrafish, the formation of vertebral centra 

(chordacentra) takes place in the absence of cartilage via the 

mineralization of the notochordal sheath (Bensimon-Brito et al., 2012). 

This mineralization is initiated by chordoblasts, which are derived from 

the notochord and not from sclerotome-derived osteoblasts (Lleras 

Forero et al., 2018). It is tempting to speculate that the efemp1 expression 

in early chordoblasts would be able to affect the health of the vertebral 

column in adults. However, at this time, it is unclear how the efemp1 

mutation affects the structure of elastic fibers in the notochordal sheath, 

or precisely how it leads to an increased vertebral thickness, vertebral 

TMD, and the phenotype of spinal OA in older individuals. Further 

investigations into histological changes at various stages, as well as 

changes in signaling pathways, will be required to better understand the 

onset of spinal OA in this model. 

5. Conclusions 

Taken together, our results show that a mutation of the efemp1 gene 

in zebrafish causes transient deformities in chondrocranium at 5dpf, 

which, however, disappear at later stages. Interestingly, µCT analysis of 

1.5-year-old mutants revealed that the distance between individual 

vertebrae was reduced in the mutants, along with the presence of a 

ruffled border, indicative of bone spurs. This defect very much 

resembles that observed in human spinal osteoarthritis, making this 

mutant the first zebrafish model for this condition. Zebrafish may 

indeed be the better animal model for spinal osteoarthritis in fish and 

bipedal land animals, as the loading direction on the vertebral column is 

axial in fish (Fiaz et al., 2012a), similar to humans and in contrast to 

other, quadruped rodent models. It is, at present, unclear how far the 

increased TMD that was also observed in the adult mutants plays a role 

in the onset of the spinal OA condition. Similarly, the role of efemp1 

expression in the early chordoblasts, possibly via strengthening the 

elastic properties of the vertebral sheath, will need to be investigated in 

future research. 

Supplementary Materials: The following supporting information can be 

downloaded at: www.mdpi.com/xxx/s1, Figure III-S1. No significant effect on 

bone mineralization in efemp1−/− mutants at 5 dpf compared to WT. A) Ventral 

view of alizarin red stained WT and efemp1−/− larvae at 5 dpf. The blue 

arrowheads point to the skeletal elements: branchiostegal ray1 (br1), ceratohyal 

(ch), dentary (d), entopterygoid (en), hyomandibular (hm), maxillary (m), 

opercle (op) and parasphenoid (p). B) Fraction (%) of individuals presenting a 

high (maroon), normal/intermediate (red), reduced/ low (light red), or absent 

(white) level of bone mineralization in the different bone elements in WT and 

efemp1−/− fish at 5dpf. (WT n = 24, efemp1−/− n = 15). 
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3. Effect of probiotics on skeletal development and health 

in the zebrafish model.  
 

Preliminary Notice: This section presents the main result covering objective 3.  

Probiotics are microbes that bestow health benefits upon the host when administered in 

adequate proportions. Recent studies have demonstrated that dietary supplements and 

probiotics play an important role in regulating bone health through gut microbiotia 

modulation in the gastrointestinal tract. Previous study from our lab has reported that 

inhibition of BMP signaling between 48 hpf and 72 hpf led to reduction of bone 

mineralization, whereas osteoblast function and bone formation was less affected. Based on 

the literature, the aim of the present study was to investigate the potential effects of the 

administration of probiotics on the bone matrix development after BMP treatment using 

fluorescent reporter lines. We present two new lines; Tg(Col10a1a:Col10a1a:GFP) where the 

fusion protein is secreted outside the cell and labels the bone matrix and Tg(Sp7:Sp7:GFP) 

where the fusion protein is secreted in the cell and labels the osteoblasts. We show that upon 

BMP inhibitor treatment the bone matrix is significantly reduced that is restored by the 

probiotic’s exposure. A graphical illustration is presented below to provide an overview of the 

study. 

The results are summarized in a manuscript entitled “Probiotics Enhance Bone Growth and 

Rescue BMP Inhibition: New Transgenic Zebrafish Lines to Study Bone Health.”  

Int J Mol Sci. 2022 Apr 26;23(9):4748.doi: 10.3390/ijms23094748 

The supporting information can be downloaded 

at: https://www.mdpi.com/article/10.3390/ijms23094748/s1 

Please note: The transgenic lines were generated by Jörg Renn.  
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Abstract: Zebrafish larvae, especially gene-specific mutants and transgenic lines, 

are increasingly used to study vertebrate skeletal development and human 

pathologies such as osteoporosis, osteopetrosis and osteoarthritis. Probiotics 

have been recognized in recent years as a prophylactic treatment for various 

bone health issues in humans. Here, we present two new zebrafish transgenic 

lines containing the coding sequences for fluorescent proteins inserted into the 

endogenous genes for sp7 and col10a1a with larvae displaying fluorescence in 

developing osteoblasts and the bone extracellular matrix (mineralized or non-

mineralized), respectively. Furthermore, we use these transgenic lines to show 

that exposure to two different probiotics, Bacillus subtilis and Lactococcus lactis, 

leads to an increase in osteoblast formation and bone matrix growth and 

mineralization. Gene expression analysis revealed the effect of the probiotics, 

particularly Bacillus subtilis, in modulating several skeletal development genes, 

such as runx2, sp7, spp1 and col10a1a, further supporting their ability to improve 

bone health. Bacillus subtilis was the more potent probiotic able to significantly 

reverse the inhibition of bone matrix formation when larvae were exposed to a 

BMP inhibitor (LDN212854). 

Keywords: Danio rerio; zebrafish; transgenic lines; bone matrix; probiotics; 

mineralization; BMP inhibitors; bone growth 

 

1. Introduction 

Probiotics are beneficial microbes that contribute health benefits to 

the host when provided in suitable quantities [1]. Bone growth and 

health are proven to be affected by probiotics since they rely on the gut 

mainly for the absorption of minerals and vitamins [2]. The novel term 

“osteomicrobiology” was coined for microbiota and bone health research 

[3]. There are many reports on the positive effects of various probiotic 

bacteria strains on bone health in various animal models and human 

studies [4–8]. Lactobacillus strains and Bifidobacterium were proven to 

prevent ovariectomized (OVX)-mediated bone loss in mice and rat 

models [9–12]. Bacillus subtilis supplementation was able to reduce bone 

loss due to periodontitis in rats [13]. In humans, there are multiple 

reports on the prevention of bone loss by various probiotics in post-
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menopausal women [14,15]. In zebrafish, Maradonna and others showed 

an increase in calcification after probiotic administration [16]. There are 

various possible modes of action for probiotics on bones. 

Osteoimmunology is a field of study that explores the close association 

between immune and skeletal systems and has found inflammatory 

conditions are associated with osteoporosis [17]. Some Lactobacillus 

strains have been shown to increase vitamin D receptor (VDR) 

expression by human and mouse epithelial cells [18]. Probiotics, through 

a possible interaction with oestrogens, inhibit bone loss linked to steroid 

deficiency, as was previously demonstrated in studies with mice [19]. 

The gut microbiome and its interaction with dietary calcium was also 

previously shown as another way to affect bone health, since calcium is 

essential for the maintenance of bone health by decreasing bone 

resorption [20]. Some beneficial strains are also an important source of 

vitamin K2, which acts as a cofactor in carboxylation of the matrix 

protein BGLAP (osteocalcin), thereby supporting bone mineralization 

[21–23]. 

The zebrafish (Danio rerio) has been increasingly used as a model 

species for skeletal development, since the basic regulatory networks 

and metabolic pathways are largely conserved between fish and 

mammals. A number of mutants have been described in zebrafish that 

mimic human pathologies such as osteoporosis, osteopetrosis, 

osteoarthritis [24], thus illustrating how homologous genes play similar 

roles in both species. In addition, zebrafish larvae can advantageously 

replace cell culture to test pro- or anti-osteogenic properties of specific 

compounds because they can reproduce the complex regulatory 

interactions taking place between different tissues. Although developing 

larvae may be fixed at different stages to undergo specific staining for 

various tissues and features (cartilage, bone matrix, etc), the optical 

clarity of zebrafish embryos and larvae allow for continuous observation 

of live animals. To that purpose, several transgenic lines are available 

that express a fluorescent protein (GFP, mCherry, citrine) under the 

control of a synthetic or natural transcription regulatory region [25,26]. 

Specific transgenic lines have revealed in vivo activation of canonical 

BMP, Hedgehog, or Wnt pathways [27–31] during bone development. 

Others have used cell-specific promoter regions or recombinant bacterial 

artificial chromosomes (BACs) to target the expression of the reporter 

protein to chondrocytes, early or late osteoblasts, or osteoclasts [32]. 

Even with all the reported therapeutic effects of probiotics or gut 

microbiota on bones, there is still a lack of a clear understanding on how 

they are able to influence bone homeostasis [33]. Here, we present two 

newly generated transgenic zebrafish lines that were obtained by 

inserting a reporter protein coding sequence directly into the coding 

region of two endogenous genes. These new transgenic lines express the 

GFP protein under transcriptional control of the endogenous regulatory 

regions for (i) the osteoblast marker sp7 (Sp7 transcription factor) gene 

and (ii) its downstream target gene col10a1a encoding the osteoblast- and 

hypertrophic chondrocyte-specific collagen type X alpha 1a chain. We 

describe the expression pattern of each reporter gene and apply them to 

testing the efficacy of osteogenic strains of probiotics. We analysed the 

modulatory effects of two probiotics, Bacillus subtilis and Lactococcus 

lactis, on osteoblast differentiation and early skeletal growth in zebrafish 

using these two lines. Furthermore, we tested the ability of each 
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probiotic to counteract the deleterious effect of BMP inhibitor treatment 

on the bone matrix. The results presented here emphasize yet again that 

zebrafish, particularly transgenic lines, are an ideal model for live 

studies on skeletogenesis, including the impact of probiotics. 

2. Results 

2.1. Generation and Characterization of New Transgenic Lines 

2.1.1. Tg(col10a1a:col10a1a-GFP) line 

We generated the Tg(col10a1a:col10a1a-GFP) transgenic line where 

the expression of a fusion protein between Col10a1a and GFP is driven 

by the endogenous zebrafish col10a1a promoter (Fig. III-14a, b). To 

characterize this line, we crossed it with the Tg(Ola.Sp7:mCherry) line 

that expresses the red fluorescent mCherry protein in osteoblast cells 

[34]. We found GFP expression localized very specifically in the same 

regions as osteoblasts expressing the mCherry protein. This includes the 

early appearance of the cleithrum, opercle and pharyngeal tooth bud at 3 

days post-fertilization (dpf), the parasphenoid and branchiostegal rays at 

4 dpf, as well as maxillary, dentary, and entopterygoids at 5-6 dpf (Fig. 

III-14c), consistent with previous in situ hybridization studies [35]. 

Alizarin red (AR) live fluorescent staining of Tg(col10a1a:col10a1a-GFP) 

larvae (Fig. III-14d) confirmed the presence of GFP in mineralized bone 

matrix. 

 

Figure III-14. Characterisation of the Tg(col10a1a:col10a1a-GFP) transgenic line. 

(a) Schematic representation of the endogenous col10a1a gene (top line), the 

plasmids used for microinjection along with the two gRNAs (bait and col10a1a, 

respectively gRNA1 and gRNA2), the resulting cuts in the genomic DNA and 

plasmids, and the expected reporter construct in the transgenic genome. (b) N-
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terminal end of the fusion protein produced by the Tg(col10a1a:col10a1-GFP) 

transgenic line, with the predicted signal peptide in grey and the original GFP 

translational start site (M) in green. (c) Timeline of expression of GFP (green 

fluorescence) and mCherry (red fluorescence) in double-transgenic larvae 

Tg(col10a1a:col10a1a-GFP; Ola.Sp7:mCherry). Lateral and ventral views at different 

developmental stages as indicated, anterior to the left. White arrows point to 

specific elements: (bs) branchiostegal ray, (cl) cleithrum, (de) dentary, (en) 

entopterygoid, (mx) maxillary, (op) opercle and (tb) tooth bud. (d) Expression of 

Col10a1a-GFP protein (green) in 6 dpf Tg(col10a1a:col10a1a-GFP) larvae live-

stained with AR to visualize mineralized bone. (e–h) Close inspection of 

Col10a1a-GFP localization (green) compared to mCherry expression by 

osteoblasts in (e) the cleithrum (cl) or the opercle (f) of 9 dpf Tg(col10a1a:col10a1a-

GFP; Ola.Sp7:mCherry) zebrafish larvae. (g, h) Expression of GFP protein (green) 

in Tg(col10a1a:col10a1a-GFP) 6 dpf larvae live-stained with AR to visualize bone 

matrix. Close inspection of the cleithrum (g) and the opercle (h). (i) Zebrafish 

Tg(Ola.Sp7:mCherry) larvae after microinjection of mRNA coding for GFP or for 

the fusion protein Col10a1a-GFP. Top: embryos at 1 dpf, showing weak 

fluorescence of Col10a1a-GFP, extremely strong fluorescence of GFP, and no 

fluorescence in controls. Bottom: the same larvae at 5 dpf, still showing strong 

GFP expression in the entire body and weak, but specific fluorescence of 

Col10a1a-GFP located in bone elements (cleithrum and opercle) as confirmed by 

the red fluorescence of osteoblast-specific mCherry. (j) Morpholino injection into 

Tg(col10a1a:col10a1a-GFP) larvae. The Col10a1a-GFP protein labels cranial bone 

elements at 4 dpf in both control and entpd5 MO injected larvae (top), but AR 

staining is absent in entpd5 morphants (bottom). The scale bars, given in the left 

bottom corner of the images, represent 200 µm, except for e-h, where they 

indicate 20 µm. 
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The Col10a1a-GFP protein produced by the Tg(col10a1a:col10a1a-

GFP) line contained the original Col10a1a N-terminal signal peptide that 

would lead to its secretion into the extracellular space, which suggested 

that it would be secreted from the producing cells and bound by the 

nearby extracellular bone matrix to generate the observed labelling 

pattern. To investigate this hypothesis in detail, we turned back to the 

Tg(col10a1a:col10a1a-GFP; Ola.Sp7:mCherry) double transgenic line and 

dissected individual bone elements for analysis. Looking at the 

developing cleithrum (cl) (Fig. III-14e), we observed that most of the 

Col10a1a-GFP protein was associated with the extracellular bone matrix. 

This conclusion was even more apparent when looking at the 

developing opercle (Fig. III-14f). Here, the Col10a1a-GFP was mainly 

present in the proximal part that contained less cells, whereas the 

majority of mCherry-expressing osteoblasts were found at the distal 

growth fringe of the opercle. In only some cases, fluorescence could be 

observed inside cells. This predominant bone matrix staining was 

further confirmed by comparing the Col10a1a-GFP pattern in 

Tg(col10a1a:col10a1a-GFP) transgenic larvae with AR staining performed 

on the same animal (Fig. III-14g, h). 

In the next step, we wondered whether the fact that the transgene 

was expressed in osteoblasts would favour its preferential binding to the 

nearby bone matrix. Therefore, we engineered a synthetic mRNA coding 

for the Col10a1a-GFP fusion protein that we directly injected into 

fertilized eggs so that it would be translated in every cell within the 

embryo. Microinjection of a control mRNA coding for GFP lead to an 

intense, widely distributed green fluorescence at 5 dpf (Fig. III-14i). In 

contrast, microinjection of the col10a1a-GFP mRNA resulted in weak 

fluorescence specifically restricted to the cleithrum and the opercle (Fig. 

III-14i, right), further supporting the notion that this fusion protein 

specifically binds to the bone matrix. Finally, to test the binding of 

Col10a1a-GFP to unmineralized bone matrix, we took advantage of the 

finding that the entpd5 gene is required for bone mineralization [36]. We 

designed morpholino antisense oligonucleotides against entpd5 mRNA 

and injected them into fertilized eggs derived from a heterozygous 

Tg(col10a1a:col10a1a-GFP) parent. As expected, about half of the larvae 

(44/85) revealed Col10a1a-GFP fluorescence in control-injected larvae, 

while 50/109 displayed similar fluorescence in entpd5 morphants (Fig. 

III-14j, top), indicating that entpd5 knockdown did not affect bone 

staining. In contrast, AR staining for mineralized bone was completely 

absent or very weak in all morphants when compared to the control-

injected larvae (Fig. III-14j, bottom). 

2.1.2. Tg(sp7:sp7-GFP) line 

Using the same CRISPR/Cas9 method, we generated another 

transgenic line by targeting the insertion of GFP reporter cDNA into the 

endogenous sp7 coding region, resulting in a line expressing a fusion 

protein between Sp7 and GFP (Fig. III-15a). This new line, Tg(sp7:sp7-

GFP), was analysed for green fluorescence in parallel with red 

fluorescence in the Tg(Ola.Sp7:mCherry) line. Comparison of the two 

lines (Fig. III-15b) revealed that the expression of both transgenes 

largely overlapped, starting at 3 dpf in the cleithrum and opercle and 

extending to the maxillary, dentary, branchiostegal rays and 

entopterygoids at later stages. However, some differences in the 
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expression pattern were also apparent, mainly earlier expression in the 

pharyngeal tooth bud at 3 dpf and stronger expression in the 

entopterygoid at 6 dpf in the Tg(sp7:sp7-GFP) line. Both lines displayed 

weakened expression at 10 dpf and beyond (not shown). 

                    

 

Figure III-15. GFP expression in the Tg(sp7:sp7-GFP) transgenic line. (a) N-

terminal end of the fusion protein produced by the Tg(sp7:sp7-GFP) transgenic 

line, with the predicted signal peptide in grey and the original GFP translational 

start site (M) in green. (b) Transgene expression in the Tg(sp7:sp7-GFP) and the 

previously described Tg(Ola.Sp7:mCherry) lines tracked in the head region (top: 

lateral view and bottom: ventral view) from 3 dpf to 10 dpf. Earlier transgene 

expression occurs in the maxillary (white arrows) and pharyngeal tooth buds 

(white arrowheads) at 3 dpf and in the entopterygoid (yellow arrows) at 6 dpf of 

the Tg(sp7:sp7-GFP) line. The scale bars, given in the left bottom corner of the 

images in the top row, correspond to 100 µm. 

2.2. Effect of Probiotics 

2.2.1. Effect of Probiotics on Bone Formation 

In a preliminary experiment, we used WT zebrafish larvae to test 

the effect of probiotics on specific mRNA levels. Total RNA was 

extracted from 7 dpf larvae grown in control (E3 + water) or E3 

supplemented with Bacillus subtilis (BS) or Lactococcus lactis (LL) 

probiotics. Using RT-PCR, we observed that all bone-related gene 

mRNA levels were significantly increased upon exposure to the 

probiotics. Interestingly, expression of the specific marker genes sp7, 

col10a1a, spp1 and runx2b were more extensively induced by BS, but 

bglap mRNA levels were not significantly affected. In contrast, induction 

of cyp26b1, coding for an enzyme degrading retinoic acid, was 

significantly higher with LL (Fig. III-16). 

To facilitate and complement this observation, we decided to test 

the effects of the two different probiotics on bone development by direct 

live observation of developing bone elements using three transgenic 

lines. Two lines were based on the osteoblast-specific sp7 promoter, one 
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from medaka, Tg(Ola.Sp7:mCherry) [34], and the other from the 

endogenous zebrafish sp7 gene, Tg(sp7:sp7-GFP) presented above. The 

third line was the Tg(col10a1a:col10a1a-GFP) line presented above, based 

on the endogenous col10a1a promoter, which preferentially reveals 

unmineralized or mineralized bone matrix. 

 

Figure III-16. Relative expression levels of sp7, col10a1a, spp1, runx2b, cyp26b1 

and bglap genes in larvae (n = 7) treated with two probiotics, BS and LL, sampled 

at 7 dpf. Data are presented as mean ± S.D. One-way ANOVA and Tukey’s 

multiple comparison tests are used. Different letters denote statistically 

significant differences (p < 0.05) between the experimental groups. 

Control and probiotic enrichment conditions were applied to 

individuals of each of the three transgenic lines. For the two transgenic 

lines based on the sp7 promoter, Tg(Ola.Sp7:mcherry) and Tg(sp7:sp7-

GFP), we determined the integrated pixel intensity in the head areas 

(lateral and ventral view) at 7 dpf (Fig. III-17a, b). We observed a 

significant increase in fluorescence upon exposure to both BS and LL 

probiotics in the head and opercle areas in lateral views, but areas in 

ventral views achieved significance only in the Tg(Ola.Sp7:mCherry) line. 

In all cases, the increase was consistently more intense with BS than LL. 

Representative images of larvae from the corresponding conditions 

illustrate the measured trends (Fig. III-17c). Using the 

Tg(col10a1a:col10a1a-GFP) line, we decided to extend the observations to 

a later stage, and 10 dpf was selected since most cranial bone elements 

are detectable. In addition, we performed live AR staining before 

observation in order to further illustrate predominant staining of the 

bone matrix in this line. The pixel intensities were significantly higher 

than the control in all areas for both probiotics (Fig. III-17d). 

Furthermore, BS caused a significantly higher GFP pixel intensity 

compared to LL in the ventral view. Simultaneous staining with AR 

confirmed that mineralization in the BS-treated larvae had the highest 

integrated pixel intensity in the total head (lateral and ventral). 

Representative images of larvae from the corresponding conditions 

illustrate the measured trends (Fig. III-17e), while merged images 
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confirm the near-perfect overlap of GFP and AR fluorescence for both 

signal positive areas as well as pixel intensity. 

 

Figure III-17. Integrated pixel intensity values for various areas measured in 7 

dpf zebrafish from (a) Tg(sp7:sp7-GFP) and (b) Tg(Ola.Sp7:mCherry) larvae in 

controls and upon two different probiotic treatments. (c) Signal expression 

images (lateral and ventral views) of the head area of Tg(sp7:sp7-GFP) and 

Tg(Ola.Sp7:mCherry) larvae under the different conditions. (d) Integrated pixel 

intensity values for various areas measured in 10 dpf Tg(col10a1a:col10a1a-GFP) 
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zebrafish larvae from the different treatment groups and stained with AR. (e) 

GFP, AR fluorescence and merged images of the head area (lateral and ventral 

views) of Tg(col10a1a:col10a1a-GFP) larvae from the different treatment groups. 

Increased GFP and AR fluorescence in various bony structures are denoted by 

white and blue arrows, respectively, in BS- and LL-treated fish. One-way 

ANOVA and Tukey’s multiple comparison tests are used, and statistical 

significance was set at p < 0.05. Different letters denote statistically significant 

differences between experimental groups. The scale bars, given in the left bottom 

corner of the first image in the top row, correspond to 100 µm. 

2.2.2. BMP Inhibitor Exposure Followed by Probiotic Treatment 

BMP signalling is known to be required for osteoblast 

differentiation and for bone mineralization [37,38]. The most eminent 

marker gene widely used for investigating osteoblast differentiation in 

mammals and teleost species is the sp7 gene [39–41]. We treated 

Tg(Ola.Sp7:mCherry) transgenic larvae with the BMP inhibitor 

LDN212854 from 2 dpf until 4 dpf at two different concentrations (10 µM 

and 20 µM) to test its effect on the osteoblast population. We observed a 

weak but significant increase in mCherry expression in the 20 µM 

concentration group when compared to the control (DMSO) group at 5 

dpf (Fig. III-18), suggesting that, at this concentration, osteoblast 

proliferation and/or differentiation is affected by BMP inhibition. 

 

Figure III-18. Effects of LDN212854 on sp7 expression. Integrated pixel intensity 

values (mCherry red fluorescence) for 5 dpf Tg(Ola.Sp7:mCherry) larvae 

measured in ventral view treated with 10 µM and 20 µM LDN212854 from 2 dpf 

to 4 dpf. Different letters denote statistically significant differences between 

experimental groups (one-way ANOVA, p < 0.05, followed by Tukey’s post hoc 

test). 

Furthermore, we used the Tg(col10a1a:col10a1a-GFP) line to observe 

the effects of the BMP inhibitor LDN212854 at 20 µM on bone matrix 

formation and mineralization, and to investigate the potential protective 

properties of the probiotics. LDN212854 was administered from 2 dpf to 

4 dpf, followed by probiotic supplementation (BS or LL) from 5 dpf to 10 

dpf. DMSO was used as a second control since the inhibitor was 

dissolved in DMSO. Sampling was performed at 10 dpf, and additional 

staining with AR was used to visualise mineralized structures in the 

larvae. Compared to both control and DMSO, we observed a dramatic 

decrease in the integrated pixel intensity values in all analysed areas in 
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the presence of LDN, both for Col10a1a-GFP and live AR staining. 

Compared to BMP inhibition alone, additional treatment with probiotics 

resulted in significantly increased Col10a1a-GFP fluorescence in both 

lateral and ventral observation, but the increase in live AR staining never 

reached significance. These observations suggest that probiotics, 

particularly BS, can revert the deleterious effect of BMP inhibition on 

bone matrix formation, while AR staining indicated that the effect was 

not evident for mineralization (Fig. III-19a, b). 

              

 

Figure III-19. BMP inhibitor exposure followed by two probiotics treatments in 

Tg(col10a1a:col10a1a-GFP) larvae. (a) Integrated pixel intensity values for various 

areas measured in 10 dpf zebrafish Tg(col10a1a:col10a1a-GFP) larvae divided into 

various groups—control, DMSO, LDN, LDN+BS and LDN+LL—and stained 

with AR. DMSO was used as additional control since it was employed as the 

solvent for LDN. One-way ANOVA and Tukey’s multiple comparison tests were 

used, and statistical significance was set at p < 0.05. Different letters denote 

statistically significant differences among the experimental groups. (b) GFP, AR 

staining and merged images of the head area (lateral and ventral views) of 

Tg(col10a1a:col10a1a-GFP) larvae of the different treated groups. White arrows 

denote GFP in various bony structures and the white arrowhead indicates the 

presence of a signal in additional structures (that was absent in other groups) in 

BS-treated fish after LDN exposure (LDN+BS). 
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3. Discussion 

Transgenic zebrafish reporter lines with specific expression of 

fluorescent proteins for following the development of specific organs, 

tissues, and cells in living larvae are now widely used in developmental 

biology. Here we present two new transgenic lines, namely, Tg(sp7:sp7-

GFP) and Tg(col10a1a:col10a1a-GFP), which we obtained by inserting the 

GFP coding sequence into the endogenous sp7 or col10a1a gene coding 

sequence with CRISPR/Cas9 technology. We used these lines to visualize 

formation of the zebrafish skeleton and to evaluate the effects of two 

types of probiotics on this process, first in the absence and then in the 

presence of a BMP inhibitor. 

Several transgenic zebrafish lines expressing fluorescent reporter 

genes under the control of the sp7 promoter have been described in 

recent years. However, there are important differences between these 

lines and the Tg(sp7:sp7-GFP) line presented here: (i) previously 

described lines, such as the Tg(Ola.Sp7:mCherry) [34,42] or 

Tg(Ola.Sp7:mCherry-NTR) [43] use the heterologous promoter from 

medaka (Oryzias latipes, Ola) to drive expression of the transgene [44]; (ii) 

these lines were obtained by insertion of an artificial construct at one or 

more random, unknown locations in the genome. In contrast, the 

Tg(sp7:sp7-GFP) carries the reporter gene in place of the endogenous sp7 

gene, it is under the control of the endogenous regulatory regions, and 

thus, should reproduce more correctly the sp7 expression pattern. 

Indeed, consistent with the pattern observed here in the transgenic line, 

in situ hybridization has revealed sp7 expression in the tooth buds at 4 

dpf [45], and in the maxillary [46,47] and the entopterygoid at 3 dpf [39]. 

In comparison, the higher mCherry expression observed in earlier 

studies could be due to the random location of the transgene. Despite 

these differences in the exact timing of expression patterns, these two 

lines display fluorescence in many overlapping regions, such as the 

opercle, cleithrum or branchiostegal rays [46,47]. 

Col10a1a is a secreted protein, and in our Tg(col10a1a:col10a1a-GFP) 

zebrafish, GFP insertion preserves the N-terminal signal peptide of 

Col10a1a (see Fig. III-14a, b). Thus, these transgenic fish encode a fusion 

protein that is secreted by cells. Although we observed some fluorescent 

cells in this line, it appears that the main fluorescent structure is the 

extracellular bone matrix. The Col10a1a-GFP fusion protein strongly 

binds to the extracellular bone matrix after secretion, as shown by an 

overlapping pattern with AR staining, irrespective of where it was 

expressed, since microinjection of col10a1a-GFP mRNA led to expression 

in essentially all embryonic cells and resulted in the same specific 

fluorescent staining of bone elements. We further showed with 

knockdown of the entpd5 gene [36] that bone mineralization was not 

required for fluorescent labelling of the bone matrix (Fig. III-14j). 

Therefore, we consider the Tg(col10a1a:col10a1a-GFP) line as the first 

reporter line that reveals the extracellular bone matrix, mineralized or 

not. As such, it represents an important tool for analysing the sequential 

events of osteoblast differentiation, bone matrix deposition and its 

mineralization in live larvae when combined with transgenic lines such 

as the Tg(sp7:sp7-GFP) and AR staining. 

A preliminary test for the effects of probiotics revealed that the 

transcription of several marker genes for bone development were 

significantly upregulated upon probiotic treatment at 7 dpf. 
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Interestingly, expression of the pro-osteogenic genes sp7, col10a1a, spp1 

and runx2b was significantly higher after BS treatment, but cyp26b1 

expression was significantly higher after LL treatment. The cyp26b1 gene 

codes for a protein with retinoic acid 4 hydroxylase activity, whose 

mutation leads to severe defects in head cartilage formation [48], 

increased ossification of the vertebral column [42,49] with complex 

effects on skeletal formation, depending on timing and location [50]. It is 

therefore difficult to predict how this differential response to the 

different probiotics will affect skeletal development. None of the 

probiotics affected bglap expression by mature osteoblasts compared to a 

more predominant effect on spp1 expressing immature osteoblasts; this 

could be due to the degree of osteoblast differentiation at the particular 

stage studied here [51]. Since runx2b expression has to be downregulated 

for immature osteoblasts to differentiate into mature osteoblasts and 

formation of mature bone [52], the stage of osteoblast differentiation 

observed here appears to be more transitional, from immature to 

mature, with high upregulation of spp1 and sp7 and no downregulation 

of runx2b by both probiotic treatments that was more significant for BS. 

All this preliminary evidence from the expression pattern of genes 

related to skeletal development directed us to further explore the 

possibility of using reporter lines to confirm the results. 

Transgenic reporter lines offer the opportunity to follow the 

formation of specific tissues in living embryos and larvae over time and 

in specific locations. The two new lines presented here both drive their 

transgene expression from endogenous regulatory regions and reveal 

either the location of osteoblasts (Tg(sp7:sp7-GFP) line) or of the bone 

matrix (Tg(col10a1a:col10a1a-GFP) line). When we tested probiotics 

exposure with these transgenic lines, BS was found to significantly 

induce sp7-driven expression in osteoblasts at 7 dpf and Col10a1a-GFP 

labelling of the bone matrix at 10 dpf. These results observed for the 

bony structures of the head are clearly in agreement with the mRNA 

results. Additional AR staining of the Tg(col10a1a:col10a1a-GFP) line 

revealed that probiotics induced a significant increase in mineralized 

bone matrix as well. The positive influence of BS on bone matrix 

formation and mineralization was significant when the bony structures 

were analysed from both lateral and ventral views of the head, whereas 

the weaker effect of LL produced non-significant effects in both views. 

This indicates that the different bacteria have varying abilities for 

modulating the process of bone formation, and in our study, B. subtilis 

was more efficient at positively influencing osteogenesis than L. lactis. In 

addition, we showed that treatment with the BMP inhibitor LDN212854 

dramatically decreased bone matrix labelling by Col10a1a-GFP and bone 

mineralization as assessed by AR. In contrast, BMP inhibitor treatment 

of the Tg(Ola.Sp7:mCherry) line had little or no effect on osteoblast-

specific expression (Fig. III-18), in line with previous observations 

showing that the BMP inhibitors dorsomorphin and K02288 decreased 

bone mineralization without affecting osteoblast numbers [38]. Although 

BMP signalling is required for a vast number of events in early 

embryogenesis, treatment from 2 dpf does not affect the general 

morphology, as illustrated by the lack of an effect on cranial cartilage 

formation as previously observed [38]. Studies in mice, using various 

conditional gene knock outs or transgenic expression of BMP inhibitors, 

have also indicated that BMPs may play dual roles, facilitating osteoblast 
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differentiation by inducing Runx2 and Sp7 expression, and 

independently, osteoblast function by stimulating bone matrix 

production [53]. The finding that probiotic treatment induced both 

osteoblast regulators (runx2b and sp7) and bone matrix protein genes 

(spp1 and col10a1a) hints at a possible mechanism for rescuing the 

negative effect of BMP inhibition on bone. Interestingly, we observed 

that BS was able to partially revert this effect on bone matrix deposition 

but could not rescue bone mineralization. These results suggest a 

decoupling of bone matrix deposition from bone mineralization that 

may be differentially affected by probiotics (or BMP signalling), possibly 

related to the absence of induction of the late marker bglap by probiotics.  

Osteoblast or bone matrix reporter transgenic lines combined with 

staining techniques like AR are useful for following osteoblast 

differentiation, bone matrix deposition and bone mineralization 

simultaneously. Future studies may take further advantage of these 

transgenic lines by focusing on continuous monitoring of transgene 

expression during development and in adults or on specific bone 

structures. In this respect, studies in zebrafish can also provide 

important insights into skeletal development for mammals and humans; 

indeed, many examples of zebrafish genes playing similar roles to their 

human homologs have been described [24,25]. It is important, however, 

to note that a whole genome duplication occurred in teleosts, leaving 

many duplicated genes in fish genomes relative to mammals that may 

have functionally diverged. This situation requires either mutagenesis of 

both orthologs in zebrafish or, at least, a thorough analysis of their 

spatio-temporal expression pattern. In our study, the new transgenic 

lines Tg(sp7:sp7-GFP) and Tg(col10a1a:col10a1a-GFP) clearly evidenced 

the pro-osteogenic effects of two probiotics strains that were in 

agreement with the gene expression results. Thus, we can conclude that 

the probiotics are clearly pro-osteogenic, both alone and in the presence 

of a BMP inhibitor, with a clear advantage for BS (Bacillus subtilis). These 

findings open a new outlook for the use of probiotics as a prophylactic 

treatment for improving bone growth and health, which is currently a 

very under-explored area of research. 

4. Materials and Methods 

4.1. Generation of Transgenic Lines Using the CRISPR/Cas9 Method 

To generate fluorescent reporter lines where the expression of the 

fluorescent protein GFP would be driven by endogenous bone-specific 

promoters, we engineered a plasmid containing the coding sequence for 

GFP and a specific sequence (Mbait) for which we also engineered a 

corresponding gRNA (gRNA1, see Fig. III-14a) [54]. By co-injecting the 

bait gRNA1, specific col10a1a or sp7 gRNA, plasmid, and Cas9 nuclease 

into fertilized eggs as previously described [54], we generated double-

stranded breaks within the endogenous gene and we linearized the 

plasmid with GFP cDNA. Injected individuals were then screened for 

fluorescence in bone structures, indicating that the GFP cDNA was 

inserted in frame and in the correct orientation within the endogenous 

target gene (Fig. III-14a). Positive individuals were grown, tested for 

germ line transmission into the F1 generation, and the exact sequence at 

the insertion point was determined. In each case, insertion of the GFP 

coding sequence resulted in a sequence coding for a fusion protein 

containing the N-terminus of the target gene and GFP expressed under 
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the control of the col10a1a or the sp7 regulatory regions (Fig. 14a, b and 

15a). 

Sequence of guide RNAs: 

● Mbait: gRNA1: GGCTGCTGCGGTTCCAGAGG  

● col10a1a: gRNA2: GGAGTAAGGCTGGTACTGCG  

● sp7: gRNA3: GGCTCATTCAGCTCAAGCGG  

Sequence of primers for insertion site sequencing:  

● GFP-rev: GGTCTTGTAGTTGCCGTCGT  

● col10a1a-for: TTGTCAAGAAGGTGATGAAGG  

● sp7-for: AAAAGGCCTACAGCATGACTTC 

4.2. Morpholino Injection 

One to two cell-stage embryos were injected as previously 

described [55] with 3 ng of antisense morpholino oligonucleotides (MO, 

Gene Tools Inc., Philomath, OR, USA) complementary to the 

translational start site of the entpd5 gene. Morpholinos were diluted in 

Danieau buffer and tetramethylrhodamine dextran (Invitrogen, 

Merelbeke, Belgium) was added at 0.5% to verify proper injection of the 

embryos by fluorescence stereomicroscopy. Standard control 

morpholino (MOcon) was injected at the same concentration. Although 

no increase of cell death was observed in the morphants, parallel co-

injection experiments with 4.5 ng of a morpholino directed against p53 

[56] were performed to ensure inhibition of MO-induced non-specific 

cell death [57]. The effects of morpholino injection were tested on at least 

100 individuals performed in at least three independent experiments. 

Sequence of the morpholino oligonucleotides: 

● MOentpd5: AATTTAGTCTTACCTTTTCAGGC 

● MOcon: random sequence 

● MOp53: GACCTCCTCTCCACTAAACTACGAT 

4.3. RNA Extraction and Quantification 

Total RNA was extracted from larvae (n = 8) using RNAeasy 

Microkit (Qiagen, Hilden, Germany) and eluted in 20 uL of molecular 

grade nuclease free water. Final RNA concentrations were determined 

using a nanophotometer (Implen, Munich, Germany). Total RNA was 

treated with DNase according to the manufacturer’s instructions (Sigma-

Aldrich, St. Louis, MO, USA). One milligram of total RNA was used for 

cDNA synthesis using iScript cDNA Synthesis Kit (Bio-Rad, Hercules, 

CA, USA) and stored at −20 °C until further use as described previously 

[58]. 

4.4. Real Time PCR (RT-PCR) 

RT-PCR reactions were performed with the SYBR green method in a 

CFX thermal cycler (Bio-Rad, Italy) in triplicate as described previously 

[59]. Primers were used at a final concentration of 10 pmol/mL. The 

thermal profile for all reactions commenced with 3 min at 95 °C, 

followed by 45 cycles of 20 s at 95 °C, then 20 s at 60 °C and 20 s at 72 °C. 

Dissociation curve analysis revealed a single peak in all cases. Ribosomal 

protein L13a (rpl13a) and ribosomal protein, large, P0 (rplp0) were used 

as the housekeeping genes to standardize the results by eliminating 
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variation in mRNA and cDNA quantity and quality. No amplification 

product was observed in negative controls and primer-dimer formation 

was never seen. Data was analysed using iQ5 Optical System version 2.1 

(Bio-Rad) including Genex Macro iQ5 Conversion and Genex Macro iQ5 

files. Modification of gene expression between the experimental groups 

is reported as relative mRNA abundance (arbitrary units). All primer 

sequences used in the study are listed in Table 1. 

Table 1. List of primers used for RT-PCR. 

Gene 

Acronym 

NCBI Gene Accession 

No 
Forward Reverse 

col10a1a   NM_001083827.1   CCCATCCACATCACATCAAA   GCGTGCATTTCTCAGAACAA   

runx2b   NM_212862.2   GTGGCCACTTACCACAGAGC   TCGGAGAGTCATCCAGCTT   

spp1   NM_001002308.1   
GAGCCTACACAGACCACGCCA

ACAG   
GGTAGCCCAAACTGTCTCCCCG   

cyp26b1   NM_212666.1   GCTGTCAACCAGAACATTCCC   GGTTCTGATTGGAGTCGAGGC   

sp7   NM_212863.2   AACCCAAGCCCGTCCCGACA   CCGTACACCTTCCCGCAGCC   

bglap   NM_001083857.3   
GCCTGATGACTGTGTGTCTGAG

CG   

AGTTCCAGCCCTCTTCTGTCTC

AT   

rpl13a  NM_212784.1  
TCTGGAGGACTGTAAGAGGTAT

GC  
AGACGCACAATCTTGAGAGCAG  

rplp0  NM_131580.2 CTGAACATCTCGCCCTTCTC  TAGCCGATCTGCAGACACAC  

4.5. Zebrafish Transgenic Lines Maintenance 

Broodstock from the transgenic lines used in our experiments, 

Tg(col10a1a:col10a1a-GFP), Tg(sp7:sp7-GFP) and Tg(Ola.Sp7:mCherry), 

were maintained at the zebrafish facilities, GIGA-R, University of Liège, 

Belgium in a recirculating water system (Tecniplast, Buguggiate, VA, 

Italy). To collect fertilised eggs in the morning, brooders were 

maintained at a 1:2 male to female ratio the day before and set for 

overnight breeding in tanks with slopes. Collected eggs were maintained 

in small tanks until hatching at 3 dpf. Using a fluorescent 

stereomicroscope (Olympus SZX10), larvae expressing the reporter 

proteins were screened and randomly distributed into 6 well plates at a 

density of 15 larvae per well with 10 mL of E3 medium per well until 7 

dpf and then in small tanks with 15 larvae per 45 mL of E3 medium until 

10 dpf. Seventy percent of the medium was exchanged daily. 

Commercial feed and live feed (paramecia) were administered from 5 

dpf to 10 dpf along with the treatments. 

4.6. Exposure to LDN212854 and Probiotics 

Two probiotics, Bacillus subtilis (BS) and Lactococcus lactis (LL), were 

obtained from Fermedics (Machelen, Belgium) as lyophilized powder at 

a commercially formulated concentration of 1011 CFU/g. After 

preliminary tests, larvae were exposed at a concentration of 106 CFU/mL 

administered in water from 5 dpf to 10 dpf. The type 1 BMP receptor 

inhibitor LDN212854 (Cat. No. 6151; Bio-Techne Ltd. TOCRIS, Bristol, 

United Kingdom) was dissolved in DMSO and used at concentrations of 

10 µM and 20 µM, starting at 2 dpf until 4 dpf. Combined treatments 
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were performed by exposing the larvae to LDN212854 from 2 dpf until 5 

dpf, followed by probiotic treatment until 10 dpf. Each experiment was 

performed in triplicate.  

4.7. Alizarin red (AR) Staining 

AR staining is one of the most common techniques for observing 

the extent of bone mineralization [60]. Larvae were sacrificed by 

exposure to MS-222 (ethyl 3-aminobenzoate methane sulfonate; Merck, 

Overijse, Belgium) and stained with 0.01% AR-S (Merck, Overijse, 

Belgium) for 15 min. They were then placed lateral side down onto 

glycerol (100%) for imaging. 

4.8. Image Acquisition and Analysis 

Imaging was performed with a Leica fluorescence stereomicroscope 

(Leica, Wetzlar, Germany) equipped with either a red fluorescence filter 

(λex = 546/10 nm, ET-DSR) for Tg(Ola.Sp7:mCherry) and AR-stained fish 

or a green fluorescence filter (λex = 470/40 nm) for Tg(sp7:sp7-GFP) and 

Tg(col10a1a: col10a1a-GFP). All images were acquired with a DFC7000T 

colour camera (Leica, Wetzlar, Germany) according to the following 

parameters: 24-bit coloured image, exposure time 2s (green filter EGFP) 

or 1s (red filter ET-DSR), gamma 1.00, image format 1920 × 1440 pixels, 

binning 1 × 1. Images were acquired using constant parameters and 

analysed using ImageJ version 2.1.0/1.53c software after splitting the 

colour channels of the RGB images. The green or red channel 8-bit 

images were adjusted uniformly for optimum contrast and brightness 

for improved visibility of the structures. The integrated pixel intensity 

was measured inside the total bone areas (in lateral and ventral view) of 

each fish and the integrated pixel intensity from the eye was subtracted. 

The values were further corrected for the head area (pixel intensity/head 

area) to eliminate possible inter-specimen size variability due to non-

homogenous growth. The corrected values were plotted relative to the 

control arbitrarily set to 100%. A representative image showing how the 

pixel intensity was measured in both lateral and ventral head views is 

presented (Supplementary Fig. III-S1). 

4.9. Statistical Analysis 

Data from all groups were normally distributed, as assessed by a 

Shapiro–Wilk’s test (p > 0.05), and the variances were homogenous, as 

assessed by Levene’s test for equality of variances (p > 0.05). The 

differences between the control and the treatments were tested with a 

one-way analysis of variance (ANOVA) followed by Tukey’s post hoc 

test (p < 0.05) for all image analysis data and gene expression differences 

between groups. All the tests were performed using R version 4.0.2 and 

plots were generated using ggplot2 within R [61]. In our graphs, we use 

an alphabetic code to indicate statistically significant differences 

between groups in multiple comparison tests as a simple way to present 

all pair-wise comparisons. Every group is compared to every other 

group, and the groups that share the same letters are not statistically 

different. For instance, three treatments that are all significantly different 

from one another would be labelled a,b, and c; if two of the treatments 

differed from each other, but neither differed significantly from the 

third, they would be labelled a, b, and ab. The significance level was set 
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at a constant p < 0.05 in all cases, but the focus was on all possible pair-

wise comparisons. 

5. Conclusions 

We present two transgenic zebrafish lines based on insertion of a 

fluorescent protein coding cDNA into the coding regions of two bone-

specific genes, sp7 and col10a1a, which allow osteoblast formation and 

bone matrix growth, respectively, to be monitored in living animals. 

Using these two transgenic lines, the bone protection properties of two 

probiotics, B.subtilis and L.lactis, were revealed in addition to the specific 

ability of B.subtilis to counter the action of a BMP inhibitor. Our study 

therefore confirms the relevance of probiotics in promoting bone growth 

and bone health maintenance. 
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Our studies investigating the zebrafish osteoblast transcriptome at 4dpf 

revealed that there are two clearly separate subpopulations of osteoblasts present 

based on their GFP intensity, which exhibit a distinct differential gene expression 

pattern related to osteoblast differentiation and bone formation. Pathway analysis 

brought to light an intricate arrangement of signaling pathway components, TFs, and 

ECM protein genes that are specific to each of the subpopulations. 

The subsequent phenotypic characterizations conducted to elucidate the role of 

two ECM protein coding genes, col10a1a and fbln1, revealed that both are essential 

for preserving the skeletal integrity, interestingly displaying opposite effects on 

skeletal development. Our results clearly show that the col10a1a gene is required for 

bone and vertebral column mineralization, while the fbln1 gene appears to play an 

inhibitory in pre-osteoblast on their further proliferation or differentiation. 

Furthermore, the absence of an operculum in adult fbln1 mutant zebrafish suggests 

that Fgf8 might be playing a role in controlling the growth and morphogenesis of 

certain skeletal elements.  

Preliminary characterization of the efemp1 mutant zebrafish adults reveals 

impaired bone properties such as increased vertebral TMD and thickness, as well as a 

decrease in the intervertebral space and ruffled edges reminiscent of spinal OA in 

humans.  

Thus, we were able to highlight the importance of ECM protein coding genes in 

skeletal development of zebrafish. 

Furthermore, we showed that probiotics are able to increase mineralized bone 

formation, and that Bacillus subtilis significantly reverted the detrimental effect of 

BMP inhibition on the bone matrix formation, primarily by affecting deposition of 

the unmineralized bone matrix. 

These results contribute to a better understanding of skeletal formation in 

general, and in zebrafish in particular. However, as is often the case for scientific 

investigations, they also leave us with unanswered and new questions that will need 

to be addressed in the future. Some of these will be discussed in the following 

sections. 

 

1.  Various osteoblast populations in developing zebrafish. 
 

The presence of subpopulations in our osteoblast transcriptome data clearly indicates 

that there are more than one population of osteoblast involved in the formation of skeletal 

elements in zebrafish at 4dpf, but many of the specifics in this regard are still open to 

investigation. The transcription factor Sp7 is a well-known marker of osteoblasts, it initiates 

differentiation into functional osteoblasts, regulates many of the osteoblast-specific genes, and 

is conserved across species (DeLaurier et al., 2010b; Nakashima et al., 2002; Renn and 

Winkler, 2014). Using a fluorescent reporter line, we surprisingly found that two 

subpopulations of sp7 expressing osteoblasts are present in zebrafish larvae at 4dpf. We were 

clearly able to distinguish and separate the two subpopulations based on the differential gene 

expression pattern; we identified the “sp7 high” (GFP high) sub-population P2 as “mature 

osteoblast” and the “sp7 low” (GFP low) sub-population P1 as precursor cells, “osteoblast-

like cells” or “skeletal like cells”, as shown in (Fig.IV-1).  
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Furthermore, transcriptomic analysis revealed a complex pattern of expression in 

osteoblasts of genes involved in the BMP and WNT signaling pathways, with BMP 

components gradually increasing from P1 to P2, while the WNT ligands and receptors display 

a more diverse pattern. 

 

 

Figure IV-1. Illustration showing the isolation of two subpopulations of osteoblasts from zebrafish at 4dpf 

and their respective transcriptomic profiles. 

 

The P2 subpopulation has to be considered as functional osteoblasts, since the 

majority of osteoblast markers (sp7, runx2b, col10a1a) and bone-related genes (spp1, bmp2a, 

panx3) are expressed, and their functional annotations also point to bone formation and 

osteoblast function. Previous work analyzing the spatio-temporal expression pattern of several 

bone-related genes using in situ hybridization had proposed to classify osteoblasts into early 

(no sp7 expression), intermediate (expressing sp7), and mature osteoblasts expressing col1a2, 

osn, but not sp7 (Li et al., 2009). It is important to note in this context that the P2 sub-

population actually corresponds to the sp7 high expressing osteoblasts, which could thus be 

regarded as “intermediate stage” osteoblasts, while the “mature osteoblasts” according to this 

classification would not be present in our analysis. Other analyzed genes support this 
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conclusion. In addition to the genes mentioned previously, we have also observed the 

chondrocyte marker gene sox9a to be upregulated in the two subpopulations of osteoblasts, 

whereas sox9b was not detected. We also found the expression of pannexin 3 (panx3) to be 

significantly upregulated in the P2 subpopulation of osteoblasts, together with high expression 

of sp7 and col10a1a. It was previously shown in mouse that pannexin 3, an endoplasmic 

reticulum Ca+2 channel, is a regulator of bone formation, since newborn Panx3 KO mice 

harbor skeletal deformities and decreased terminal differentiation of hypertrophic 

chondrocytes and osteoblasts (Ishikawa and Yamada, 2017). Moreover, phosphorylation of 

Panx3 is essential to control its gating to promote osteogenesis (Ishikawa et al., 2019). In 

zebrafish, it has been reported that the expression of panx3 overlaps with the expression of 

col10a1a in zebrafish at 2, 3 and 4 dpf in the developing cranial skeletal elements, whereas 

osteoblast differentiation and mineralization, as well as the expression of col10a1a were 

delayed in panx3 morphants (Oh et al., 2015). Whether the two subpopulations can be placed 

in a continuous series of osteoblast differentiation lineage, or discrete populations associated 

to different ossification types, as shown above (Fig.IV-1) requires further investigation, 

however the P2 subpopulation clearly seems to fit into the osteoblast differentiation scheme 

as functional osteoblasts.  

The P1 subpopulation is somewhat difficult to define. The fact that these cells express a 

series of osteoblast markers, but not all, and weakly express sp7 obviously identify them as 

osteoblast precursors, also according to the previous classification (Li et al 2009). However, 

we also observed some upregulated genes that suggested that this population may be more 

heterogenous, while keeping in mind that sp7 expression is slightly increased in these cells. 

We previously mentioned the stanniocalcin 1-like (stc1l) and osteocrin (ostn) genes, 

expressed specifically, but not exclusively in corpuscles of Stannius. Similarly, it is 

interesting to find markers associated to osteoclasts, such as ctsk, acp5a and tnfrsf1b (Sharif et 

al., 2014) to be significantly upregulated in this subpopulation. Expression of these genes was 

indeed observed in developing bone of early-stage larvae by in situ hybridization, however 

the nature of these cells was not investigated. Further studies, also involving single cell 

sequencing of the transcriptome of sp7-expressing cells, will in the future help to identify 

these cells. 

Taken together, our findings raise a significant number of questions on zebrafish bone 

formation and the osteoblast population. For example, how many osteoblast populations do 

exist in a developing larvae, at various stages of development, what maintains the balance 

between recruiting osteoblast precursors and forming other cell types to avoid depleting the 

embryonic mesenchymal stem cell population, which lineage markers of skeletal 

differentiation are expressed simultaneously or at different time points in individual cells, and 

how does the orchestration of morphogenesis and differentiation look like during bone 

development. Although sp7 is conserved across all species from humans to non-mammalian 

vertebrates such as zebrafish and medaka, some differences exist. Sp7 KO mouse die before 

birth (Nakashima et al., 2002), however conditionally inactivating the mouse Sp7 gene 

postnatally causes functional defects in osteoblasts and reduction in bone formation, 

indicating that the gene is required for maintaining osteoblast function and bone homeostasis 

(Baek et al., 2010). This phenomenon is also observed in medaka, where inactivation of sp7 

blocks osteoblast differentiation and leads to dramatic intra-membranous and perichondral 

ossification defects, including larval lethality in homozygous mutants (Yu et al., 2017). On 
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the contrary, sp7-/- zebrafish do not completely recapitulate the defects as reported in mouse 

mutants. The mutants are still viable, with normally patterned skeleton, with only minor 

defects in bone growth and mineralization, followed by skeletal deformities in the cranium 

and axial skeleton at later stages (Kague et al., 2016). It is possible that genetic compensation, 

where another related gene replaces the function of Sp7 in the sp7-/- mutants. Candidates are 

Sp1, Sp3 or other Sp factors that can bind to the same promoters as reported in osteoblastic 

cells (Goto et al., 2006). These findings raise the question of what is essentially required for 

bone formation in zebrafish and this phenomenon requires further investigation. 

Nevertheless, sp7 may still be considered as a marker gene for osteoblasts, as also 

confirmed by our transcriptomic results. As explained above, these data suggest that the P1 

population represents osteoblast precursors, while P2 represents functional osteoblasts. 

However, alternative explanations can be envisaged. It has been reported that based on 

differential sensitivity to hedgehog signaling there are at least three populations of osteoblasts 

in developing zebrafish (Hammond and Schulte-Merker, 2009). Osteoblasts forming dermal 

bones were unaffected by HH signaling, while those forming endochondral bones required 

HH signaling to different degrees. Thus, although the highly HH-responsive cells (termed 

osteo-chondrocytes by the authors) only appear as sp7-expressing cells at 6 dpf, we cannot 

rule out at present that the two subpopulations P1 and P2 at 4 dpf may represent osteoblasts 

forming dermal and endochondral bones, respectively. In any case, there is a high probability 

that at least two subpopulations of osteoblasts are present in a developing zebrafish at any 

given stage. By nature, our results are specific to sp7-expressing cells, we already mentioned 

that late stage, mature osteoblasts (Li et al., 2009) do not express sp7 anymore; therefore, it 

would be exciting to investigate the transcriptomic profile of cells expressing other known 

marker genes for osteoblasts such as runx2b, col10a1a, bglap, or spp1.  

 

2. Inactivation of genes coding for extracellular matrix 

proteins. 
 

We decided to study the function of ECM proteins in zebrafish skeletal development by 

generating mutants using the CRISPR/Cas9 technology. We focused on three genes based on 

their different expression pattern in the P1 and P2 subpopulations (col10a1a, fbln1) and on 

the reported involvement of their human homologs in osteoarthritis (col10a1a, efemp1). Note 

that fbln1 and efemp1(fbln3) belong to the same family of ECM proteins. Taken together, our 

results clearly show that these ECM proteins play a role in skeletal development and bone 

formation. As a general observation, it appears that mutation of these genes mainly affects the 

skeleton at later stages, as revealed by µCT scanning in the vertebrae, deformities in the 

caudal vertebrae (col10a1a), or a missing opercle (fbln1). Such a result may have been 

expected, as these proteins are expressed by osteoblasts, after the early morphogenesis events 

have already defined the location of the different bone elements. It is obvious that depletion of 

a major regulator gene, such as runx2a or sox9a, or a major ECM component like Col1, 

should have more drastic consequences on bone development. 

Nevertheless, we do observe some effects on early development assessed in the head 

skeleton, which we assume to result from interference with morphogenic signaling pathways, 
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such as the BMP, WNT, or FGF pathways. Indeed, all three proteins are known to interact 

with the receptors and ligands of these signaling pathways (Amano et al., 2014; Camaj et al., 

2009; Cooley et al., 2014; Fresco et al., 2016; Zhang et al., 2022). Mutation of col10a1a in 

early zebrafish development clearly results in marked reduction in the distance between the 

hyosymplectics and head length at 5dpf and decreased mineralization for all elements of the 

cranial skeleton at 10dpf. Absence of fbln1 in early developmental stages of zebrafish causes 

a marked decrease in the ceratohyal angle at 5dpf and increased mineralization for all 

elements in the cranial skeleton at 5 and 10 dpf, respectively. The mutants lacking efemp1 

display reduced distance between the articulations between Meckel’s cartilage and the 

palatoquadrate and between the posterior ends of the ceratohyals at 5 dpf. All three genes 

belong to huge gene families, thus one cannot rule out the possibility of transcriptional 

adaptation by members of the same family or genes that are similar in expression pattern 

(Sztal and Stainier, 2020). Thus, this phenomenon requires further investigation in all our 

mutants.(Cooley et al., 2014; Debeer et al., 2002). It would be fascinating to investigate how 

these mutations affect early osteogenesis by examining osteoblast formation and bone 

development in the mutants by in situ hybridization using osteoblast differentiation markers 

such as runx2a/b, col10a1a and sp7 (Avaron et al., 2006; Eames et al., 2012; Flores et al., 

2006; Flores et al., 2004; Niu et al., 2017; Pinto et al., 2005), but also genes coding for 

components of the signaling pathways. Examining cartilage formation at various stages of 

development in zebrafish col10a1a mutant line could provide insights into impairment of 

chondrocyte stacking, since it has been shown that cell polarity is crucial for proper alignment 

of chondrocytes in zebrafish (Le Pabic et al., 2014).  

The effects observed at later stages, even in adults, draw our attention to another aspect 

of skeletal biology, bone homeostasis. Indeed, with the exception of the missing opercle in 

fbln1-/- or the deformed caudal vertebrae in col10a1a, higher or lower bone densities in the 

vertebrae may well result from a differential response to mechanical stress in the mutants. It 

was shown that changes in mechanical conditions, such as gravitational load (Aceto et al., 

2016b; Aceto et al., 2015b) or forced swimming (Fiaz et al., 2012b; Suniaga et al., 2018) may 

affect various parts of the skeleton. Future studies of the ECM protein mutants may thus 

include their response to mechanical challenges. 

 

3. Col10a1a 
 

It was already known that, in contrast to mammals, the zebrafish col10a1a gene is 

expressed in osteoblasts during early development. In 4-5 dpf larvae, its expression is actually 

predominantly in the forming bones (dentary, maxillary, ethmoid plate, opercle and 

cleithrum) (Eames et al., 2012), interestingly including dermal bones that form without a 

cartilage matrix. This pattern is consistent with the dramatic increase in col10a1a expression 

in the P2 subpopulation of functional (intermediate) osteoblasts. We therefore wanted to 

investigate the function of Col10a1a in zebrafish by generating a mutant. We observed, 

besides fusion of the caudal vertebrae, a distinct phenotype of decreased mineralization in the 

adult col10a1a zebrafish mutant. In humans, mutations in the COL10A1 gene cause abnormal 

chondrocyte hypertrophy leading to multiple skeletal dysplasias (Ikegawa et al., 1998; 

Jacenko et al., 1993; McIntosh et al., 1994; Olsen, 1995). The gene is also dysregulated in 
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osteoarthritis (Drissi et al., 2005; Eerola et al., 1998; Girkontaite et al., 1996; von der Mark et 

al., 1995; Zheng et al., 2005). A specific COL10A1 nutation in humans results in a rare 

autosomal dominant skeletal disorder called Schmid metaphyseal chondrodysplasia (SCMID), 

characterized by short stature, cox vara and an irregular growth indicating defective 

endochondral bone formation (Bateman et al., 2005; McIntosh et al., 1994; Richmond et al., 

1993; Warman et al., 1993; Wu et al., 2021). Col10a1 null mice display compressed growth 

plate comparable to SMCID in humans (Kwan et al., 1997; McIntosh et al., 1995). While our 

findings support the observations made in mice and human COL10A1 mutants regarding 

decreased bone mineralization, we did not observe the dramatic anomalies in craniofacial 

development (in elements such as opercle, ceratohyal, dentary) that we had anticipated; we 

only observed a vertebral fusion in the caudal region. This may reflect the shift in zebrafish to 

a more predominant role for Col10a1 in osteoblast function compared to its absence in early 

cartilage elements.  

Due to a teleost-specific whole genome duplication (TGD), the zebrafish has two 

paralogous genes coding for Col10a1, col10a1a and col10a1b (Taylor et al., 2003). Besides 

osteoblasts, zebrafish col10a1a is found to be highly expressed in mature chondrocytes of 

cartilage structures such as the ceratohyals and in the cells of the perichondrium (Eames et al., 

2012). col10a1a is also expressed in the developing pharyngeal teeth at 4, 5 and 6 dpf, 

whereas col10a1b is only detected in the teeth at 4 and 6dpf. Additionally, the expressions of 

both col10a1a and 1b were detected in the developing mesenchyme of older teeth with 

deposited matrix, while col10a1b was found in the epithelium of less developed teeth without 

deposited matrix (Debiais-Thibaud et al., 2019). This clearly implies that apart from being 

expressed in the osteoblasts and playing an important role in osteoblast differentiation, these 

genes may also play a role in the developing teeth. Hence, whether the mutation of col10a1a 

has an impact on the developing pharyngeal teeth should be investigated by looking at various 

stages of development in early and late (adult) stages in the col10a1a mutant. How far the two 

paralogs share the same function is not completely understood.  

Much remains to be understood about the role of col10a1a in skeletal development of 

zebrafish. We hope our preliminary findings can provide the required impetus to further 

advance the research findings about this gene in more detail. It will be worthwhile to explore 

the effects of the mutation at the transcriptomic and histological levels. 

 

4. Fbln1 
 

The surprise phenotype of missing opercle on the right side at 3 months in 75% of the 

zebrafish fbln1 mutants and the increased expression of fbln1 in the two osteoblast 

subpopulations of at 4dpf makes it a compelling candidate for further study. 

In zebrafish, fbln1 and hmcn2 are co-expressed in the fin mesenchymal cells and in 

developing somites, while hmcn1 is expressed in the apical-most epidermal cells of the 

median fin folds (Feitosa et al., 2012; Liedtke et al., 2019). Our transcriptomic analysis on 

fbln1-/- mutants at 10 dpf also reveal the expression of hmcn1 and hmcn2 and of other genes 

belonging to the fibulin family such as fbln2 and fbln5 being upregulated, raising the 
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possibility that some compensation may arise for the mutation of fbln1. However, the 

transcriptomic data at 10dpf is consistent with the increased mineralization observed in that 

many bone marker genes, such as sp7 and col10a1a, are upregulated along with the genes of 

the collagen family and those coding for enzymes involved in collagen biosynthesis and 

maturation. Furthermore, functional annotations of differentially expressed genes (DEGs) in 

fbln1-/- larvae revealed endochondral ossification and collagen synthesis as the major 

biological processes to be significantly upregulated. Furthermore, the transcriptomic data 

reveals significant upregulation of both bmp2a and sp7 genes in fbln1-/- larvae. Indeed, BMPs 

(BMP-2, 4, 7) have been shown to be involved in osteoblast differentiation and bone 

formation (Bitgood and McMahon, 1995; Chen et al., 2004a; Chen et al., 2004b; Issack and 

DiCesare, 2003; Maridas et al., 2019), in particular BMP-2 upregulates Sp7 expression 

(Matsubara et al., 2008; Nakashima et al., 2002; Ulsamer et al., 2008; Yagi et al., 2003). 

Interestingly, bmp2a and sp7 are also significantly upregulated in both the P1 and P2 

osteoblast subpopulations at 4 dpf, along with fbln1. This indicates that fbln1 is involved in 

osteoblast differentiation. 

Interestingly, the functional annotations of the transcriptomic analysis of 10dpf fbln1 

mutant zebrafish suggests that all the three signaling pathways; BMP, WNT, and FGF were 

identified as downregulated. To get a clear understanding of how Fbln1 interacts with and 

influences these signaling pathways, a comprehensive expression profile of fbln1 along with 

genes that encode the ligands and targets from all these pathways should be conducted in the 

future. 

Our findings in the fbln1-/- zebrafish mutant is in sharp contrast to those previously 

reported in the Fbln1 KO mice, which reported decreased mineralization and reduced 

expression of Sp7 (Cooley et al., 2014). Thus, depletion of Fibulin1 has contrasting impact on 

zebrafish and mouse skeletal mineralization status, requiring additional scrutiny. First, it is 

interesting to note that the decreased mineralization and bone density was reported in the skull 

and calvarial bones of the neonate KO mice, whereas we have looked at the early 

developmental stages (5 and 10 dpf) in the cranial bone elements and at adult (1.5 years old) 

bone parameters in the vertebral column in fbln1-/- zebrafish. Second, although small 

organisms such as zebrafish and mice are widely used for building scientific knowledge and 

studying tissue and organ development and disease pathogenesis, there are differences that 

one must consider (Lleras-Forero et al., 2020). Both mice and zebrafish are different on many 

levels, such as one is quadrupedal and terrestrial while the other one is an aquatic organism. 

Mammalian bones have bone marrow, while teleosts such as zebrafish are devoid of bone 

marrow. Osteoblasts and osteoclasts are found in both mice and zebrafish, but the striking 

difference is that mammalian skeleton contains osteocytes, while early zebrafish skeleton, 

scales and fin rays are devoid of osteocytes, instead they are only found in adult zebrafish 

bone (Witten et al., 2017). Another notable distinction is that in mice, vertebral bodies 

develop through an intermediary stage of cartilaginous matrix before they undergo 

ossification, whereas in zebrafish, vertebral bodies form directly through mineralization of the 

notochord without the presence of a cartilage template (Arratia et al., 2001; Bensimon-Brito 

et al., 2012; Lleras Forero et al., 2018; Wopat et al., 2018). Furthermore, the bone mineral 

composition is conserved in both zebrafish, mice, and humans, with calcium, phosphate, and 

magnesium as the primary mineral components of mineralized skeletal structures. The 

difference is in terms of origin and absorption of minerals. For example, zebrafish acquire 
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calcium from water via their gills and skin through osmosis, but ingest phosphate through 

diet, whereas mice and humans ingest all minerals through dietary intake.  Compared to 

terrestrial mammals, the ossification pathway in zebrafish is similar as they share calcium 

homeostasis hormones and functions, although their target organs and mineral sources are 

different (Lleras-Forero et al., 2020). In addition, the phosphate (promotes mineralization) 

and pyrophosphate (inhibitor) balance is essential for ossification (Michigami and Ozono, 

2019). Taken together, all the above aspects could provide an explanation for the divergent 

effect due to depletion of Fibulin 1 in zebrafish and mice. Differential secondary effects, due 

to different genetic compensation or differential influence of neighboring tissues, would also 

need to be considered. 

Concerning the missing opercle on the right side in adults, we show that at 10 dpf, 

fbln1-/- larvae are trending towards a smaller right opercle in comparison to the left one, thus 

indicating the beginning of opercle asymmetry. The transcriptomic profile in the fbln1-/- head 

at 10dpf revealed downregulation of fgf8a, fgf8b, etv5a, etv5b, but slight induction of etv4, 

and upregulation of FGF receptors fgfrl1a and fgfrl1b. Our preliminary observation thus 

indicates that Fbln1 interacts with Fgf8 and its receptors, thus promoting Fgf8 signaling. 

Thus, the absence of intact Fbln1 would lead to decreased signaling, reflected in the decreased 

expression of the etv4  and etv5b genes, that have been reported as specific targets of the Fgf8 

signaling pathway (Roehl and Nüsslein-Volhard, 2001). Additional evidence suggests that 

Fgf8 plays a crucial role in left-right asymmetry in zebrafish (Albertson and Yelick, 2005), 

while in mice Fgf8 dosage has been reported to affect craniofacial shape and symmetry 

(Zbasnik et al., 2022). Taken together, all the findings suggest that mutation of fbln1 affects 

the Fgf8 signaling pathway required for normal late opercle development. It would be 

enlightening to investigate the effects of the fbln1 mutation in the craniofacial area by looking 

at additional larval and juvenile development stages as well as in the adult skull and other 

elements in more detail. 

 

5. Efemp1 
 

The unexpected but striking spinal osteoarthritis like phenotype showing reduced 

intervertebral space (ivs) in the adult efemp1-/- mutant zebrafish that we observed makes this 

mutant an attractive candidate for conducting further studies. Interestingly, a previous study 

has shown that intervertebral disc phenotypes are a common feature occurring in aged 

zebrafish (Kague et al., 2021). The authors reported a strong correlation between abnormal 

(low or high) BMD and inter-vertebral disc degeneration, suggesting that the observed 

increased BMD in the adult efemp1-/- mutants would explain the alteration in the vertebral 

bodies. 

We investigated the role of Efemp1 in zebrafish skeletal development due to the 

increased expression of its human homolog in articular cartilage from osteoarthritic patients 

(Hasegawa et al., 2017; Sanchez et al., 2018). Very little information was available about its 

expression in zebrafish, or its function in cartilage and bone development. First, we 

determined efemp1 expression at 48hpf (2dpf) in brain, the pharyngeal arches, and in the 

chordoblasts surrounding the notochord. Segmentation of the notochordal sheath serves as a 
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blueprint for the patterning of vertebrae in the zebrafish spine (Wopat et al., 2018). It would 

be interesting to investigate how Efemp1 is involved in the process of spine development, by 

inspecting its expression at more advanced stages, the exact location of this expression, but 

also interactions of the Efemp1 protein with ligands or signaling molecules. First, studying 

the spatio-temporal expression pattern of efemp1 will help reveal its expression within 

specific tissues at specific times during zebrafish development; generation of a transgenic 

efemp1:GFP reporter line along with two-, multi-photon, or light sheet microscopy would 

allow us to image tissues and organs expressing efemp1 at a cellular/sub-cellular level, a 

comparative transcriptomic analysis of wildtype and mutant spine refined by spatial 

transcriptomics or single cell RNA sequencing (ScRNA seq.) on cells expressing efemp1 

might reveal further detailed information about transcription factors, signaling molecules, or 

pathways that regulate efemp1. A very recent preprint publication (Gomez et al. in 

“bioarchives” https://doi.org/10.1101/2024.02.16.580611) has reported characterization of 

two new zebrafish efemp1 mutant alleles. The authors observed the standard length to be 

significantly increased compared to WT in both heterozygous and homozygous nonsense 

mutants, recapitulating in zebrafish the tall stature condition observed in patients afflicted 

with the autosomal dominant condition of Marfan Syndrome, a type of heritable disorder of 

connective tissues (HDCT) (Bizzari et al., 2020; Driver et al., 2020). Patients with Marfan-

like clinical condition display joint laxity, craniofacial malformations, hyposcoliosis, inguinal 

hernia hyperextensible skin and tall stature (Forghani et al., 2024). However, no spinal 

osteoarthritis was observed in these mutants. This discrepancy presumably results from the 

different types of mutation that were induced. The insertion in our mutant efemp1ulg074/ulg074 

results in truncation of the encoded Efemp1 protein at amino acid 62, while the “Gomez” 

mutants efemp1w1014/w1014 and efemp1w1016/w1016 truncate the protein at amino acids 147 and 

146. The latter results in a protein lacking the C-terminal Fibulin domain but leaving intact 

most of the N-terminal EGF-like domains that are involved in protein-protein interactions. 

The dominant nature of these variants, which would still be able to interact with their 

partners, but non-productively due to the absence of the Fibulin domain, thus contrast with the 

complete loss of function in the ulg074 variant that truncates the protein within the most N-

terminal EGF-like domain. Future studies may reveal the exact function of the Efemp1 EGF-

like domains. 

It has been reported that in mouse,  Efemp1 is expressed in condensing mesenchyme, 

which contributes to the formation of bone and cartilage, as well as in developing axial and 

cranial bone structures (Kobayashi et al., 2007) and in the perichondrium at E15 mouse 

embryos (Ehlermann et al., 2003). Furthermore, it was shown that Efemp1 is a negative 

regulator of chondrocyte differentiation that inhibits cartilage nodule formation, proteoglycan 

production and ECM gene expression, while it also affects the expression of Sox5, Sox6 by 

selectively maintaining Sox9 expression (Wakabayashi et al., 2010). These transcription 

factors belong to the Sox family and are known to be required for early chondrogenesis 

(Akiyama, 2008; Goldring et al., 2006; Huang et al., 2001; Ikeda et al., 2005). Furthermore, 

Efemp1 is known to be expressed in the superficial zone of articular cartilage (AC) in human 

and mouse knee joints that dwindle with age (Hasegawa et al., 2017). However, we did not 

observe any dramatic effects in the developing cartilage or early elements in the 

efemp1ulg074/ulg074 mutant zebrafish. It would be fascinating to search for phenotypes in the jaw 

joint between the Meckel’s and palatoquadrate cartilage, as this joint in zebrafish closely 
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resembles the synovial knee joint in humans and mice (Askary et al., 2016; Smeeton et al., 

2017). Based on previous histological findings, a recent study reported that many 

characteristics of mammalian synovial joints, such as articular cartilage, a joint cavity, and 

synovium, are present in the jaw and fin joints of various fish species, including zebrafish, 

stickleback, and spotted gar (Haines, 1942).  

It would have been interesting to couple the above techniques with Synchrotron X-ray 

Tomographic Microscopy (SRXTM) to visualize the mineralized and non-mineralized 

portions of a single vertebral body. In addition, nanoindentation would allow to analyze the 

mechanical properties such as Young’s elasticity modulus (E), thickness, and hardness (H) of 

the vertebrae from control and mutant zebrafish and perform histological analysis. 

Synchrotron based CT microscopy is slowly getting popular for its wide range of high-

resolution image analysis on small specimens in the field of skeletal research, but it has 

restrictions in terms of not being readily accessible to researchers due to limited availability of 

synchrotron sources and also being cost inefficient (Akhter MP and RR, 2021). The future 

shall provide greater opportunities for applying these state-of-the-art techniques in providing 

clearer and deeper understanding the skeletal development and the development of skeletal 

anomalies.  

 

6. Dietary supplements for improving skeletal health. 
 

Probiotics are microbes that, administered in adequate amounts, have garnered attention 

for their beneficial potential to enhance general health, potentially acting as a pivotal bridge 

between the gut microbiome and the skeletal system (Lyu et al., 2023). In this context, our 

investigation focused on the effects of two specific probiotics, Bacillus subtilis and 

Lactococcus lactis, selected for their roles in nutrient absorption enhancement, immune 

system modulation, and direct actions on bone cells (Jiang et al., 2021). Recent studies have 

clear clearly shown that supplementation of probiotics maintains healthy gut microbiota 

composition that promote bone formation and growth, offer protection against bone loss and 

act as regulator of bone mineral density (Behera et al., 2021; Lawenius et al., 2022; Sjögren et 

al., 2012; Uchida et al., 2018; Yan et al., 2016). Furthermore, it has been reported that 

alterations to gut microbiota leads to impaired mechanical bone properties such as reduced 

femur bone length and tibial metaphysis cortical TMD (Guss et al., 2017), suggesting the 

importance of having probiotic supplementation in the diet to ensure healthy bone.  

Our study utilized novel transgenic zebrafish lines Tg(sp7:sp7-GFP) and 

Tg(col10a1a:col10a1a-GFP) designed to visualize osteoblasts and bone matrix development, 

allowing for the real-time observation of the probiotics effects on skeletal development. These 

novel lines were engineered to express fluorescent proteins under the control of promoters 

specific to osteoblasts and bone matrix proteins, such as sp7 and col10a1a, marking a 

significant advancement in our ability to study bone health in vivo. The administration of 

Bacillus subtilis and Lactococcus lactis to these zebrafish models yielded remarkable 

findings. Notably, both probiotics significantly enhanced osteoblast activity and bone matrix 

development, as evidenced by increased fluorescence in transgenic lines indicating heightened 

activity of bone-forming cells and an enriched bone matrix. The molecular analysis conducted 
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on WT zebrafish after being exposed to these two probiotics revealed that they modulate key 

genes involved in skeletal development. The enhancements observed in osteoblast activity 

and bone matrix development underline the probiotic’s potential as modulators of bone health 

and offers hope into understanding the interplay between the microbiome and bone 

physiology in the future. These results indicate a potential for developing targeted probiotic 

therapies aimed at improving bone health, highlighting the significant therapeutic potential of 

leveraging the microbiome in bone disease prevention and treatment. The comparative 

analysis of Bacillus subtilis and Lactococcus lactis in promoting bone health from our work 

presents a nuanced understanding of how different probiotics can distinctly influence bone 

physiology (Schepper et al., 2017). A striking finding was Bacillus subtilis's unique ability to 

mitigate the detrimental effects of BMP inhibitors on bone matrix formation. This suggests 

that Bacillus subtilis may interact with bone formation pathways in a manner that overrides 

BMP inhibition, whether it happens by upregulating alternative pathways or enhancing the 

bioavailability of essential nutrients for bone health will require further investigations.  

Leveraging genetic and molecular insights from zebrafish models to develop targeted 

probiotic therapies represents a frontier in bone health research. Zebrafish models have 

elucidated the roles of specific genes and the potential of probiotics in modulating bone 

formation and health. Moreover, it would be captivating to understand how Bacillus subtilis 

counters BMP inhibitor effects at a molecular level as it could guide the formulation and 

usage of a specific probiotic strain or mix of strains that enhances bone matrix formation in 

humans.  

Future research must delve deeper into the interactions between probiotics, genetic 

factors, and environmental influences on bone health. This includes understanding the 

molecular mechanisms by which probiotics influence bone health at the genetic level and how 

environmental factors such as diet and lifestyle interact with probiotics to affect bone health 

outcomes. Multi-omics approaches, including genomics, proteomics, and metabolomics, 

combined with advanced computational models, could unravel these complex interactions, 

paving the way for holistic approaches to understand bone health maintenance and disease 

(Graw et al., 2021). Thus, zebrafish models, together with the study of probiotics, hold 

substantial promise offering a unique window to conduct further explorations in this regard. 

The potential of probiotics as natural, non-invasive modulators of bone health is particularly 

exciting, and it is the need of the hour with the fast-aging population showing susceptibility to 

skeletal diseases like osteoporosis and osteoarthritis. In conclusion, the exploration of ECM 

protein coding genes col10a1a, fbln1 and efemp1, their function in skeletal development, the 

study of zebrafish osteoblast specific transcriptome with the identification two subpopulations 

of osteoblasts and the beneficial effects of probiotics on bone health, through the lens of 

transgenic zebrafish reporter lines, marks a significant stride forward in skeletal research. It 

lays the groundwork for future studies aimed at translating these findings into mammalian 

models and ultimately into clinical applications, with the potential to revolutionize the 

prevention and treatment of bone diseases. 
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Summary 

Osteoblast differentiation has been studied using a variety of systems, ranging 

from osteosarcoma cell lines to differentiating mesenchymal stem cells to KO mice, 

resulting in the description of a set of transcription factors and regulatory pathways that 

are involved in this process. Small teleost model systems like zebrafish are increasingly 

used to study vertebrate skeletal development and zebrafish mutants and transgenic lines 

are very useful models for studying human pathologies such as osteoporosis, osteopetrosis 

and osteoarthritis. 

Understanding osteoblast differentiation and their function in bone matrix 

deposition and mineralization is central to the comprehension of bone development and 

of various bone pathologies. It is, therefore, crucial to not only follow the expression of 

some landmark transcription factors or extracellular matrix (ECM) proteins, but to also 

investigate the status of signalling pathways and factors regulating these processes. This 

can only be achieved by assessing the entire transcriptome of these cells. Zebrafish larvae 

offer the unique opportunity to directly access osteoblasts from the entire body without 

specific dissection. The aims are to study the osteoblast transcriptome of developing 

zebrafish and to investigate the role of the efemp1, fbln1, and col10a1a genes, coding for 

ECM proteins, in zebrafish skeletal development. 

To gain insights into the mechanisms of osteoblast differentiation in the early 

development stage, we isolated cells from the transgenic reporter line Tg(sp7:sp7-GFP) at 

4 days post-fertilization. Based on their differential GFP fluorescence, we identified two 

subpopulations of which we conducted transcriptomic profiling. Our data revealed that 

these two subpopulations are clearly distinct and that they differentially express many 

genes involved in skeletal development. The expression profile of these two populations 

clearly identifies them as osteoblastic cells, at present we consider the low fluorescence 

P1 population as pre-osteoblastic cells and the highly fluorescent P2 population as 

intermediate, functional osteoblasts. 

ECM proteins are of crucial importance for cartilage and bone tissues. Based on 

their differential expression profile in these subpopulations, we generated mutants of the 

ECM protein coding genes col10a1a, fbln1 and efemp1 to examine their functions. Our 

results show that mutation of col10a1a results in decreased mineralization, while 

mutation of fbln1 results in increased mineralization and a missing operculum. Mutation 

of efemp1 results in increased mineralization and reduced intervertebral space, providing 

a model for spinal osteoarthritis. Furthermore, we investigated the effects of two 

probiotics on bone matrix synthesis and mineralization. We discovered that probiotic 

treatment is able to promote bone formation and to prevent the effects of inhibiting BMP 

signalling, with Bacillus subtilis being the more potent. 

Collectively, these insights provide valuable cues that may contribute to improve 

understanding the roles of ECM proteins and probiotics in development, growth, and 

health of the bone skeleton. 


