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 ABSTRACT 

Endochondral ossification consists of bone formation from a previous cartilaginous 

template. This process starts during embryonic development when mesenchymal cells 

condense in presumptive skeletal regions and differentiate into chondrocytes, which 

undergo a progressive maturation process. Chondrocytes are arranged in 

morphologically distinct zones within the cartilaginous template, reflecting their 

maturation states. While mature chondrocytes are in the medial region, immature 

chondrocytes are in the distal areas of the template. The chondrocytes pronounced 

cellular changes during maturation are accompanied by prominent extracellular matrix 

(ECM) remodelling and reorganization. Sulfated proteoglycans (PGs) are one of the 

main components of cartilage ECM, and their sulfation levels are critical for proper 

endochondral ossification. PG sulfation is regulated by sulfotransferases and sulfatases 

- that add and remove, respectively, sulfate esters from PGs. Deficiencies in sulfatases 

lead to diseases, including mucopolysaccharidosis and multiple sulfatase deficiency. 

Disease phenotypes include various skeletal defects seemingly related to chondrocyte 

maturation, including impaired chondrocyte proliferation and hypertrophy, severe growth 

retardation, and delayed primary and secondary ossification center formation. The 

mechanisms of how sulfation leads to those phenotypes and how sulfur levels are 

modulated across endochondral ossification are still to be unveiled. Here the hypothesis 

that a novel sulfatase - Arylsulfatase I (ARSI) - decreases PG sulfation during cartilage 

maturation thus promoting endochondral ossification, was tested. Synchrotron X-ray 

fluorescence (XRF) imaging confirmed that sulfate esters decreased significantly in 

mature cartilage during endochondral ossification. ARSB and GALNS- the two known 

chondroitin sulfate PG sulfatases- were not specifically expressed in mature cartilage. 

Utilizing laser-capture microdissection and RNAseq data previously obtained in the lab, 

we were able to identify a novel sulfatase - Arsi - to be upregulated in mature cartilage. 

Increased ARSI protein expression in mature cartilage was further demonstrated in vivo 

in chick and mouse sections and during the maturation of ATDC5 chondrocytes in vitro. 

Biochemical assays overexpressing ARSI in HeLa cells confirmed that ARSI is a novel 
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PG sulfatase. Taken together, biochemical and expression results strongly indicate that 

ARSI controls the decrease of sulfate esters in mature cartilage. To test ARSI function 

during endochondral ossification, four putative transgenic zebrafish (Tg) lines for this 

gene were generated by Gateway-Tol2 transgenesis. All generated Gateway constructs 

had the correct sequence and were integrated into the zebrafish genome, but possibly 

due to posttranscriptional mechanisms, protein overexpression was not confirmed in 

putative Tg fish. Our hypothesis was partially addressed, and more studies are needed to 

investigate the potential ARSI roles in endochondral ossification. In this thesis, we 

showed for the first time ARSI mRNA expression in chick, ARSI protein expression in 

chick and mouse tissues, and we presented the first biochemical characterization of 

ARSI as a PG sulfatase. Our results supplement the scarce literature about ARSI and 

potentiate future work uncovering its role in skeletal development and disease. 
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 CHAPTER 1: THESIS OVERVIEW 

This chapter provides a general overview of my thesis. Here I describe how the 

chapters are organized, the main objectives and hypothesis, and what is already 

published and what is not. I also highlight contributions made by collaborators in each 

chapter. This thesis is comprised of five chapters, and it is written in a manuscript-based 

format. Chapter 2 is a background chapter that explains important concepts needed to 

understand this thesis. Chapters 3 and 4 contain experiments investigating our 

hypothesis that Arylsulfatase I (ARSI) decreases proteoglycan sulfation during cartilage 

maturation thus promoting endochondral ossification. Chapter 5 is the final chapter and 

brings an overall discussion, limitations, and future directions for this project.  

Chapter 2 is comprised of two portions. The first portion includes a literature 

review about endochondral ossification, cartilage extracellular matrix (ECM), sulfatases, 

and ARSI. More specifically, I emphasize how ECM and sulfatases might influence 

endochondral ossification and what is known about the relatively understudied ARSI. 

The second portion of this chapter consists of an invited review paper I co-authored with 

Dr. Eames entitled “Using Zebrafish to Test the Genetic Basis of Human Craniofacial 

Diseases”. This review paper was published in the Journal of Dental Research in the 

special issue Critical Reviews in Oral Biology & Medicine. I wrote all the sections with 

input from Dr. Eames and made figures 2 and 4 of the paper. Dr. Eames prepared 

figures 1 and 3. This review was added in this introductory chapter because it describes 

how the zebrafish model can be used to study gene function and disease. This paper 

highlights anatomic, embryonic, and genetic features of craniofacial development that 

are conserved among mammals and zebrafish and allow comparative developmental 

studies to be performed. A summary and a historical perspective of the genetic 

manipulation methods used in zebrafish to interrogate gene function, focusing on the 
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Gateway Tol2 system, are also presented. The topics discussed in the review serve as 

the theoretical base for Chapter 4, where genetic manipulation techniques are used to 

study the function of ARSI during endochondral ossification. 

Chapter 3 is comprised of a manuscript in preparation named “Arylsulfatase I, 

expressed during cartilage maturation, reduces chondroitin sulfate levels”. In this 

manuscript, we show that ARSI is a novel cartilage PG sulfatase that is expressed in 

mature chondrocytes during endochondral ossification. The manuscript contains data 

from myself and collaborators (Dr. Amir Ashique, Dr. Katie Ovens, Mr. Devin Brown, Dr. 

Yuko Naito-Matsui, Dr. Hiroshi Kitagawa, and Dr. Brian Eames). Dr. Amir Ashique and 

Dr. Katie Ovens generated and analyzed the laser capture and RNA sequencing 

results; Mr. Devin Brown analyzed sulfation levels of chick humerus at the synchrotron; 

and Dr. Yuko Naito-Matsui and Dr. Hiroshi Kitagawa showed that ARSI is a PG 

sulfatase using Hela cells. Together with Dr. Brian Eames, I analyzed the gene list 

generated by RNA sequencing results and looked for potential sulfatases involved in 

cartilage maturation. I conducted histological and in situ hybridization analyses to better 

understand the developing chick growth plate and re-quantified sulfur levels in 

synchrotron images of chick humeri. I made sequencing comparison analyses of ARSI 

in different species, showed that ARSI is specifically expressed in vivo in mouse and 

chick mature cartilage, and showed that ARSI expression increases with time in vitro in 

ATDC5 cells. I wrote most of the manuscript and reworked most of the figures, graphs, 

and statistical analyses based on data provided by our collaborators. 

Chapter 4 focuses on the generation of transgenic (Tg) zebrafish lines 

overexpressing human ARS,I tagged with GFP or not, to investigate the biological 

function of ARSI during endochondral ossification. The absence of available Tg or 

mutant animal models for ARSI underscores the significance of this study. The chapter 

details the steps and outcomes of producing four putative Tg zebrafish using the 

Gateway-Tol2 system. All construct sequences were confirmed by enzymatic digestions 

and sequencing results. Nonetheless, expected green fluorescent protein (GFP) 

expression was not detected in the cartilages of the putative Tg zebrafish. 

Subsequently, human ARSI (hARSI) integration into the fish genome and the RNA 
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transcription in the putative Tg fish are demonstrated. Overexpression of ARSI protein 

was not proven, probably due to post-translational mechanisms. The final part of this 

chapter outlines experiments conducted to assess skeletal development and sulfur 

levels in the putative Tg fish, carried out in parallel with zebrafish genotyping. Putative 

Tg fish had increased potassium and sulfur levels in their ceratohyal and an increased 

perichondral bone in their hyomandibula. As it could not be demonstrated that the 

putative Tg fish overexpressed ARSI, the hypothesis and objectives for this chapter 

were partially addressed. More studies are needed to assess ARSI's biological function. 

Most of the experiments in this chapter were performed by me, including designing 

primers to check for the genomic integration of the constructs. Two summer students I 

co-supervised - Asawari Albal and Maya Berscheid - performed PCRs to amplify the 

col2a1a/hARSI and hARSI/EGFP regions. I designed, ordered, and prepared the 

reagents for the SUMF1 experiments. Maya Berscheid performed the SUMF1 injections 

and skeletal scoring of SUMF1-injected fish.  

Chapter 5 concludes the thesis with a general summary of the previous chapters, 

limitations of experiments, and future directions for this research.  

 

  



 4 

 

 CHAPTER 2: BACKGROUND 

This chapter includes a literature review written by me (pages 4 -21) and a 

review paper entitled: “Using zebrafish to test the genetic basis of human craniofacial 

diseases” which I wrote with Dr. Brian Eames (pages 22-38). The review paper was 

published in Critical Reviews in Oral Biology & Medicine in the Journal of Dental 

Research in 2017. I wrote all the sections of the review paper with input from Dr. Eames 

and made Figures 2 and 4. Figures 1 and 3 were prepared by Dr. Eames 

 

2.2 Literature Review 

2.2.1 Endochondral ossification 

In vertebrates, osteogenesis, or bone formation, is governed by two main 

processes: intramembranous and endochondral ossification. While both processes start 

with precursor mesenchymal cells, how those cells give rise to bone differs (Eames et 

al., 2003). During intramembranous ossification, mesenchymal cells are directly 

converted into bone and form intramembranous (dermal) bones, such as the flat bones 

of the skull, clavicles, and fin rays. On the other hand, during endochondral ossification, 

mesenchymal cells first differentiate into chondrocytes that generate a cartilaginous 

template for bone deposition (Long & Ornitz, 2013). Endochondral ossification starts 

during embryonic development and is responsible for the formation of endochondral 

(chondral) bones of most of the axial (ribs and vertebrae) and appendicular skeleton 

(e.g. upper and lower limbs) (Gilbert, 2000). Additionally, endochondral ossification is 

responsible for postnatal longitudinal chondral bone growth, and it can also be 

witnessed during pathological events like advanced cases of osteoarthritis and bone 

fracture healing (Aghajanian & Mohan, 2018; Kronenberg, 2003; Staines et al., 2013)   
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The multistep endochondral ossification process starts when undifferentiated 

mesenchymal cells migrate to presumptive skeletal regions in the embryos. 

Mesenchymal cells then change their adhesiveness to the ECM and aggregate with 

each other forming clusters. At the condensation stage, there is a transitory up-

regulation of the PGs versican and syndecan and molecules like N-cadherin, 

hyaluronan, and Neural Cell Adhesion Molecule (N-CAM), which are important to recruit 

cells, and maintain and stabilize the mesenchymal condensation (Figure 2.1A) (Eames 

et al., 2003; Hall & Miyake, 2000). Following mesenchymal condensation, mesenchymal 

cells differentiate into chondrocytes, which secrete an ECM that is rich in collagens 

(mainly Collagen Type II (COL2), but also Collagen type IX (COL9), and Collagen type 

XI (COL11)) and proteoglycans (mainly Aggrecan, ACAN) (Behonick & Werb, 2003; 

Mackie et al., 2011). Cells at the periphery of the condensation form an epithelium layer 

called perichondrium, which expresses collagen type I (COL1) and separates the 

cartilage template from the surrounding mesenchyme (Long & Ornitz, 2013) (Figure 

2.1B). At the same time that chondrogenesis is happening, the cartilage primordia starts 

to take the shape of the skeletal element for which it will serve as a template.  

After chondrogenesis, chondrocytes start a progressive maturation process 

inside the cartilage template, which proceeds outward from the center (diaphysis) to the 

ends (epiphyses) (Behonick & Werb, 2003) (Figure 2.1C). Inside the cartilage primordia, 

chondrocytes are organized in a differentiation continuum where immature cartilage 

(composed of resting and proliferative chondrocytes) is at the epiphysis, and mature 

cartilage (consisting of pre-hypertrophic and hypertrophic chondrocytes) is at the 

diaphysis. Depending on which stage of differentiation the chondrocytes are at, they 

express different genes and secrete distinctive molecules, including ECM molecules like 

collagens and PGs. For example, resting and proliferative chondrocytes express Col2 

and Acan, while hypertrophic chondrocytes exhibit high levels of Col10 but lower levels 

of Col2 and Acan, indicating their distinct differentiation state. (Behonick & Werb, 2003; 

Gomez-Picos & Eames, 2015; Karsenty & Wagner, 2002) (Figure 2.1C). 
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Figure 2.1 Overview of endochondral ossification. During embryonic development, mesenchymal 
cells migrate to presumptive cartilage areas. Changes in gene expression make those cells 
aggregate and form condensations where versican and hyaluronan are upregulated. (B) 
Mesenchymal cells differentiate into chondrocytes, which secrete an ECM rich in collagens and PGs 
and form a cartilaginous template. Mesenchymal cells from the border of the template form a 
perichondral layer which separates the cartilaginous template from the surrounding mesenchyme. 
(C) chondrocytes start a progressive maturation process from the epiphysis to the diaphysis. Resting 
(yellow) and proliferative (green) chondrocytes form the immature cartilage (IMM) region and 
prehypertrophic (red) and hypertrophic (blue) chondrocytes constitute the mature cartilage (MAT) 
region. The perichondral cells surrounding the MAT receive signals from hypertrophic chondrocytes 
stimulating their differentiation into osteoblasts, which deposit perichondral bone (bone collar) in the 
diaphysis. 

 

The following steps in the progression of endochondral ossification involve blood 

vessel invasion, cartilage degradation, and bone deposition, which initiate in the mature 

cartilage region area of the cartilaginous template influenced by hypertrophic 

chondrocytes. Hypertrophic chondrocytes increase their volume dramatically while 

secreting a specific ECM rich in COL10 that ultimately becomes mineralized (Gilbert, 

2000). They also have an important function in ECM remodelling by secreting enzymes 

such as matrix metalloproteinase 13 (MMP13), which cleave ECM in the mature 

cartilage and facilitate vascular invasion (Inada et al., 2004; Stickens et al., 2004). Most 
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hypertrophic chondrocytes go through cell death. At the same time, blood vessels 

penetrate this apoptotic cartilage bringing in red blood cells, chondroclasts, osteoclasts, 

and osteoblasts (Kronenberg, 2003; Long & Ornitz, 2013; Mackie et al., 2008; Mackie et 

al., 2011). Chondroclasts and osteoclasts degrade cartilage ECM and remove leftover 

chondrocytes in the site of vascular invasion. At the same time, osteoblasts start 

depositing trabecular bone in this same region which is the primary ossification centre 

(Ortega et al., 2004). More recent studies show that hypertrophic chondrocytes can also 

transdifferentiate into osteoblasts and participate in the formation of trabecular bone 

during development and disease (Aghajanian & Mohan, 2018). Similarly, secondary 

ossification centers are formed postnatally in the epiphyses of the chondral bones, 

where the trabecular bone is also deposited after the vascular invasion (Mackie et al., 

2008).  

Perichondral bone is an important contributor to the formation of the mature 

chondral bone. The literature often describes perichondral ossification as an 

intramembranous process since mesenchymal cells of the perichondrium layer 

differentiate directly into osteoblasts (Egawa et al., 2014). However, there is a need for 

crosstalk between cartilage and the mesenchymal cells for perichondral ossification to 

happen, which is not true for other intramembranous bones (Eames et al., 2003). 

Perichondral ossification starts in the bone diaphysis, where mature chondrocytes 

stimulate overlying mesenchymal cells to differentiate into osteoblasts by secreting 

molecules like Ihh (Egawa et al., 2014; Long et al., 2004; St-Jacques et al., 1999). 

Osteoblasts then deposit bone matrix, forming a bone collar surrounding the mature 

cartilage region (Figure 2.1C). Cartilage maturation, endochondral, and perichondral 

ossification proceed in a continuous and orchestrated way outwards from the diaphysis. 

Chondrocyte proliferation and consequent bone elongation cease after puberty leading 

to the fusion of the primary and secondary ossification centers and the formation of a 

complete mature chondral bone with just a thin cartilage layer left at its articular 

surfaces (Mackie et al., 2011; White & Wallis, 2001). Altogether, endochondral 

ossification is a complex process involving different cell types, transcription factors, 

growth factors, and distinct ECM microenvironments.  
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2.2.2 Cartilage extracellular matrix  

The cartilage ECM is mainly composed of collagens and PGs, and it starts to be 

deposited while cells differentiate into chondrocytes (Heinegard & Oldberg, 1989). The 

long-established view about cartilage ECM has been that PG and collagens work 

together to maintain cartilage structure and stability. While highly negatively charged 

PGs attract water to the tissue, the collagen fibres restrain the cartilage swelling, 

avoiding significant changes in its conformation (White & Wallis, 2001). More recent 

studies, however, uncovered that the ECM performs much more than a structural 

function. ECM is involved in cell migration, proliferation, differentiation, and death. 

Specifically, there is growing evidence that ECM has essential participation in the 

progression of events leading to endochondral bone formation, such as chondrocyte 

hypertrophy and matrix calcification (Behonick & Werb, 2003; Deutsch et al., 1995; 

Ortega et al., 2004).  

Essentially PGs are composed of a core protein and attached sulfated 

glycosaminoglycans (GAGs) (Figure 2.2 A); however, they present tremendous 

structural variation. Depending on protein core variations and on which GAGs are 

attached to them, PGs are classified into different types  (Schwartz & Domowicz, 2002). 

Examples of GAG classes are chondroitin sulfate (CS), composed of repeating 

disaccharide units of N-acetylgalactosamine (GalNAc) and glucuronic acid (GlcA) 

(Figure 2.2 B) and heparan sulfate (HS) composed of either Iduronic acid (IdoA) or GlcA 

and a D-glucosamine N-acetylglucosamine (GlcNAc) (Rabenstein, 2002; Wang et al., 

2016). CS and HS chains are linked to specific serine residues in the protein core of the 

PGs via a common tetrasaccharide link region composed of xylose, galactose, 

galactose, and glucuronic acid sugars (Prydz & Dalen, 2000). PGs may exhibit 

variations in the number and length of the attached GAG chains. Also, different sulfation 

positions increase the diversity of PG composition and function and will be further 

discussed later in this chapter (Habuchi et al., 2004). In cartilage ECM, the most 

abundant class of GAG is CS, which, attached to ACAN, forms chondroitin sulfate PGs 

(CSPGs) (Roughley & Lee, 1994). 
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PG synthesis is a complex multi-step process involving enzymes like 

glycosyltransferases, epimerases, and sulfotransferases. Briefly, it starts when PG core 

proteins are synthesized and translocated to the cell endoplasmic reticulum (ER), where 

the first monosaccharide of the tetrasaccharide link (xylose) is added to a specific serine 

residue in the core protein by a xylosyltransferase (Briggs & Hohenester, 2018; Brown & 

Eames, 2016). After that, the nascent PG is transferred to the cis Golgi network, where 

the other 3 sugars (galactose-galactose-glucuronic acid) are added by two 

galactosyltransferases and a glucuronyltransferase, respectively. (Kearns et al., 1993; 

Vertel et al., 1993). The addition of the repeating disaccharides by specific 

glycosyltransferases and their subsequent sulfation by sulfotransferases also occurs in 

the Golgi apparatus before PGs are targeted to the extracellular space, cell membrane 

or other organelles (Dick et al., 2012; Sugumaran et al., 1992). 

Mutations in PGs core proteins, GAGs elongation, PG secretion, or enzymes 

controlling post-translational modifications like sulfation can cause various diseases 

(Schwartz & Domowicz, 2002). Likely due to the abundance of PGs in skeletal tissues, 

mutations in PG synthesis genes are known to cause at least 20 different human 

skeletal diseases, including osteoarthritis, spondyloepimetaphyseal dysplasia, and 

diastrophic dysplasia (Brown & Eames, 2016; Schwartz & Domowicz, 2002). Animal 

models have also been used to understand further the extension of PG function during 

skeletal development, such as the cartilage-matrix-deficient (cmd), chondroitin-4-

sulfotransferase 1 (C4st1) deficient, and Xylosyltransferase 1 (Xylt1) deficient mice; 

nanomelic (nm) chicken; and fam20b and xylt1 zebrafish mutants. Interestingly, reduced 

levels of cartilage PGs in these animals lead to accelerated hypertrophy of 

chondrocytes, and early bone formation. Their bones were frequently decreased in 

length, and their growth plates presented diverse abnormalities, highlighting the 

importance of the PGs for a proper endochondral ossification (Domowicz et al., 2009; 

Eames et al., 2011; Kluppel et al., 2005; Mis et al., 2014; Orkin et al., 1977; Schwartz & 

Domowicz, 2002; Watanabe et al., 1994). The underlying mechanisms responsible for 

most observed phenotypes in animal models and human diseases have not been 

elucidated. 
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Once in the extracellular space, spatial immobilization of growth factors may be 

one of the most critical functions of PGs. PGs can serve as a sink, binding growth 

factors and making them unavailable to their receptors while protecting them from 

degradation; they can also bind growth factors enabling their diffusion toward target 

cells, or they can still act as coreceptors facilitating the binding of growth factors to their 

receptors. (Cortes et al., 2009; Lu et al., 2011; Schwartz & Domowicz, 2002). In this 

sense, the impact of PGs on growth factor signaling can vary, either positively or 

negatively, based on the growth factor, receptor, PG, and tissue being examined. The 

ability of different PGs to bind growth factors allows a spatial- and time-controlled 

presentation of these molecules to target cells, controlling the activation of signalling 

pathways and consequent changes in gene expression (da Costa et al., 2017; Esko & 

Selleck, 2002; Mizumoto et al., 2015).  

2.2.3 Proteoglycan sulfation and endochondral ossification 

PG sulfation may affect cartilage biomechanics and its biological function. 

Because most PGs are highly sulfated molecules, their negative charges attract water 

to the cartilage, increasing its compressive-resistant strength (Chahine et al., 2005). At 

the same time, the positions and levels of sulfation influence the binding of growth 

factors and PGs, leading to potential changes in gene expression (Cortes et al., 2009; 

da Costa et al., 2017; Otsuki et al., 2010; Rosen & Lemjabbar-Alaoui, 2010). 

Considering the high variability in PGs structure and the possibility of different sulfation 

positions, not all interactions between PGs and growth factors are well described. 

Examples of how sulfation levels affect the binding of GFs and PGs and gene 

expression come from animal models with perturbed PG sulfation (Cortes et al., 2009; 

da Costa et al., 2017; Otsuki et al., 2010; Rosen & Lemjabbar-Alaoui, 2010). For 

example, mice with undersulfated CSPGs have been found to have reduced binding of 

Indian hedgehog (Ihh) to non-sulfated CS, resulting in abnormal Ihh protein distribution 

in the extracellular matrix of their growth plates and diminished Ihh signaling. These 

mice also exhibited reduced expression of downstream targets of Ihh (Ptch1 and Gli1) 
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and Fgfr3. These findings suggest that sulfation reduction in CS may lead to changes in 

gene expression by altering Ihh binding and diffusion (Cortes et al., 2009). Ihh plays an 

important role in chondrocyte proliferation, and its reduced diffusion would lead to 

reduced chondrocyte proliferation and changes in chondrocyte maturation (Ohba, 

2016). 

Two classes of intracellular enzymes control PG sulfation: sulfotransferases and 

sulfatases, which catalyze the incorporation or removal of sulfate esters from GAGs, 

respectively (Figure 2.2 C and D)(Bulow & Hobert, 2006; Diez-Roux & Ballabio, 2005; 

Mougous et al., 2002). Sulfate moieties are attached to growing PG chains in the form 

of O – linked sulfate esters through the action of sulfotransferases. CSPGs, specifically, 

may be sulfated on the 4- (C4S) and 6- (C6S) carbons of the GalNAc sugar or the 2 

(C2S) -carbon of GlcA, but those sulfation positions vary in different GAGs (Kusche-

Gullberg & Kjellen, 2003; Uyama et al., 2007) (Figure 2.2 B-D). 
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Figure 2.2 Chondroitin sulfate proteoglycans, sulfation positions, sulfotransferases, and 
sulfatases.Proteoglycans are formed by a core protein with attached glycosaminoglycans at specific 
sites. Glycosaminoglycans are repeating disaccharides (represented in pink and blue). (B) 
Chondroitin sulfate glycosaminoglycans are formed by repetitions of GlcA and GalNac. These GAGs 
can be sulfated in different positions (carbons, 2, 4, and 6. Sulfation represented by yellow circles). 
(C) Sulfotransferases catalyze the transfer of sulfur from an activated donor, 3′-phosphoadenosine-
5′-phosphosulfate (PAPS), to molecules such as sugars. (D) Sulfatases catalyze the hydrolysis of 
sulfate-esters from molecules such as GAGs. (Figures C and D  Adapted from Mougous et al., 2022)  
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The regulation of sulfation levels in cartilage PGs has been shown to be critical 

for proper endochondral bone formation. Mice with mutations in genes such as Papss2  

(catalyze the synthesis of 3'-phosphoadenosine 5'-phosphosulfate - PAPs - sulfate 

donor) and Slc26a2  (sulfate transporter) showed that inadequate sulfation of PGs leads 

to a variety of skeletal defects, including reduced chondrocyte proliferation at growth 

plates, severe skeletal growth retardation, and delayed secondary ossification center 

formation (Cortes et al., 2009; Gualeni et al., 2013). Even though these are indications 

that PG sulfation regulates chondrocyte differentiation, how sulfur levels are modulated 

across endochondral ossification and the mechanisms by which sulfur dysregulation 

causes skeletal phenotypes are still to be revealed.  

Two examples that may help to elucidate the mechanism by which ECM 

sulfation, particularly CSPG sulfation, regulates endochondral ossification are seen in 

the C4st1-mutant mouse and the bm mouse (Kluppel et al., 2005). C4st1 stands for 

chondroitin-4- sulfotransferase 1 gene, which encodes an enzyme that adds sulfate 

groups to the 4-O-position in chondroitin. When this gene is mutated, mice have lower 

C4S levels, severe chondrodysplasia characterized by a disorganized cartilage growth 

plate, accelerated chondrocyte maturation, and dwarfism. Analysis of signaling 

pathways revealed upregulation of TGFβ signaling, downregulation of BMP signaling, 

and unaffected Ihh signaling in the C4st1-mutant mouse (Kluppel et al., 2005). Similarly, 

the bm mouse carries a mutation in the Papss2 gene, which catalyzes the synthesis of 

the universal sulfate donor PAPS in mammals (Stelzer et al., 2007). These mice have a 

severe undersulfation of CSPGs, significant reduction in chondrocyte proliferation, 

dome-shaped skull, and shortened limbs and tail (Cortes et al., 2009; Orkin et al., 1977; 

Schwartz & Domowicz, 2002). Using the bm mouse model, it was demonstrated that 

IHH binds to sulfated CSPGs, specifically ACAN, suggesting a mechanism in which 

CSPGs, together with Heparan sulfate PGs (HSPGs),  modulate IHH signalling by 

controlling its distribution across the growth plate (Cortes et al., 2009).  
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2.2.4 Sulfatases 

Sulfatases are a family of enzymes that hydrolyze sulfate esters from various 

substrates, such as glycolipids, steroids, and GAGs (Sardiello et al., 2005). This 

enzyme class is highly conserved regarding their sequence, catalytic site, and protein 

structure in prokaryotes and eukaryotes, suggesting that the sulfatase gene family 

shares a common ancestor. In prokaryotes, sulfatases mainly act as sulfur scavengers, 

removing sulfate groups from substrates to make them available for their hosts. Still, 

they also work in processes of osmoprotection and bacterial pathogenesis (Hanson et 

al., 2004). In eukaryotes, sulfatases participate in the turnover and degradation of 

sulfated molecules such as GAGs, the production of steroid hormones, and the 

modulation of cell signalling pathways (Obaya, 2006). The knowledge that sulfatases 

are implicated in diverse cellular processes has placed these enzymes as potential 

targets for developing therapies for diseases like cancers, osteoarthritis, and 

mucopolysaccharidosis (MPS) (Lai et al., 2008; Otsuki et al., 2010; Tomatsu et al., 

2010). 

The first mammalian sulfatases were identified by studying patients affected by 

MPS and metachromatic leukodystrophy (MLD). Those patients had an accumulation of 

GAGs or sulfolipids in their cells. It was observed that mutations in specific sulfatase 

genes lead to a block in catabolic pathways and consequent accumulation of those 

molecules in cells and tissues (Diez-Roux & Ballabio, 2005). After the completion of the 

human genome sequence, novel sulfatase genes were identified based on sequence 

similarities and incorporated into the sulfatase gene family. Today there are 17 reported 

sulfatase sequences in the human genome. The subcellular localization, physiological 

substrate, metabolic function, and disease involvement of many of these sulfatases 

remain to be discovered (Schlotawa et al., 2020). A summary of the 17 sulfatases is 

compiled in Table 2.1. 
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Table 2.1 Subcellular localization, substrates, and diseases related to human sulfatases 

Sulfatase Gene Subcelular 
localization 

Artificial 
substrate

Physiological 
substrate Related diseases Main disease 

manifestation 

Arylsulfatase A ARSA Lysosomal 4MUS, 
pNCS sulfatide

﻿Metachromatic 
leukodystrophy 

(MLD)

﻿Demyelinization of 
central and 

peripheral nervous 
system

Arylsulfatase B ARSB Lysosomal 4MUS GalN4S - (CS/DS)
﻿Maroteaux-Lamy 

syndrome 
(MPSVI)

﻿Dysostosis 
multiplex Corneal 

clouding

Arylsulfatase C ARSC ER 4MUS, 
pNPS steroid sulfates ﻿X-linked 

Ichthyosis (XLI)

﻿Dark scaly skin, 
Mild corneal 

opacities
Arylsulfatase D ARSD ER 4MUS unknown unknown unknown

Arylsulfatase E ARSE Golgi 4MUS unknown 
﻿Chondrodysplasia 

Punctata 1 
(CDPX1)

﻿Aberrant bone 
mineralization, 

Nasal hypoplasia, 
Short stature Distal 

phalangeal 
hypoplasia

Arylsulfatase F ARSF ER 4MUS unknown unknown unknown

Arylsulfatase G ARSG Lysosomal 4MUS GlcNS3S (HS) Usher syndrome 
type IV

Late onset of 
retinitis 

pigmentosa and 
progressive 

sensorineural 
hearing loss

Arylsulfatase H ARSH unknown unknown unknown unknown unknown
Arylsulfatase I ARSI unknown unknown unknown unknown unknown
Arylsulfatase J ARSJ unknown unknown unknown unknown unknown

Arylsulfatase K ARSK (TSULF) Lysosomal pNCS, 
pNPS

2-O-sulfate groups 
from D-glucuronate 

(HS/DS/CS)
MPSX

Short stature, 
coarse facial 
features and 
dysostosis 
multiplex 

﻿Galactosamine-
6- sulfatase

GalN6S 
(GALNS/GAL6S) Lysosomal 4MUS GalNAc6S (CS), 

Gal6s (KS)
Morquio A     
(MPS IVa)

﻿Severe skeletal 
abnormalities 

Corneal clouding

﻿Heparan-N-
sulfatase GlcNS (SGSH) Lysosomal 4MUS GalNs (HS)

﻿Sanfilippo A 
syndrome 
(MPSIIIA)

﻿Glucosamine-6-
sulfatase GlcN6S (GNS) Lysosomal 4MUS GlcNAc6S (HS), 

GlcNAc6S (KS)

﻿Sanfilippo D 
syndrome 
(MPSIIID)

Iduronate-2-
Sulfatase IdoA2S  (IDS) Lysosomal 4MUS IdoA2s (HS, DS) Hunter syndrome

﻿Dysostosis 
multiplex, 

Organomegaly,  
Mild to severe 

mental retardation

Sulfatase-1 Sulf-1 Cell surface 4MUS GlcNS(6S) (HS) unknown unknown
Sulfatase-2 Sulf2 Cell surface 4MUS GlcNS(6S) (HS) unknown unknown

﻿Hyperactivity, mild 
somatic features, 

Severe 
neurological 

manifestations 
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Initially, sulfatases were classified into two subgroups- arylsulfatases and non-

arylsulfatases - depending on their activity against small aromatic sulfated compounds 

such as 4-methylumbelliferyl sulfate (4-MUS) or p-nitrophenol sulfate (pNTS). 

Sulfatases that acted on those aromatic compounds were classified as arylsulfatases 

(ARS) (e.g., Arylsulfatase A, Arylsulfatase B, Arylsulfatase C) (Oshikawa et al., 2009). 

However, this nomenclature system needs to be revised since some of the newly 

discovered sulfatases were classified as arylsulfatases based on sequence homology 

even if their ability to cleave those aromatic compounds was either absent or not tested 

(e.g.,  Arylsulfatase H, Arylsulfatase I, Arylsulfatase J). Also, more recently, described 

sulfatases are being named “Sulf” (E.g. SULF1 and SULF2) even though they present 

arylsulfatase activity (Diez-Roux & Ballabio, 2005) (Table 2.1).  

Many sulfatases act against small aromatic sulfated compounds in vitro. Still, 

they seem very specific for their physiological substrates in vivo and have no or poor 

redundancy (Hanson et al., 2004). PG sulfatases are thought to act on specific sugars 

and sulfation positions within a GAG chain. For example, IDS catalyzes the hydrolyses 

of the C2 sulfate ester bonds of IdoA (2S) residues in dermatan sulfate and heparan 

sulfate; ARSB catalyzes the hydrolyses of the C4 sulfate ester bonds from GalNAc4S 

present in  CS and DS; and GALNS removes sulfate groups from C6 from GalNAc6S 

(CS) and  Gal6s (KS) (Bhattacharyya et al., 2014; Demydchuk et al., 2017; Rivera-

Colon et al., 2012) (Table 2.1). 

In eukaryotes, sulfatases are targeted to the secretory pathway and are 

glycosylated before being transported to the cell surface or different subcellular 

compartments, including the ER, Golgi complex, and lysosomes. Different cell 

localization indicates sulfatases have different substrates and functions (Brown & 

Eames, 2016) (Table 2.1). Enzymes that are present in lysosomes (e.g., ARSB, 

GALNS) participate in the molecular degradation pathway and have better enzymatic 

activity in acidic environments, while other sulfatases localized in the ER (e.g. ARSC, 

ARSD, ARSF) or secreted (e.g. Sulf1 and Sulf2) work better in a neutral pH (Hanson et 

al., 2004). There are some conflicting reports about the subcellular localization of some 

sulfatases (e.g. ARSI has been suggested to be secreted in the ECM and present in the 
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lysosomes (Obaya, 2006; Oshikawa et al., 2009), and it is still reported to be in Golgi at 

the Human Protein Atlas website (Ponten et al., 2008). ARSB has been reported as a 

lysosomal protein but has been localized on the cell surface of rat hepatocytes 

(Mitsunaga-Nakatsubo et al., 2009) (Table 2.1). It is unclear why these variations 

happen, but sulfatase subcellular localization might vary depending on the cell type 

analyzed (Ratzka et al., 2010). 

Sulfatases have similar sizes (500-800 amino acids), are extensively 

glycosylated, and have a highly similar active site which undergoes a unique post-

translational modification by the sulfatase modifying factor 1 (SUMF1). In eukaryotes, a 

specific cysteine residue in the sulfatase catalytic site is converted into formylglycine 

(FGly) by SUMF1 in the endoplasmic reticulum before sulfatases are sorted into 

different cell compartments. This modification is essential and limiting for the sulfatase 

catalytic activity (Cosma et al., 2003). Mutations in Sumf1 lead to a reduction of all 

sulfatase activities and a rare genetic disorder called multiple sulfatase deficiency 

(MSD). Patients affected by this condition present a combination of symptoms of single 

sulfatases deficiencies and a variety of phenotypes, including neurologic impairments, 

cardiac defects, and bone and cartilage abnormalities (Schlotawa et al., 2020; 

Settembre et al., 2008). The importance of sulfatases to human metabolism is further 

emphasized by at least eight human monogenic diseases caused by the deficiency of 

individual sulfatase activities (Hopwood & Ballabio, 2019) (Table 2.1). Most of these 

diseases are MPSs, where mutations in lysosomal sulfatases such as GALNS, ARSB, 

SGSH, G6S, and IDS block GAG degradation and lead to GAG accumulation inside the 

cell, loss of cellular functions, tissue damage and organ dysfunction (Diez-Roux & 

Ballabio, 2005; Neufeld & Muenzer, 2019). 

Due to their different compartmentalization at the subcellular level and ability to 

act on different substrates, sulfatases are involved in many cellular processes, including 

endochondral ossification and cartilage homeostasis (Jiang et al., 2020; Otsuki et al., 

2010; Settembre et al., 2008). Sulfatases that act on GAGs are particularly interesting 

for endochondral ossification since cartilage ECM contains large amounts of highly 

sulfated GAGs. Seven sulfatases are known to be involved in hydrolyzing sulfate esters 
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from GAGs. Among those, five are known to act on HS disaccharides and just two – 

ARSB and GALNS- on CS (Table 2.1). Sulfation levels of cartilage ECM have been 

shown to influence the binding and diffusion of signalling molecules and downstream 

gene expression (Brown & Eames, 2016; Cortes et al., 2009). By removing sulfate 

groups, sulfatases may influence those processes while allowing PG degradation and 

turnover (Settembre et al., 2008). Sulfate groups are attached to specific positions on 

the sugar chains of PGs, contributing to their structure and function. When sulfatases 

remove these sulfate groups, it causes structural changes in PGs, increasing their 

vulnerability to degradation by other enzymes. By exposing specific sites on the PG 

molecule, the removal of sulfate groups enables enzymes like proteases to efficiently 

break down the PG. This process facilitates the turnover of PGs, as they are 

continuously synthesized and degraded as part of regular physiological processes. 

An example of how sulfatase activity regulates chondrogenesis comes from a 

study that inhibited all sulfatase activity by knocking out the Sumf1 gene in mice. Sumf1 

mice mutants presented growth retardation, reduced length of long bones, spinal 

deformities, short and coarse skulls, and joint deformities (Settembre et al., 2007). 

Those skeletal phenotypes were caused by increased Fibroblast Growth Factor (FGF) 

signalling, decreased chondrocyte autophagy, proliferation, and differentiation 

(Settembre et al., 2008). Failures in endochondral ossification are also observed in 

patients and animal models with different kinds of MPS, which have mutations in 

specific lysosomal sulfatase genes (Table 2.1). The cellular and molecular mechanisms 

of MPS are not completely understood, but skeletal cells in MPS present elevated GAG 

storage and enlarged lysosomes. The GAG accumulation contributes to abnormal 

growth factor activity, disrupted cell cycle, and impaired autophagy, leading to 

endochondral ossification failures. These failures include delayed primary and 

secondary ossification center formation, impaired chondrocyte proliferation and 

hypertrophy, impaired longitudinal bone growth, and reduced calcification, among 

others (Jiang et al., 2020). 

Recently discovered extracellular sulfatases (SULF-1 and SULF-2) have also 

been described to control cartilage homeostasis. These enzymes localize to the cell 
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membrane and ECM and were shown to be overexpressed in the osteoarthritic cartilage 

(Otsuki et al., 2008). Follow-up studies showed that Sulfs work regulating the balance 

between BMP (promotes chondrogenesis and cartilage repair) and FGF (stimulates 

catabolic responses in chondrocytes) signalling to maintain cartilage homeostasis 

(Otsuki et al., 2010). Both BMP antagonists (noggin) and FGF ligands and receptors 

were shown to rely on HS to perform their functions in chondrocytes, so desulfation of 

HS by Sulfs leads to a release of noggin and a decreased FGF-HS complex formation, 

resulting in an enhancement of BMP and inhibition of FGF signalling in chondrocytes 

(Viviano et al., 2004; Wang et al., 2004). Considering the importance of different 

sulfatases for development and disease, the investigation of other sulfatases with still 

unknown functions is necessary (Table 2.1). 

2.2.5 Arylsulfatase-I (ARSI) 

The complete set of 17 human sulfatases genes was reported in 2005, where 

four sulfatases - Arylsulfatase H (ARSH), Arylsulfatase J (ARSJ), Arylsulfatase K 

(ARSK), and Arylsulfatase I (ARSI) - were added to the previous human sulfatases list. 

These novel sulfatases were identified through a sequencing comparison against known 

mammalian sulfatases and their catalytic sites; still, much of their biological and 

biochemical functions remain unknown (e.g., which are their physiological substrates 

and subcellular localization? Where/when are those sulfatases expressed during 

development? Which signalling pathways/diseases do they impact?)  (Sardiello et al., 

2005). Specifically, this thesis focused on studying ARSI and its involvement in 

endochondral ossification. This choice was made mainly because this sulfatase has 

been shown to be differentially expressed in mature cartilage and will be better 

explained throughout this section. Sequence similarities indicate that ARSI is closely 

related to ARSJ and the well-known ARSB. These three sulfatase genes are on human 

chromosome 5, have around 54% of sequence identities, and the proteins have 

conserved active sites. On the other hand, ARSI and ARSJ have a unique feature 

compared to the other sulfatases: they have just two coding exons, while other 
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sulfatases have 8 or more exons (Obaya, 2006). Phylogenetic analyses based on the 

protein sequences suggest that ARSI, ARSJ, and ARSB are derived from an initial gene 

duplication event of a primordial invertebrate Sul-3 gene, which generated two 

subfamilies. The first contains genes with 8 exons (ARSB), and the second contains 

genes with just 2 exons (ARSI/ARSJ). The ARSI/ARSJ sub-family underwent a second 

gene duplication event and sequence divergence, generating separate ARSI and ARSJ 

genes (Holmes, 2016). Besides containing fewer exons, ARSI and ARSJ genes seem 

shorter than ARSB. According to the database GeneCards (https://www.genecards.org) 

the ARSI gene size is 42,965 bases, while ARSB is 208, 879 bases long, and ARSJ is 

79,444 bases long. Interestingly, even though ARSI and ARSJ have fewer exons, the 

size of ARSI and ARSJ protein is very similar to other sulfases (between 500-600 aas).  

Even though similarities between ARSI and ARSB genes lead to speculations 

regarding the protein ARSI being lysosomal and acting similarly to the protein ARSB, 

studies focusing on the ARSI biochemical and biological roles are scarce and 

sometimes contradictory. The full-length cDNA of ARSI was first cloned in 2006 and 

used to transfect HeLa cells. ARSI-transfected cells showed no activity against 4-MUS 

(a known arylsulfatase substrate). Further western blot analyses of ARSI-transfected 

cells showed that ARSI was mainly in the cellular pellet, suggesting that this protein is 

bound to cellular organelles or membranes. Co-localization immunofluorescence was 

performed to check for ARSI presence in lysosomes, but the results were not clear 

(Obaya, 2006).  

The only other study regarding ARSI function overexpressed ARSI-FLAG in 

human spontaneously arising retinal pigment epithelia cell line (ARPE-19 cells). 

Interestingly, this study shows that, like other sulfatases, ARSI is activated by SUMF1 

through modification of Cys93 into FGly. ARSI arylsulfatase activity against 4-MUS was 

just observed in the conditioned media of cells co-expressing ARSI-FLAG and SUMF1. 

Conditioned media refers to the culture medium that has been exposed to living cells for 

a specific period, during which the cells release various secreted factors, such as 

growth factors, cytokines, hormones, and other signalling molecules. Western blot 

analyses of the soluble cellular extract, the insoluble cellular fraction, and the 
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concentrated cell medium showed ARSI-FLAG just in the insoluble cell fraction. 

However, when SUMF1 was co-expressed with ARSI-FLAG, the Western blot showed 

the presence of ARSI in cellular extracts and in the conditioned medium (after 

precipitation with Trichloroacetic acid (TCA), suggesting this enzyme is being secreted. 

SUMF1 might be needed for ARSI overexpression since this is a necessary and limiting 

factor for sulfatase activity. Immunofluorescence and confocal microscopy were used to 

localize ARSI, which was observed in intracellular granular structures and the ER but 

not in the lysosomes. The distribution pattern of ARSI-FLAG was similar regardless of 

the co-expression of SUMF1 data (Oshikawa et al., 2009). 

Little is known about ARSI expression in different cell types, tissues, organs, and 

developmental stages. Some existing expression data come from Northern blot 

analyses where ARSI expression was assessed in more than 15 adult tissues, 4 fetal 

tissues, and 7 cell lines, all from human. ARSI expression was observed in the placenta, 

fetal lung and kidney, and a cell line derived from a lung carcinoma (A549) (Obaya, 

2006).  Another study examined ARSI expression through the UniGene expressed 

sequence tag count database. Thirteen tissues expressing ARSI were found. The 

highest ARSI counts were in the placenta, followed by retinoic acid-treated embryonic 

stem cells, retinoic acid-treated NT2 embryonic carcinoma cell line, colon tumour, fetal 

eyes, and lens. RT-PCR was also performed to analyze ARSI expression in the 

following cell lines: ARPE-19); human retinoblastoma Y79; human embryonal 

carcinoma cell line NTERA-2 cl.D1 (NT2/D1); human fibrosarcoma cell line (HT-1080); 

and human adenocarcinoma cell line HeLa S3. ARSI was mostly present in ARPE-19 

and weakly expressed in NT2/D1 and HT-1080 (Oshikawa et al., 2009). Lastly, 

expression of ARSI in embryonic tissues, such as the eye lens, stomach, esophagus, 

and cartilage, was also observed by in situ hybridization (ISH) in mouse embryos at 

different developmental stages (Ratzka et al., 2010). The fact that ARSI is primarily 

present in fetal tissues and cancer cell lines may indicate that this enzyme participates 

in events of tissue remodelling which are very prominent during development and 

tumour growth. 
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The participation of ARSI in cartilage and bone development is not currently 

known. One indication that ARSI is present in developing bones comes from a study by 

Ratzka et al. in 2010. In this study, the mRNA expression pattern of 9 sulfatases, 

including Arsi (mouse transcripts of ARSI), was investigated in mouse embryos at 

different developmental stages (E12.5, E14.5 and E16.5) by ISH. Arsi expression was 

observed in Meckel's cartilage, the optic capsule, the parachordal plate (future 

basioccipital and basisphenoid bone), in the tips of the digits, and in the ulna 

prehypertrophic and hypertrophic chondrocytes partially overlapping Ihh domains. 

Interestingly, Arsi  expression was not observed in bone or immature cartilage in 

chondral bones (Ratzka et al., 2010). Recent RNA sequencing data from our research 

group – further discussed in Chapter 3 – also showed that Arsi was differentially 

expressed in mature mouse cartilage compared to immature cartilage during 

endochondral bone development, making it an interesting candidate gene to regulate 

cartilage maturation. 

One significant way to test for gene function is by creating animals that 

overexpress or do not express the gene of interest, observing their phenotypes, and 

checking for altered molecular pathways (Simmons, 2008). Animal models from various 

vertebrate classes, including mammals, birds, and fish, have been utilized to study 

genes involved in bone development and disease due to the conservation of gene 

function and homology of skeletal elements across species (Domowicz et al., 2009; 

Elefteriou & Yang, 2011; Kwon et al., 2019; Marí-Beffa et al., 2021). The use of 

zebrafish to interrogate gene function has been growing over the years due to many 

factors such as rapid and external development, quicker generational time, and large 

availability of embryos. The following review paper addresses the reasoning behind 

using zebrafish as an animal model to study candidate genes related to skeletal 

development, including a description of different molecular biology techniques to 

generate transgenic and mutant animals. 
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2.3 Review paper: Using zebrafish to test the genetic basis of human craniofacial 

diseases 

R. Grecco Machado and B. Frank Eames. Critical Reviews in Oral Biology & Medicine. 
Journal of Dental Research 2017, Vol. 96(11) 1192 –1199.  
https://doi.org/10.1177/0022034517722776 

Keywords: zebrafish genetics, GWA, transgenesis, CRISPR, non-coding mutations, 

adult phenotype 

2.3.1 Abstract  

Genome-wide association studies (GWAS) opened an innovative and productive 

avenue to investigate the molecular basis of human craniofacial disease. However, 

GWAS only identify candidate genes, but do not prove that any particular one is the 

functional villain underlying disease or just an unlucky genomic bystander. Genetic 

manipulation of animal models is the best approach to reveal which genetic loci 

identified from human GWAS are related functionally to specific diseases. The purpose 

of this review is to discuss the potential of zebrafish to resolve which candidate genetic 

loci are mechanistic drivers of craniofacial diseases. Many anatomic, embryonic, and 

genetic features of craniofacial development are conserved among zebrafish and 

mammals, making zebrafish a good model of craniofacial diseases. Also, the ability to 

manipulate gene function in zebrafish was greatly expanded over the past 20 years, 

enabling systems like Gateway Tol2 and CRISPR-Cas9 to test both gain- and loss-of-

function alleles identified from human GWAS in both coding and non-coding regions of 

DNA. With the optimization of genetic editting methods, large numbers of candidate 

genes can be interrogated efficiently. Finding the functional villains that underlie 

diseases will permit new treatments and prevention strategies, and also will increase 

understanding of how gene pathways operate during normal development. 
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2.3.2 Resolving the cliffhanger of human GWAS  

Genome-wide association studies (GWAS) opened an innovative avenue to 

investigate the molecular basis of human health and disease. These studies identify 

specific genomic loci that correlate with particular diseases (Dermitzakis & Clark, 2009).  

GWAS use either single nucleotide polymorphism microarrays, whole genome 

sequencing (WGS), or whole exome sequencing (WES) (Li et al., 2008; Rabbani et al., 

2014). WES scans only the coding regions of the genome, while the other two methods 

interrogate also non-coding regions. Currently, there are 7,723 GWAS in the GWAS 

Catalog, describing 31,231 unique SNP-trait associations (MacArthur et al., 2017), and 

these numbers will continue to increase dramatically in the future.   

In some ways, however, GWAS are classic cliffhangers, referring to old movies 

that end with a train hanging on the edge of a cliff, so that the customer will pay to see 

the next one. Unfortunately, resolution of a GWA cliffhanger often never comes. GWAS 

only identify candidate “mutations”, but do not prove that any particular one is the 

functional villain underlying disease or just an unlucky genomic bystander (Ioannidis et 

al., 2009). Statistical and computational analyses are necessary to prioritize which GWA 

candidates should be analyzed, but really to resolve the GWA cliffhanger, functional 

analyses of candidate mutations are necessary (Edwards et al., 2013; Leslie et al., 

2015).  

Genetic manipulation of animal models is the best approach to reveal which 

genetic loci identified from human GWAS are related functionally to specific diseases 

(Ioannidis et al., 2009). Given this technical reliance, suitable animal models to resolve 

the GWA cliffhanger need to have extensively studied genomes. The mouse is most 

often employed, since it is evolutionarily closer to humans and thought to have the most 

“human-like” physiological processes, embryonic morphogenesis, and gene expression 

and function (Lieschke & Currie, 2007). However, high costs of maintenance, low 

fecundity, and in utero embryonic development lead to practical difficulties using mice to 

test GWA candidates, especially in large scale (Lieschke & Currie, 2007; Van Otterloo 

et al., 2016). Compared to mice, zebrafish have lower maintenance costs, higher 
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fecundity rates, external fertilization and development (in ovo), quick maturation, and 

more transparent embryos. Due to an increasing appreciation for conservation of gene 

function and cell and tissue processes among vertebrates (O'Brien et al., 2004), 

zebrafish (Danio rerio) has become increasingly popular to model human skeletal and 

craniofacial diseases (Van Otterloo et al., 2016).  

The purpose of this review is to discuss the potential of zebrafish to resolve 

which candidates from human GWAS are mechanistic drivers of craniofacial diseases. 

We highlight anatomic, embryonic, and genetic features of craniofacial development 

that are conserved among mammals and zebrafish, and current molecular genetic 

techniques to manipulate gene function in zebrafish. 

2.3.3 Zebrafish as a genetic model of human craniofacial disease 

The once fanciful idea that gene function and even complex developmental 

processes are heavily conserved among disparate animal clades is now accepted 

scientific dogma. Indeed, craniofacial development employs almost the same 

embryological processes and molecular pathways in most vertebrates. Neural crest and 

mesodermal progenitor cells migrate to homologous regions of the head, and, through 

conserved molecular and cellular interactions, homologous elements of the vertebrate 

craniofacial skeleton take shape (Santagati & Rijli, 2003; Yelick & Schilling, 2002). 

Therefore, vertebrate models can provide insights into the genetic causes of human 

craniofacial defects. 

How is a zebrafish skull related to that of mammals?  By some measures, any 

comparison is immediately called into question. The adult zebrafish skull has 73 bones, 

whereas its mammalian counterpart only has approximately 22 (Mork & Crump, 2015). 

These vastly different numbers are misleading, however, since most mammalian head 

bones have homolog(s) in fish (Figure 2.3). For example, in both zebrafish and 

mammalian skulls, the cerebrum is protected by frontal and parietal bones, the dentary 

is a lower jaw bone surrounding Meckel’s cartilage, and an occipital complex protects 
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the brain stem (Cubbage & Mabee, 1996; Richardson et al., 2014). And yes, zebrafish 

have teeth (Huysseune et al., 1998). Of course, there are also clade-specific 

adaptations that can mask underlying homologies. Zebrafish teeth are not strictly 

homologous, since they do not form in the mouth, as in mammals, but are located along 

the most posterior pharyngeal skeletal element (Huysseune et al., 1998). In perhaps the 

best-known example, mammalian middle ear ossicles are homologous to bones of the 

zebrafish jaw joint (Anthwal et al., 2013). Other craniofacial discrepancies in mammals 

compared to fish are the loss of posterior pharyngeal skeletal elements and the addition 

of a nasal airway separate from the mouth, massively transforming the palate.  

 

Figure 2.3 - Conservation of skeletal anatomy between zebrafish and mouse skulls. Optical 
projection tomography (OPT) projection images of an adult zebrafish skull and microCT 3D 
renderings of an adult mouse skull are color-coded for easily visible homologous skeletal elements 
that retain the same name (only left side of midline elements are colored in dorsal views).  Additional 
homologous bones are not depicted, because they are either not visible easily or have different 
names.  *Although the exact relationships can be unclear, the mammalian occipital might be 
homologous to a fusion of several zebrafish bones, including the epioccipital, exoccipital, 
supraoccipital, and basioccipital (all colored red).  Many other examples of putative fusions, or 
alternatively, simple evolutionary losses, might explain the decreased number of skeletal elements in 
the mouse skull compared to that of the zebrafish. (Mouse images courtesy of Nathan Young) 
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Despite some anatomical differences in the craniofacial skeleton between 

zebrafish and mammals, homologous regions share an incredible amount of cellular 

and molecular features (Mackay et al., 2013; Medeiros & Crump, 2012). For example, 

even though zebrafish form teeth in their throats, the molecular pathways mediating 

tooth formation are conserved among zebrafish and mammals (Harris et al., 2008). 

While later stages of mammalian palate formation do not occur in zebrafish, such as 

morphogenesis of the palatal shelves, cellular and molecular control of early events are 

conserved (Ghassibe-Sabbagh et al., 2011; Swartz et al., 2011). For instance, pdgfra 

mutant zebrafish demonstrated neural crest migration defects in palatal precursors 

(Eberhart et al., 2008), and subsequent human studies confirmed that PDGFRA 

mutations are associated with cleft palate (Rattanasopha et al., 2012). Finally, 

molecular pathways of skeletal cell differentiation are also highly conserved between 

zebrafish and mammals. Due to such findings, studying zebrafish craniofacial 

development can shed light on the etiology of human craniofacial diseases. Indeed, 

many human craniofacial diseases have been modelled in zebrafish (Mork & Crump, 

2015). 

Before discussing molecular genetic tools available to probe candidate 

craniofacial disease-causing genes, a few notes are necessary on the similarities and 

differences between zebrafish and human genomes. Completion of the zebrafish 

genome project allowed a direct comparison with the human genome (K. Howe et al., 

2013). 71% of human genes have orthologs in zebrafish, and 82% of the human genes 

bearing morbidity descriptions at the Online Mendelian Inheritance in Man (OMIM) have 

zebrafish orthologs.  Interestingly, 76% of human genes identified in GWAS have at 

least one zebrafish ortholog (K. Howe et al., 2013). This high degree of gene similarity 

supports the use of zebrafish to model human diseases.  

Far before the zebrafish genome was sequenced, however, it was argued that 

the ancestor of teleost fish underwent a whole genome duplication event approximately 

340 million years ago, in principle giving that fish two copies of most genes that are 

found in mammals today (Postlethwait et al., 2000). Although this might present a major 
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problem using zebrafish as a genetic model for human diseases, the case is not that 

dire. Duplicated genes might be lost by attrition (nonfunctionalization), divide the original 

functions of the ancestral gene among the duplicates (subfunctionalization), evolve a 

new function (neofunctionalization), or simply function redundantly (Glasauer & 

Neuhauss, 2014). Nonfunctionalization appears to be the most common fate for genes 

duplicated in the ancestral teleost, a fact that helps greatly using zebrafish as a genetic 

model of human disease. Estimates suggest that only 20-30% of mammalian genes 

have two co-orthologs in zebrafish today (Postlethwait et al., 2000; Woods et al., 2005). 

Subfunctionalization among some of these remaining duplicates can favor genetic 

studies in zebrafish, because it permits analyses of traits that might be masked by 

pleiotropy when the single mammalian copy is targeted (Postlethwait et al., 2004). So 

really, only neofunctionalization and redundancy complicate the use of zebrafish to 

model genetics of human disease. In the case of redundancy, phenotypes might only 

emerge if both co-orthologs are targeted, but new techniques make such an approach 

feasible. 

2.3.4 The ever-expanding toolkit to interrogate gene function in zebrafish 

Over the past two decades, the ability to manipulate gene function in zebrafish 

has grown dramatically (Figure 2.4). From mutagenesis and transgenesis protocols to 

morpholinos and site-specific gene editting, zebrafish has now surpassed the utility of 

mouse by many accounts. Historically, zebrafish emerged as a genetic model in the 

80’s (Streisinger et al., 1981), but this role was enhanced exponentially by large forward 

genetic screens in the 90’s (Driever et al., 1996; Haffter et al., 1996). While these 

studies isolated 48 mutations related to craniofacial development, the random feature of 

forward genetic approaches make them less useful to test promising candidate genes 

from GWAS. Reverse genetic approaches in zebrafish, however, interrogate the 

function of a candidate gene in a more efficient manner. 
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Figure 2.4 - Landmarks in zebrafish genetic research have increased the number of published 
studies. Data from SCOPUS shows how publications with the term “zebrafish” (red line) have 
increased over the past three decades. This increase is accompanied by hallmarks in genetics that 
facilitated the manipulation of gene function in zebrafish. 

 

2.3.4.1 Gain-of-function approaches 

 

Transgenic techniques permit evaluation of the normal function of a given gene, 

and in the case of diseases that demonstrate dominant inheritance (i.e., gain-of-function 

alleles), can be used to reveal causative genes from human GWAS. The most common 

transgenic technique is the Gateway Tol2 system, which flanks the gene of interest with 

two Tol2 recombination cis sequences (Kawakami, 2007). The Tol2 construct is mixed 

with Tol2 transposase mRNA and microinjected into early zebrafish embryos, where it is 

then inserted randomly into the zebrafish genome (Kawakami, 2007). Transgenic 

approaches are gain-of-function approaches, allowing elucidation of the normal function 

of a candidate gene or the dominant function of a particular allele identified from GWAS. 
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By contrast, transgenic approaches are not useful if the candidate allele identified from 

GWAS is a loss-of-function allele. 

To elucidate which cell lineage might drive human disease, the Gateway Tol2 

system can target specific cell lineages using cell-specific gene enhancers (Figure 2.5). 

Visualizing those cells by confocal microscopy or even time-lapse movies in transgenic 

or mutant backgrounds reveals the effects of a given gene on the location and/or 

behavior of those cells (Le Pabic et al., 2014; McGurk et al., 2014). Diverse transgenic 

reporter lines allow the visualization of skeletal lineages at different stages of 

differentiation in zebrafish embryos/larvae, including: sox10:EGFP (Wada et al., 2005) 

and fli1a:EGFP (Lawson & Weinstein, 2002) for neural crest cells; sox9a:EGFP (Eames 

et al., 2013) and col2a1a:EGFP  (Dale & Topczewski, 2011) for chondrocytes; and 

sp7:EGFP  (DeLaurier et al., 2010) and RUNX2:EGFP (Knopf et al., 2011) for 

osteoblasts, among many others (Hammond & Moro, 2012). Reporter lines also have 

cells that glow in response to growth factor signalling or manipulate activity of signalling 

pathways known to be involved in craniofacial development and disease (Moro et al., 

2013). Consequently, the ability to observe signalling and specific cell lineages helps 

reveal the molecular and cellular basis of craniofacial morphogenesis and disease 

(McGurk et al., 2014). 
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Figure 2.5 - Transgenic zebrafish highlight specific cell lineages and/or growth factor signaling 
activity. Confocal projections of the zebrafish ceratohyal demonstrate cells of developing cartilage 
(A, sox9a:EGFP) or bone (B, sp7:EGFP) in living animals.  Other transgenic zebrafish lines reveal 
which cells are responding to growth factor signalling, such as BMP signalling (C, BRE:EGFP), 
producing similar results to more traditional immunocytological techniques (D, anti-phospho-
Smad1/5/8), except that the former approach can be done in living animals. 
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2.3.4.2 Loss-of-function approaches 

 

Morpholino oligomers (MOs), or modified antisense oligonucleotides that affect 

mRNA translation or splicing, were one of the first reverse genetic tools to knock down 

specific gene function (Figure 2.4) (Nasevicius & Ekker, 2000). Allowing rapid, albeit 

transient, knockdown upon injection into early embryos, MOs can help to identify 

causative genes identified from GWAS (Bielczyk-Maczynska et al., 2014; Liu et al., 

2013). 

Results from MOs should be carefully controlled for the effectiveness of gene 

knockdown, possible off-target effects, and non-specific toxicity (Eisen & Smith, 2008). 

The need for so many controls to validate MO knockdowns might make them less 

attractive, since one of their advantages is the rapid knockdown and assessment of 

gene function. Probably because of these drawbacks, up to 80% of gene mutations 

made via other approaches failed to recapitulate the morphant phenotypes (Kok et al., 

2015; Law & Sargent, 2014). 

Without a doubt, the development of sequence-specific nucleases for genome 

editting was a great breakthrough for loss-of-function studies in zebrafish (Gaj et al., 

2013). The customization of these systems to recognize and bind to any desired 

position in the genome and create double-strand breaks (DSBs) finally brought the 

study of gene function in zebrafish up to levels achieved in mouse (Bedell & Ekker, 

2015). DSB repair is error-prone, resulting in insertions and deletions (indels) that 

typically cause null alleles if the 5’ end of a gene is targetted (Gaj et al., 2013). By 

introducing a custom-made template during DSB repair, specific DNA sequences of 

interest can be introduced at the target site (Gaj et al., 2013).  Template-driven repair 

can 1) replace a critical exon with a reporter protein (simultaneously creating a loss-of-

function in your gene of interest and a lineage-specific marker for your cell of interest); 

2) “knock-in” a point mutation identified from human GWAS into the coding sequence; 

or 3) introduce loxP sites around your gene of interest to make a conditional loss-of-
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function allele. However, the ease of the non-template repair approach makes it more 

common currently. 

Zinc finger nucleases (ZFNs) were the first tools for site-specific genome 

modification in zebrafish (Figure 2.4)(Doyon et al., 2008; Meng et al., 2008), followed 

closely by Transcription activator-like effector nucleases (TALENs)(Cade et al., 2012). 

Both ZFNs and TALENs bind specific, nearby genomic sequences on opposite DNA 

strands, producing a DSB in the targetted genomic region (Li et al., 2016). Although 

TALENs generate higher rates of deletions than insertions compared to ZFNs (Kim et 

al., 2013), the functions of ZFNs and TALENs are similar. TALENs present some 

advantages over ZFNs, because they are easier to design and present a higher 

targetting efficiency and lower off-target effects (Gaj et al., 2013). 

For a relatively short time, TALENs led gene function studies in zebrafish (Figure 

2.6) (Bedell et al., 2012), including validation of human GWA candidate genes (Mackay 

et al., 2013). For example, WES from a patient with syndromic colobomatous 

microphthalmia, with ocular and craniofacial phenotypes, suggested EFTUD2 as a gene 

of interest (Deml et al., 2015). The zebrafish homolog eftud2 was mutated using 

TALENs, and mutants presented reduced head size, small eyes, and massive cell 

death.  Similarities between the phenotypes of the patient and mutant zebrafish 

suggested that eftud2 has an important conserved role during vertebrate craniofacial 

development (Deml et al., 2015). Analyses of zebrafish eftud2 mutants could reveal 

mechanisms and potential treatments of this human disease. 

And just as TALENs became the poster child for genome editting in zebrafish, 

along came the CRISPR-Cas9 system, which uses guide RNAs (gRNAs) to direct the 

Cas9 protein to generate a DSB at a specific genomic sequence (Ran et al., 2013).  

Compared to ZFNs and TALENS, the CRISPR-Cas9 system is cheaper to use, is easier 

to design and assemble, reduces off-target effects, and generates mutations six times 

more efficiently (Varshney et al., 2015). CRISPR-Cas9 was both efficient and robust in 

zebrafish, generating indels at 8 of 10 targetted genes using 11 different gRNAs 

(Hwang et al., 2013).  Besides creating indels that often produce null alleles, the 
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CRISPR system can generate knock-ins (Hruscha et al., 2013), multiple knockouts (Ota 

et al., 2014), and conditional knockouts (Yin et al., 2015). The future is bright for 

expanding utilization of the CRISPR system, such as high-throughput mutagenesis 

screens (Varshney et al., 2015). 

Data from ZFIN, the Zebrafish Model Organism Database (http://zfin.org), 

illuminate not only the history of techniques that alter gene function in zebrafish, but 

also future trends. ZFIN is an extensive online resource that assembles zebrafish 

genetic, genomic, phenotypic, and developmental data (D. G. Howe et al., 2013) . 

Maybe because of the advantages of the CRISPR system compared to TALENs, ZFIN 

already reports 1982 CRISPR-mediated vs. 372 TALEN-mediated mutations. MOs still 

lead the way with 8935 search results, given their historical precedence. Considering 

the versatility of the CRISPR-Cas9 system and the suitability of zebrafish as an animal 

model to study gene function and development, we note that the number of publications 

of mutations in zebrafish genes using CRISPR-Cas9 is increasing exponentially (Figure 

2.6)  

 

 



 35 

Figure 2.6. CRISPR has eclipsed the dominance of morpholino oligomers (MOs) in zebrafish 
research. Number of scientific papers employing specific methods to modify gene expression in 
zebrafish over the years was tracked searching SCOPUS for the terms “zebrafish” and “ZFN” (zinc 
finger nuclease), “TALEN” (transcription activator-like effector nuclease), “CRISPR” (clustered 
regularly interspaced short palindromic repeats), or “morpholino”. Publications with ZFNs and 
TALENs did not increase much since their use in zebrafish in 2008 and 2011, respectively. MOs, 
first used in zebrafish in 2000, had the lead in the publication numbers until 2015, when it was 
surpassed by CRISPR, which appears to be increasing exponentially since its development in 2013. 

 

Modulating zebrafish genes with CRISPR-Cas9 already led to understanding 

how human GWA candidate genes might cause syndromes with craniofacial 

phenotypes (Kury et al., 2017; Shaw et al., 2017). A WES of individuals presenting a 

variety of craniofacial and neurological defects identified deletions and point mutations 

in PSMD12 (Kury et al., 2017). To demonstrate a causative role for this gene, the 

orthologous zebrafish gene psmd12 was disrupted by CRISPR-Cas9. Zebrafish psmd12 

mutant larvae presented a variety of craniofacial defects, including microcephaly and 

altered skeletal element patterning. Accordingly, Psmd12 is important for proper 

craniofacial development, and abnormalities in psmd12 loss of function zebrafish 

resembled those seen in human patients with PSMD12 mutations (Kury et al., 2017).  

Through WES and WGS studies of 40 patients and their families, mutations in SMCHD1 

were candidates for arhinia (absence of external nose) and associated craniofacial 

defects (Shaw et al., 2017). smchd1 function was evaluated in zebrafish by MOs and 

CRISPR-Cas9.  Morphants and mutants had similar craniofacial phenotypes, including 

microphthalmia and altered skeletal patterning. Interestingly, morphant phenotypes 

could be rescued by WT SMCHD1 mRNA, but not three recurrent arhinia-associated 

human mRNA variants (Shaw et al., 2017). This last result demonstrates the ability to 

use zebrafish to analyze whether mutant alleles identified from human GWAS might be 

null or hypomorphic alleles. Once a null mutation in zebrafish is established using 

CRISPR-Cas9, if a good assay exists to assess gene function (i.e., biochemical or 

phenotypic), then rescue experiments can be performed by injecting wild-type or mutant 

alleles into mutant embryos. Hypomorphic mutant alleles should rescue only partially 

the mutant phenotype, while null alleles should not rescue at all. 
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Regardless of the chosen method to analyze gene function, dosage of MOs, 

enzymes, and RNAs injected into zebrafish embryos need to be controlled carefully. 

Concentrations below the optimal values will not generate phenotypes. On the other 

hand, excessive concentrations can lead to embryonic lethality and off-target effects, 

causing phenotypes that are not really related to the target gene (Lawson, 2016). In the 

case of MOs that are coinjected with mRNA to rescue the morphant phenotypes, for 

example, two dosages must be considered (Eisen & Smith, 2008). For ZFNs, effective 

doses reported in the literature vary by more than 1000-fold, ranging from 5ng (Doyon 

et al., 2008) down to 5pg (Meng et al., 2008). Cas9 and gRNA concentrations need 

optimization, and when targeting multiple genes at once, each individual gRNA ideally 

should be optimized (Shah et al., 2015). Dose-response curves for each of these 

reagents should reveal a reasonable balance between phenotypic efficiency and toxicity 

in the zebrafish embryos. 

2.3.5 Mutations in non-coding genomic regions 

Many GWA candidate mutations actually are located in non-coding genomic 

regions, raising the prospect that cis-regulatory element (CRE) mutations are causing 

the disease (Bhatia et al., 2015).  Although non-coding regions once were considered 

“junk DNA”, they can control where, when, and at what levels genes are expressed 

(Bhatia & Kleinjan, 2014). Mutations in CREs already have been implicated in a wide 

range of craniofacial diseases (Attanasio et al., 2013; Leslie et al., 2015). One way that 

CRE mutations can cause disease is by altering essential transcription factor binding 

sites  (Bhatia et al., 2015). However, CREs often are located very far from their target 

genes (sometimes megabases away), hidden in introns or gene deserts, making it hard 

to correlate them with their specific target genes. Perhaps because of this challenge, 

most functional studies of GWA candidate mutations focus on coding regions (Attanasio 

et al., 2013). 

Accepting this challenge, zebrafish are a good model to study candidate human 

non-coding sequences for many reasons. First, important CREs are highly conserved 
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among humans and zebrafish (Woolfe et al., 2005). Second, even if nucleotide 

sequence varies among zebrafish and human CREs, they often retain transcription 

factor binding activity and overall function (Taher et al., 2011). Third, specific CREs can 

be targetted using the genomic editting techniques detailed above. Finally, transgenic 

assays to test potential CRE functions are simply easier and quicker in zebrafish than in 

mice (Bhatia et al., 2015; Woolfe et al., 2005), and CRISPR-Cas9 approaches even 

permit high-throughput dissection of non-coding elements (Wright & Sanjana, 2016). 

Mutations in non-coding genomic regions identified from GWAS of human 

craniofacial disease have been studied in zebrafish.  13 genomic regions identified from 

published GWAS on nonsyndromic cleft lip with or without cleft palate underwent 

targetted sequencing in over 4000 patients, revealing 66 candidate mutations (Leslie et 

al., 2015). Of these, 63 were in non-coding regions (including 11 in predicted CREs). 

Functional analysis of a non-coding mutation at the FGFR2 locus was performed in 

zebrafish, since this gene is known to participate in craniofacial development and 

disease (Stanier & Pauws, 2012). The wild-type allele of this putative human CRE 

(located 254.6Kb downstream of the FGFR2 transcription start site) was cloned into a 

plasmid containing a basal promoter driving GFP expression and injected into zebrafish 

embryos. Indeed, this human CRE drove expression in the zebrafish neural keel, brain, 

and neural crest, sites of endogenous fgfr2 expression. On the other hand, mutations of 

this putative human CRE showed reduced enhancer activity in zebrafish compared to 

the wild-type sequence, suggesting that the identified mutation suppresses a neural 

crest enhancer that regulates FGFR2 expression (Leslie et al., 2015). 

2.3.6 Zebrafish can reveal gene functions in late development 

Increasingly, adult zebrafish phenotypes are being examined, since some 

physiologic processes, such as bone turnover, repair, and remodeling, must be studied 

later in life (Mariotti et al., 2015). Gene knockdown by MOs is transient, precluding study 

of juvenile and adult phenotypes. Methods that produce heritable mutations, such as 

ZFNs, TALENs, and CRISPR-Cas9, enable analyses of all developmental stages. While 
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some mutations are incompatible with life, conditional mutant strategies allow the study 

of these mutants in later periods of development (Maddison et al., 2014). Also, viable 

zebrafish mutants have shed light on nonlethal human birth defects. For example, the 

zebrafish Chihuahua mutant exhibitted normal cartilage formation, but had a general 

defect in bone growth and mineralization that led to bone fragility, resembling 

osteogenesis imperfecta (OI) in humans (Fisher et al., 2003).  Indeed, Chihuahua 

zebrafish had a mutation in col1a1a, encoding one of the co-orthologues of human 

COLLAGEN TYPE 1, ALPHA 1, which is one of two causative genes that account for 

90% of OI (Benusiene & Kucinskas, 2003). In another example, mutations in the 

Ectodysplasin (Eda) pathway in zebrafish cause ectodermal defects that resemble 

those in humans with hypohidrotic ectodermal dysplasia, caused by Eda pathway 

mutations (Harris et al., 2008; Lind et al., 2006). 

Viable craniofacial mutants can also be used to investigate the process of 

endochondral ossification during development and disease. Zebrafish larvae with 

mutations in genes encoding proteoglycan (PG) synthesis enzymes (xylt1 and fam20b) 

exhibitted a reduction in cartilage PGs and an accelerated endochondral ossification in 

their craniofacial skeletons (Eames et al., 2011). Interestingly, these mutants grow into 

viable adults with more dramatic phenotypes, exhibiting severe reductions to the size of 

the craniofacial skeleton, foreshortened upper and lower jaws, hypoplastic midface, and 

bulging eyes. Humans with Raine syndrome have mutations in FAM20C and display 

similar facial dysmorphies as seen in fam20b mutant zebrafish (Simpson et al., 2009), 

suggesting that these zebrafish can be a model to help understand the etiology of Raine 

syndrome. 

2.3.7 Conclusion 

Advances in genome sequencing technologies allowed GWA studies to identify 

many human genes that are candidates to generate craniofacial disease when mutated.  

Even though it is exciting to have so many candidate genes, efficiently translating these 

findings into clinical applications depends upon functional verification that the mutation 
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causes the disease phenotype. While the general population has been bombarded for 

many years with promises that genome sequencing will lead to disease cures, scientists 

are also eager to show that GWAS will be a major step in translational research. Among 

the available animal models, zebrafish can be used to test rapidly and efficiently a large 

number of candidate genes for craniofacial diseases. Specifically, the Tol2 and 

CRISPR-Cas9 systems allow for customized genetic manipulation of zebrafish, enabling 

tests of both gain- and loss-of-function alleles identified from human GWAS. 

Considering zebrafish as the star of the next chapters of this story, resolution of the 

GWA cliffhanger seems to be closer every day. Validation of the functional villains of 

diseases is critical to understand gene pathways, purpose new treatments, and develop 

prevention strategies for diseases. We expect that, with the optimization of zebrafish 

genome editting techniques, this validation can happen in a faster and more reliable 

way in the coming years. 
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2.4 Hypothesis and specific aims  

 

To identify novel candidate genes controlling cartilage maturation during 

endochondral ossification, I searched for genes differentially expressed in developing 

mature cartilage compared to immature cartilage. Arsi appeared to be a promising 

candidate gene since its mRNA was shown to be highly expressed in mature cartilage 

by Ratzka et al. and our recent RNA sequencing results confirm this gene is 

differentially expressed in mouse mature cartilage (Ratzka et al., 2010). This led to our 

hypothesis that ARSI decreases sulfate ester levels in mature cartilage thus promoting 

endochondral ossification 

To investigate our hypothesis five specific aims were considered: 

1. To analyze the protein and mRNA expression pattern of ARSI, and two 

other known chondroitin sulfate sulfatases -GALNS, and ARSB- on mature 

and immature cartilage in the chicken humerus (Chapter 3).  

2. To assess ARSI protein expression in sections of mouse humerus and 

during ATDC5 chondrogenic differentiation (Chapter 3). 

3. To generate transgenic zebrafish lines overexpressing ARSI (Chapter 4) 

4. To assess if ARSI controls sulfur levels during cartilage maturation using 

transgenic zebrafish (Chapter 4) 

5. To analyze if ARSI promotes endochondral ossification in vivo in 

transgenic zebrafish (Chapter 4) 
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 CHAPTER 3: ARYLSULFATASE I, EXPRESSED DURING CARTILAGE 
MATURATION, REDUCES CHONDROITIN SULFATE LEVELS 

Rafaela Grecco-Machado1, Devin S. Brown1, Mark J. Hackett2, Yuko Naito-

Matsui3, Amir Ashique1, Katie Ovens4, Ian McQuillan4, Hiroshi Kitagawa3, Ingrid J. 

Pickering5, Graham N. George5, B. Frank Eames1* 

 

This chapter is comprises a manuscript in preparation containing data from 

myself and collaborators (Dr. Amir Ashique, Dr. Katie Oven, MSc. Devin Brown, Dr. 

Yuko Naito-Matsui, Dr. Hiroshi Kitagawa, and Dr. Brian Eames). I wrote the manuscript, 

organized most of the figures, graphs, and statistics, and analyzed the results. More 

specifically, I did all the experiments and analyses for figure 3.1 and for figures 3.7 to 

3.14. MSc. Devin Brown generated the data for figures 3.2 and 3.4. Using his 

specimens, I quantified sulfur, sulfate esters, and taurine levels on chick samples and 

made the graphs and statistical analyses. MSc. Devin Brown also generated the data 

and figures 3.3 and 3.5 which I formatted. Dr. Amir Ashique and Dr. Katie Oven 

generated and analyzed the laser capture and RNA sequencing results. Using their 

data, I looked for ARSI expression and made figure 3.6 and tables 3.1 and 3.2. Dr. Yuko 

Naito-Matsui and Dr. Hiroshi Kitagawa provided us with data from ARSI biochemical 

function, and with their data, I made the graphs and statistics in figures 3.6 and 3.7.  

3.1 Abstract 

During endochondral ossification, cartilage undergoes a process called 

maturation, during which chondrocytes biochemically modify their extracellular matrix.  

For example, mature chondrocytes express new collagens, such as type X collagen, 

and enzymes, such as matrix metalloproteinase 13, that degrade collagens. 

Biochemical modifications to proteoglycans (PGs), which are predominantly chondroitin 
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sulfate, have not been characterized fully during cartilage maturation. PG sulfation - 

reflected specifically by sulfate esters - has been shown to influence cartilage 

biomechanics and signalling pathways that may change gene expression. Here we 

tested the hypothesis that the orphan sulfatase Arylsulfatase I (ARSI) decreases PG 

sulfation during cartilage maturation. Synchrotron x-ray fluorescence (XRF) imaging 

demonstrated that sulfate esters decreased significantly in developing mature cartilage. 
While expression of the two known chondroitin sulfate PG sulfatases (ARSB and 

GALNS) was not specific to mature cartilage, laser-capture microdissection and 

RNAseq revealed up-regulation of the sulfatase Arylsulfatase I (Arsi) in mature 

cartilage. Increased ARSI protein expression was further demonstrated in mature 

cartilage in vivo and during maturation of ATDC5 chondrocytes in vitro. Biochemical 

assays overexpressing human ARSI in HeLa cells confirmed that ARSI is a novel PG 

sulfatase. Disruption of PG sulfation is associated with a variety of endochondral 

ossification defects; however, there is limited understanding of the underlying 

mechanisms. This first biochemical characterization of ARSI as a chondroitin sulfate 

sulfatase in cell lines in vitro, and its apparent role in promoting endochondral 

ossification, potentiates future work uncovering the role of ARSI during skeletal 

development and disease. 

3.2 Introduction 

During endochondral ossification, mesenchymal cells differentiate into 

chondrocytes and secrete an extracellular matrix (ECM) of collagens and proteoglycans 

(PGs) that serves as a cartilage template for subsequent bone formation (Long & Ornitz, 

2013). Typically, in the middle region of this template, some chondrocytes undergo a 

maturation process, resulting in prehypertrophic and hypertrophic chondrocytes (Provot 

& Schipani, 2005). Mature chondrocytes secrete molecules that induce the formation of 

an overlying perichondral bone. In addition to acquiring such traits as cellular 

hypertrophy, chondrocytes biochemically remodel their ECM during maturation. For 

example, while the initial cartilage template contains abundant collagen type II (Col2), 

mature chondrocytes downregulate Col2a1 expression and upregulate collagen type X 
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(Col10) (Behonick & Werb, 2003). Degradation of ECM molecules also occurs during 

maturation, and mature chondrocytes express enzymes, such as matrix 

metalloproteinase 13 that can degrade collagens (Melrose et al 2016, Ortega 2004). 

Biochemical modifications of PGs during cartilage maturation remain to be 

characterized fully but understanding such PG modifications could provide insight into 

the mechanisms of human disease.  Mutations in PG synthesis genes underlie at least 

20 different human skeletal diseases, including osteoarthritis, spondyloepimetaphyseal 

dysplasia, and diastrophic dysplasia (Brown & Eames, 2016).  These mutations may 

affect the core proteins of PGs or enzymes that control the addition of 

glycosaminoglycan (GAG) side chains to those core proteins (Schwartz and Domowicz 

2002).  Another class of these mutations affects GAG sulfation, a biochemical 

modification of PGs that can influence cartilage function and even chondrocyte 

maturation (Dzobo et al., 2016; Gama et al., 2006; Gao et al., 2014; van der Kraan et 

al., 2002). Higher PG sulfation adds negative charges, which attract more water, 

increasing the compressive-resistant strength of cartilage (Chahine et al., 2005). 

Moreover, PG sulfation influences the binding affinities and signalling activities of 

growth factors involved in cartilage maturation and bone development (e.g., members of 

the transforming growth factor-beta family, Indian hedgehog, and fibroblast growth 

factors) (Cortes et al., 2009; da Costa et al., 2017; Otsuki et al., 2010; Rosen & 

Lemjabbar-Alaoui, 2010).  

During PG sulfation, sulfate groups are attached to sugars of the repeating 

disaccharide GAG side chains in the form of O–linked sulfate esters (Hanson et al., 

2004). Sulfated GAGs are categorized into different classes depending on the 

disaccharide composition and sulfation pattern. Chondroitin sulfate (CS), the most 

abundant class of GAG in cartilage, is composed of glucuronic acid (GlcA) and N-acetyl 

galactosamine (GalNAc) disaccharide repeats (Knudson & Knudson, 2001). Chondroitin 

sulfate proteoglycans (CSPGs) may be sulfated on the 2-carbon of GlcA and the 4- and 

6-carbons of the GalNAc sugar (Kusche-Gullberg & Kjellen, 2003; Uyama et al., 2007).  

O-linked sulfate esters are attached to growing CS chains by specific sulfotransferases 

and removed by specific sulfatases (Sardiello et al., 2005).   
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Among 17 sulfatases that have been identified in the human genome from gene 

sequence analyses (Sardiello et al., 2005), only two have been shown so far to 

specifically regulate CS. ARSB acts on GalNAc-4-S, and GALNS acts on GalNAc-6-S 

(Bhattacharyya et al., 2015; Tomatsu et al., 2005). In human patients, mutations to 

ARSB or GALNS can cause mucopolysaccharidosis (MPS) types IV or VI, respectively 

(Muenzer, 2011).  Both conditions cause a range of stunting during skeletal 

development depending on the severity of the mutations, but how this happens is 

unknown (Montano et al., 2007; Valayannopoulos et al., 2010). Other known mutations 

in sulfatases also cause human diseases, such as ARSA (Metachromatic 

leukodystrophy), IDS (Hunter syndrome- MPSII), ARSE (Chondrodysplasia Punctuata), 

and STS/ARSC (X-linked ichthyosis) (Diez-Roux & Ballabio, 2005). Given the relevance 

of sulfatase mutations to human disease, the biological substrates of the six remaining 

orphan sulfatases need to be revealed. 

Regulation of cartilage PG sulfation levels is critical for proper endochondral 

ossification.  Mice with mutations in either Papss2 (regulates the sulfate donor within the 

cell), Slc26a2 (transports sulfate within the cell), or Sumf1 (activates sulfatases) 

demonstrate that inadequate sulfation of PGs can cause a variety of skeletal defects 

(Cortes et al., 2009; Gualeni et al., 2013; Settembre et al., 2007; Settembre et al., 

2008).  For example, these mutant mice can have reduced chondrocyte proliferation, 

severe growth retardation, and delayed secondary ossification center formation. How 

PG sulfation levels might be modulated during endochondral ossification is still to be 

unveiled, but previous studies suggest that PG sulfation might decrease during cartilage 

maturation (Farquharson et al., 1994; Wuthier, 1969). If true, then sulfatases that are 

specifically expressed during cartilage maturation should be identified. 

In this study, we hypothesized that Arylsulfatase I (ARSI), an sulfatase with a 

previously unknown biochemical function, decreases PG sulfation during cartilage 

maturation.  Collectively, our findings showed that expression of ARSI, but not ARSB 

nor GALNS, increases as sulfate esters decrease in developing mature cartilage. ARSI 

overexpression in vitro revealed that ARSI is a novel PG sulfatase, opening the pathway 



 45 

for understanding how biochemical modification of PGs affects endochondral 

ossification. 

3.3 Methods 

3.3.1 Embryo collection and tissue processing 

All animal experiments were approved by the University of Saskatchewan's Animal 

Research Ethics Board and adhered to the Canadian Council on Animal Care 

guidelines for humane animal use. White leghorn chicken eggs were incubated in a 

humidified, rocking incubator at 37 °C until they reached Hamburger-Hamilton stage 36. 

Chick humeri were harvested, washed in 1x phosphate-buffered saline (PBS), embedded 

in optimal cutting temperature (OCT) compound (Tissue Tek, Torrance, CA, United 

States), and immediately flash-frozen in liquid nitrogen-cooled isopentane for all the 

synchrotron-related analyses and laser capture microdissection. For all other analyses, 

humeri were fixed in 4% paraformaldehyde (PFA) overnight before embedding in OCT. 

Mouse embryos were harvested at stage E14.5 and their humeri were harvested and 

prepared as described for chick samples.  

3.3.2 Histology 

Safranin O/Fast Green staining was performed on 7 µm thick chick humerus 

frozen sections. Cryosectioned tissues were dehydrated in 70% EtOH for 2 min, placed 

in Wiegert’s hematoxylin for 5 min, washed with tap water for 3 mins, and stained with 

0.02% fast green (CI 42053) for 30 secs. The tissues were then de-stained in 1 % acetic 

acid for 30 sec. Sections were then stained with 0.1 % safranin O stain for 40 min, then 

dehydrated with 95% EtOH and 100% EtOH for 12 dips each, and xylene for 5 mins 

before mounting the slide for imaging.  
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A modified Safranin O protocol, that allowed the visualization of less sulfated 

PGs in mature cartilage, was utilized for the chick sample in Figure 3.2. In this case, 

cryosectioned tissues were re-hydrated in water for 1 min before staining. Sections 

were placed in Wiegert’s hematoxylin for 5 min, rinsed in running tap water for 1 min, 

and then counter-stained in fast green FCF (0.05 %) for 1 min. The tissues were then 

de-stained in 1 % acetic acid for 10 dips. Sections were then left in 0.1 % safranin O 

stain for 20 min and then dehydrated and mounted for imaging. 

Trichrome staining was performed on 7 μm thick frozen sections of HH36 chick 

humeri as described elsewhere, except for the deparaffinization steps (Ashique et al., 

2022). Whole chick humeri were subjected to Alizarin red and Alcian blue whole-mount 

staining, performed as previously described (Eames et al., 2011).  

3.3.3 Slides immunohistochemistry (IHC) 

While slides from unfixed animals were dried at 60°C for 30 minutes and fixed in 

4% PFA overnight at 4°C, fixed sections were air-dried for 10 min and post-fixed in 

4%PFA at room temperature (RT)  for 20 min. After that, all samples were treated 

equally. Slides were rinsed twice in PBST (PBS/0.5% triton-100), and sections were 

digested with trypsin (1mg/mL in EDTA/PBS) for 30 min, rinsed twice in PBST and 

digested with hyaluronidase (5mg/mL in PBST) for 30 min. Sections were then 

incubated with a blocking solution (4% sheep serum (SS) and 2% goat serum (GS) in 

PBST) for at least 1 hour at room temperature, followed by incubation (overnight at 4°C) 

with primary antibodies: anti-COL10 (DSHB - 1:100), anti-COL2 (DSHB - 1:100), anti-

ARSI (Sigma - 1:300), anti-GALNS (Abcam - 1:100) and anti-ARSB (Abcam - 1:300). 

The slides were then washed twice with PBST for 5 minutes and incubated (overnight at 

4°C) with specific anti-mouse or anti-rabbit (1:1000) secondary antibodies. Slides were 

rinsed twice in PBST and the cell nuclei were stained with Hoechst 33258 for 10 

minutes. Slides were stored in PBST at 4˚C until the time images were taken. 
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3.3.4 Synchrotron analyses.  

All the synchrotron analyses described below were performed on 10 µm-thick 

chick humerus sections. Sections were melted onto thermanox plastic for x-ray 

fluorescence (XRF), XANES (X-Ray Absorption Near-Edge Spectroscopy), and 

chemically-specific XRF imaging or into an Infrared-grade CaF2 window (Crystran) for 

Fourier transform infrared (FTIR) analysis. Adjacent sections were collected onto 

Superfrost Plus™ glass slides (Fischer Scientific) for histological and IHC analyses.  

XRF data collection at the Canadian Light Source (CLS) VESPERS beamline. 

 XRF imaging of chick humeri was performed as previously described, but with a 

larger step-size (Hackett et al., 2016). Briefly, ten chick humeri were raster-scanned at 

VESPERS beamline with a 15 µm step size using a of 4 ´ 6 µm (horizontal ´ vertical) 

sized pink beam (15 keV) with a 1-second dwell time per pixel, to generate XRF maps.  

XANES at the CLS SXRMB Beamline.  

Sulfur K-edge XANES was carried out at the Soft X-ray Microcharacterization 

Beamline (SXRMB) using chick samples, similarly to previously described for zebrafish 

samples (Hackett et al., 2016). XAS spectra were calibrated against the spectrum of an 

anhydrous Na2S2O3 powder solid standard, with the lowest energy peak thought to be 

2469.2 eV. Spectra were collected across the energy range of 2450–2515 eV, with a 

total collection time of approximately 10 min, using the Aquaman software. An average 

spectrum was calculated for each sample from three replicate measurements. Spot 

scans were collected for at least 3 spots in the immature cartilage region and at least 3 

spots in the mature region. Spectra of calibration standards and model compounds 

were recorded at room temperature. Powdered solid standard compounds used for 

fitting routines represented disulfides (oxidized glutathione), thiols (reduced glutathione), 

thio-ethers (methionine), sulfoxides (methionine sulfoxide), sulfinic acids (hypotaurine), 

sulfonic acids (taurine), O-linked sulfate esters (N-acetyl D-galactosamine 6-sulfate), N-

linked sulfate esters (D-galactosamine 2-sulfate), and inorganic sulfates (Na2SO4). 

Spectra were collected from four tissue sections from different animals. XANES spectra 
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were processed using the EXAFSPAK suite of programs (http://www-

ssrl.slac.stanford.edu/exafspak.html). Using the DATFIT program, spectra from tissue 

sections were fitted with a linear combination of normalized reference spectra. 

Standards were excluded from the refinement algorithm if they contributed to <1% of the 

total spectra.  

Chemically-specific XRF imaging at the CLS SXRMB Beamline. 

Chemical-specific XRF imaging was performed to assess the amount and 

distribution of distinctive sulfur chemical forms similar to previously described (Hackett 

et al., 2016). SXRMB relies on a bending magnet source and operates in the 1-10 keV 

range with an energy resolution ΔE/E of 1.0 × 10-4. Thermanox™ slides with humerus 

sections were mounted at a 45° angle relative to the incoming in a vacuum chamber 

and raster scanned. Spectra were collected at room temperature across the energy 

range of 2450−2515 eV. Each humerus was raster-scanned with a step size between 

15-20 µm with a 1-second dwell time per pixel. XRF maps at different energies in the 

sulfur K-edge region and one map of total sulfur were created and processed as 

previously described (Hackett et al., 2016). Briefly, 4 maps from each sample were 

collected: a background map to account for both non-sulfur and lower-excitation energy 

sulfur (thiols, disulfides, thio-ethers, and sulfoxides), one map at the sulfonic acid peak, 

one map at the sulfate ester peak, and one total sulfur map collected above the sulfur 

edge. The exact energies at which the 4 sulfur maps were collected were calibrated to 

the lowest energy peak of anhydrous sodium thiosulfate, thought to be 2469.2 eV.  

XRF data processing.   

Maps collected at VESPERS and SXRMB were opened in Sam’s microprobe 

analysis toolkit (SMAK) version 1.40 (https://www.sams-xrays.com/smak) and 

normalized to the pre-sample ion chamber channel. All maps were then imported into 

the same file and the background channel was subtracted from the sulfate esters and 

sulfonic acids. The XANES fitting sub-program was used to create the sulfate esters 

and sulfonic acids maps using the peak ratio parameters determined by XANES 

measurements of pure standard compounds (Hackett et al., 2016). All XRF files were 
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then converted into a gray-scale text image using the program smak2txt created by 

Graham George (University of Saskatchewan), allowing them to be opened in ImageJ 

(https://imagej.nih.gov/ij/). The chemically specific maps for total sulfur and sulfonic 

acids and their adjacent sections stained with COL10 were opened in Image J and 

saved as 32-bit images. ROIs were drawn surrounding the COL10 expression domain in 

different samples and were pasted on the respective chemically specific maps. Average 

pixel intensity, total pixel intensity, and standard deviation were measured in the 

immature and mature cartilage regions and collected for statistical analysis. 

Fourier transform infrared (FTIR) spectroscopic imaging at the Mid-IR beamline at 
the CLS. 

Infrared data were collected with a Hyperion 3000 FTIR imaging system (Bruker 

Optics, Ettlingen, Germany) fitted with a mercury-cadmium-telluride (MCT) 64×64 focal 

plane array (FPA) detector with an upper objective of 15x magnification and a numerical 

aperture of 0.4, combined with a lower condenser of 15x magnification and 0.4 

numerical aperture. This arrangement yielded a pixel size of 21.4 μm2, using 8x8 

binning. All scans were performed in transmission mode. Samples were mounted on IR-

grade CaF2 windows (Crystran Ltd.). A focal plane array detect was illuminated with a 

Globar source (aperture 3.5 mm, part of the Hyperion 3000 FTIR system used). FTIR-

spectroscopic images were collected across the spectral region 3600 – 900 cm-1, on a 

liquid nitrogen-cooled FPA detector with a spectral resolution of 4 cm-1 with the co-

addition of 128 scans, with a background image similarly collected from a blank 

substrate using 128 co-added scans. The background was collected immediately before 

each sample. In total, 8 humerus samples were measured at this beamline. All data 

processing and image generation was performed using Cytospec software (Cytospec, 

Version 1.2.04) and Opus software (Version 6.5, Bruker, Ettlingen, Germany). 
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3.3.5  Laser capture icrodissection (LCM) 

LCM was performed in mouse humeri samples at stage E14.5 as previously 

described for chick embryos (Gomez-Picos et al., 2022). Immature and mature 

chondrocytes were captured from unfixed 10 µm frozen sections. The capture of each 

tissue was done in triplicate from three distinct embryos. 

3.3.6 RNA isolation and amplification. 

RNA from immature cartilage (n = 3) and mature cartilage (n = 3) was extracted 

in triplicate from three unique tissue samples that were obtained from three different 

embryos, and thus a total of 6 cDNA libraries were constructed. RNA isolation, 

amplification and library preparation were performed as previously described (Gomez-

Picos et al., 2022).  

3.3.7 Reads preprocessing, mapping, quantitation and primary analysis of RNA-

seq data.  

The paired-end Illumina reads were trimmed using a Java -based tool, 

Trimmomatic v0.30 (Bolger et al. 2014), and the reads were then mapped to the chicken 

genome from Ensembl using TopHat2 and BoWTie2 (Langmead and Salzberg 2012; 

Kim et al. 2013). The location of each read was matched to genome annotation using 

HTSeq-count (Anders et al. 2015). Differential expression analysis was performed using 

EdgeR after excluding genes with zero or very low counts (less than 3 counts for all cell 

types) across the cell type. The distribution of average log2 expression across three 

replicates of each tissue produced three bimodal distributions, which were used to set 

the count thresholds to 37 and 58 for IMM and MAT isolated from the humerus. 

Pairwise comparisons between tissues were made with Fisher’s exact test, and a gene 



 51 

was considered differentially expressed if it had an absolute log2 fold change greater 

than 2 (p<0.01). 

3.3.7 ARSI sequence alignments.  

The full-length ARSI protein sequences were obtained from the NCBI website for 

the following species: Gallus gallus (XP_004945003.1), Homo sapiens 

(NP_001012301.1), Mus musculus (NP_001033588.1), and Danio rerio arsia 

(XP_002664306.1) and arsib (XP_692237.2).  Using the “Identify Conserved Domains” 

tool on the NCBI website, the sequences of the sulfatase domain of the ARSI protein 

from those same species were obtained. Full-length ARSI protein sequences and 

sulfatase domain sequences were aligned using the Clustal Omega (Multiple sequence 

alignment tool) and comparison matrices were generated.  

3.3.8 RNA in situ hybridization (ISH).  

Probe making and preparation 

ISH was performed on chick HH36 humeri 7 µm frozen sections. Some RNA 

probes were obtained from collaborators: COL2A1 and SPP1 from Richard Schneider, 

and COL10A1 and IHH from Ralph Marcucio. ARSB and GALNS probes were 

previously designed in Eames lab by Devin Brown. Genes were cloned from PCR of 

chick cDNA. Three different ARSI probes were generated targeting just the coding 

sequence (CDS) region, just the three prime untranslated region (3’UTR), and the end 

of CDS plus the 3’UTR region of the ARSI gene. Specific primers were designed to 

amplify each region, PCRs were performed, and ARSI DNA fragments were purified 

and cloned into a pCR™4-TOPO® vector (Thermofisher). Cloned DNA fragments were 

transformed into E.coli cells (OneShot, Invitrogen), selected for with ampicillin and 

cultured overnight in LB liquid medium. The plasmid DNA was extracted and purified to 

produce minipreps. These minipreps were then sequenced and compared to RNA 
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sequences using the Basic Local Alignment Search Tool (BLAST) on NCBI. This 

comparison was conducted to verify that the cloned DNA sequences were accurate. 

Plasmids were linearized accordingly to produce the proper sense and anti-sense 

probes, transcribed using T7 or T3 RNA polymerases, and labelled with digoxigenin. In 

addition, an ARSI anti-sense probe was also hydrolyzed following a Cold Spring Harbor 

Protocol to improve probe access through the cellular membrane (Ferrandiz & 

Sessions, 2008). Hydrolysis was done by incubating the probe with twice the volume of 

RNase-free hydrolysis buffer (40 mM NaHCO3/60 nM Na2CO3) at 58 °C for about 10 

mins, followed by re-precipitation and dissolution with 0.1% DEPC.   

 

In-situ hybridization on frozen sections 

ISH was performed in 7 µm frozen section of chick humeri. On day 1 the slides were 

dried at 58°C for 40 min, fixed in 4% PFA/1X PBS/0.1% DEPC for 20min, rinsed in 

1xPBS/0.1% DEPC for 5min, incubated in 0.2 N HCl/0.1% DEPC at RT for 10 mins, 

rinsed twice in 1X PBS/0.1% DEPC for 5 mins each, permeabilized with proteinase 

K/1X PBS/0.1% DEPC (3 ug/ml) at 37 °C for 15 mins, rinsed in 1X PBS/0.1% DEPC for 

5 mins, post-fixed in 4% PFA/0.1% DEPC for 15 mins, rinsed in 1X PBS/0.1% DEPC for 

2 mins, and pre-hybridized in hybridization buffer for at least 3 hrs at 58 °C. Sections 

were then incubated with different RNA probes ON at 58°C. On day 2 slides were 

washed at 58°C with washing solution one time for 15 min and 2 times for 30 min, 

followed by 2 washes with 1XMABT for 30 min each. A blocking solution (1XMABT 

/2%blocking reagent/20% heat inactivated sheep serum) was used on the slides for 2-3 

hours at RT to reduce non-specific antibody binding. Slides were then incubated ON at 

4 °C with blocking solution (containing active sheep serum) with a 1:1000 dilution of 

anti-DIG alkaline phosphatase antibody (Roche, Sigma-Aldrich). On day 3 slides were 

washed with 1XMABT 4 times of 30 min at RT, washed with alkaline phosphatase 

staining buffer 2 times of 10 min at RT, and put in a humidified chamber protected from 

light with BM Purple (Roche, Sigma-Aldrich) covering the tissues until the signal was 
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visible. Slides were then washed with 1X PBS, three times for 5 mins, dehydrated, and 

mounted for imaging. 

3.3.9 ATDC5 Cell culture.  

Cell experiments were performed using the chondrogenic mouse cell line ATDC5 

(Yao & Wang, 2013). ATDC5 cells were cultured in a humidified atmosphere (37 ̊C, 5% 

CO2) in DMEM/F12 with 5% FBS until they reached 80% confluency. Cells were then 

trypsinized, counted in a hemocytometer, and spun down (1000 rpm for 5 mins). One 10 

μl dot containing 2.5x105 cells was plated in the center of each well in 24-well plates. 

Plates were incubated for 90 min to allow for cells to attach to the wells. Finally, 1 mL of 

differentiation medium (DMEM/F12, 5% FBS, 1% insulin-transferrin-selenium, 50ug/ml 

ascorbate-2-phosphate, and 10mM β-Glycerophosphate) was gently added to each 

well, and it was changed every other day until micromasses were harvested. 

3.3.10 Alcian blue staining on micromass cultures.  

Micromasses were stained with Alcian Blue at 7, 14, and 21 days to examine the 

secretion of sulfated proteoglycans as previously described (Izadifar et al., 2016) and 

were imaged using light microscopy. 

3.3.11 Micromasses IHC. 

ATDC5 micromasses were fixed with 4% PFA rocking overnight at 4˚C and later 

washed 3 times (5 min) in PBS with gentle rocking. Samples were then digested with 

trypsin (1mg/mL in EDTA/PBS) for 45 min (7 days), 1 hour (14 days), or 1.5 hours (21 

days), washed 3 times (5 min) with PBST and digested with hyaluronidase (5mg/mL in 

PBST) following the same times used for trypsin digestion. Micromasses were then 
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washed 3 times (5 min) with PBST and incubated with a blocking solution (1XPBS, 0.5% 

TritonX-100, 4% GS 2% SS; 1:100) overnight at 4°C. Samples were covered with a 

primary COL10 (1:100) or ARSI antibody solution (1:300) and incubated overnight at 

4˚C with shaking. Micromasses were washed 6-8X in blocking solution over 1-2 hours 

and incubated with an anti-rabbit secondary antibody (1:1000) overnight. Samples were 

then washed with PBST 6 times over 1-2 hours and stored in PSBT at 4˚C until the time 

images were taken. 

3.3.12 Micromasses Western Blot. 

For western blot analysis, cells were washed three times with PBS and then 

dissociated in laemmli buffer after the addition of proteinase inhibitor (Thermo Fisher). 

Lysates were centrifuged at 12,000 rpm for 10 min at 4 °C and the supernatant was 

used for the experiments. Protein extracts were boiled for 5 minutes at 95oC before 

being loaded onto 10% SDS-PAGE gels and transferred onto nitrocellulose 

membranes. After blocking with 5% skim milk in PBST (PBS/0.05%Tween-20), the 

membranes were incubated with anti-ARSI antibody (Sigma) at 4°C with gentle shaking 

overnight. Next, the membranes were washed 3 times with 5% skim milk in PBST while 

shaking at room temperature and incubated with a secondary antibody for 1 h. 

Membranes were then washed 3 times with 5% skim milk in PBST, 1 time with PBST, 

and 1 time with PBS. Finally, the chemiluminescent signals on the membranes were 

detected using an ECL reagent (Thermo Fisher) and a ChemiDoc MP Imaging System 

(Biorad). 

3.3.13 Cloning of the human ARSI cDNA.  

ARSI cDNA was obtained by reverse transcription using human placenta cDNA 

as a template and cloned into pSP72-EF1-IRES-Blast vector, which biocistronically 

encodes a blasticidin-resistant gene under the control of an internal ribosomal entry site. 
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3.3.14 Establishment of ARSI-expressing cells.  

The pSP72-EF1-hARSI-IRES-Blast plasmid containing hARSI under control of 

Human elongation factor-1 alpha (EF1a) promoter, was linearized with ClaI and then 

transfected into HeLa cells using FuGENE6 (Promega). Transfected cells were selected 

with blasticidin and multiple clones stably expressing ARSI were established. To obtain 

negative control cells, pSP72-EF1-IRES-Blast empty vector was transfected into HeLa 

cells.  

Disclaimer about HeLa cells: The HeLa cells were taken from Henrietta Lacks, an 

African-American woman, without her knowledge or consent in 1951 and were used in 

scientific research without her or her family's consent. This was legal at the time, but it is 

now recognized that the use of human tissue for research requires informed consent. 

The lack of proper consent can raise ethical and legal concerns such as privacy and 

control over one's own body. The Lacks family did not receive any compensation for the 

use of her cells until many years later, despite the significant contributions that HeLa 

cells have made to scientific advancement. 

3.3.15  Reverse transcription real-time PCR for Hela cells 

Total RNA was extracted using High Pure RNA Isolation Kit (Roche) and reverse 

transcribed with MMLV reverse transcriptase. Real-time PCR was performed using 

FastStart Essential DNA Green Master (Roche) and LightCycler 96 System (Roche). 

Primers used for real-time PCR were as follows: hARSI-qPCR-1-S, 5’-

CAAGGGGGTCAAGTTGGAGA-3’; hARSI-qPCR-1-AS, 5’-

CAGCTTCTGTGGCAGTGTCA-3’ (ARSI); hC4ST1-S1, 5’-AAACGCCAGCGGAAGAA-

3’; hC4ST1-A1, 5'-GGGATGGCAGAGTGAGTAGA-3’ (C4ST-1); hC4ST2-S1, 5’-

GAGGGAAAGTTCTTTGTTTAAGTG-3’; hC4ST2-A1, 5’-CGGCCTTAACAGCCATAAT-

3’ (C4ST-2); hC6ST1-S1, 5’-TCTGCCATTGGCTTGAAC-3’; hC6ST1-A1, 5’-

CATGCAGACATGAAATAGCAAAC-3’ (C6ST-1); hGlcAT-I-RT-S2, 5’-
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CCTGCCTACTATCTATGTTGTTAC; hGlcAT-I-RT-A2, 5’-ACCACCAGGTGTGTGAA-3’ 

(GlcAT-I); hGAPDH-S2, 5’-ATGGGTGTGAACCATGAGAAGTA-3’; hGAPDH-A2, 5’-

GGCAGTGATGGCATGGAC-3’ (GAPDH).   

3.3.16 Analysis of chondroitin sulfate and heparan sulfate disaccharide composition.  

HeLa cells were washed with PBS, collected using a cell scraper and 

homogenized in cold acetone. The dried powder was digested with actinase E (Kaken 

Pharmaceutical) for 2 days at 55˚C. Trichloroacetic acid was added to the digested 

samples (final 5%) and the soluble fraction was obtained. After extraction with diethyl 

ether, the aqueous phase was subjected to ethanol precipitation. The precipitate was 

dissolved in a pyridine-acetate buffer and gel-filtrated on a PD-MiniTrap G-25 column 

(GE Healthcare). The flow-through fraction was collected, dried up and dissolved in 

MilliQ water. An aliquot of the samples was digested with chondroitinase (ChABC and 

AC-II, Seikagaku) for chondroitin sulfate analyses and another aliquot was digested with 

heparinase and heparitinase for heparan sulfate analyses. Digestions proceeded for 2 h 

at 37˚C and samples were derivatized with 2-aminobenzamide for 2 h at 65˚C. The 

derivatized samples were analyzed by high-performance liquid chromatography (CBM-

20A, Shimadzu) on a YMC-Pack PA-G column (YMC). Identification and quantification 

of the disaccharides were achieved by comparison with chondroitin sulfate and heparan 

sulfate disaccharide standards as described previously (Kitagawa et al., 1995). 

3.3.17 Statistical analysis.  

Different statistical methods were used depending on the experiments. One 

sample T-test were used to compare data from immature and mature cartilage of chick 

humeri obtained by XRF, chemically specific XRF, and FTIR. Unpaired T-test were used 

to compare CS and HS levels in ARSI transfected and non-transfected HeLa cells. 

Lastly, two-way ANOVA was used to compare the amount of different disaccharides in 
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ARSI transfected and non-transfected HeLa cells. The results are reported as mean ± 

SEM. P < 0.05 was considered statistically significant. P values and statistical tests 

used are indicated in each figure legend. 

3.4 Results 

3.4.1 Embryonic chick growth plate characterization  

Embryonic chick humeri at HH 36 - approximately 10.5 days of development - 

were used to study the relationship between the maturation state of cartilage and sulfate 

levels in the ECM (Hamburger & Hamilton, 1951) (Figure 3.1 A, B). To characterize the 

embryonic chick growth plate at this stage Safranin O and trichrome staining were 

performed. Safranin O, which binds to sulfated PGs, was observed in the whole 

humerus and allowed for the visualization of chondrocytes in different stages of 

maturation (Figure 3.1C). Resting chondrocytes were small and rounded and were 

localized closer to the humerus epiphyses (Figure 3.1D). Those were followed by 

proliferative chondrocytes, which were flatter and organized in a more columnar manner 

(Figure 3.1E). Prehyperthophic chondrocytes, bigger in size, were observed towards the 

bone diaphysis and were followed by larger hypertrophic chondrocytes in the center of 

the developing bone (Figure 3.1F, G). Trichrome staining showed that, as expected, 

perichondral bone (in Aniline blue) was located surrounding the mature cartilage region 

and ceased in the proliferative chondrocyte region (Figure 3.1H and I). Higher 

magnification of perichondral bone showed tightly wound collagen fibres into the bony 

extracellular matrix (blue perichondral bone) and trapped osteocytes (Figure 3.1J). 

Based on these histological features, HH36 was a suitable stage to study cartilage 

maturation because immature, mature cartilage, and perichondral bone regions were 

readily observed, while there was still no vascular invasion of the cartilaginous template. 

Vascular invasion brings different cell types to the developing bone and leads to 

cartilage degradation and bone deposition. Therefore, it is preferable to study cartilage 

maturation before vascular invasion occurs. 
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3.4.2 PG sulfation decreases during cartilage maturation 

Previous studies suggested that PG sulfation might decrease during cartilage 

maturation (Farquharson et al., 1994; Hackett et al., 2016;  Wuthier, 1969), so sulfur 

levels were quantitated in the developing chick humerus using synchrotron-based X-ray 

fluorescence (XRF) imaging. Histological and molecular analyses were used to identify 

mature cartilage regions. Alizarin red, which binds mineralized tissue, stained 

perichondral bone in the mid-diaphysis of the HH36 chick humerus (Figure 3.2A). 

Staining levels of Alcian blue, which binds sulfated PGs, appeared reduced in the 

cartilage that is directly underlying the perichondral bone (Figure 3.2B). Staining levels 

of Safranin O, which also binds sulfated PGs, on histological sections of the HH36 chick 

humerus also were decreased in this cartilage region (after 20 min staining), which was 

confirmed as mature cartilage by the presence of hypertrophic chondrocytes and 

expression of COL10 (Figure 3.2C,D) (Kong et al., 1993). 

Using COL10 IHC on adjacent sections to define mature and nearby immature 

cartilage regions (dotted lines in Figure 3.2D), XRF imaging of the HH36 chick humerus 

revealed each region’s relative sulfur levels (N=9; Figure 3.2E). Qualitatively, COL10 

immunostained regions mostly fit well within a low sulfur region (Figure 3.2E). The 

Figure 3.1 - Histological characterization of the embryonic chick growth plate (HH36). (A) After 10.5 
days at 37ºC chick embryos were removed from the eggs. (B) The chicken humeri (yellow circle) were 
dissected and embedded in oct. (C) 7 µm cryosections stained with Safranin-o show that at HH36 the 
chick humerus is comprised by MAT and IMM cartilage regions, and no vascular invasion occurred 
yet. (C-G) Higher magnification images show resting chondrocytes (in a yellow box) closer to the 
epiphyses, proliferative chondrocytes (green box), prehyperthophic chondrocytes (orange box), and 
hypertrophic chondrocytes (blue box). Resting and proliferative chondrocytes comprise the immature 
cartilage region, while prehyperthophic and hypertrophic chondrocytes comprise the mature cartilage 
region. (H) Trichrome staining shows perichondral bone in blue surrounding the mature cartilage 
region. (I) Higher magnification confirms that perichondral bone ceased in the proliferative 
chondrocyte region. (J) perichondral bone is formed by tightly wound collagen fibers (blue 
perichondral bone) and trapped osteocytes. 
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decrease of sulfur in mature cartilage was visible in all samples. These qualitative 

differences served as an important indicator of the biologically significance of sulfur 

decrease in mature cartilage. Quantitation of these images verified a significant 

decrease (4.5 ± 1.2%) in the average total sulfur content in mature cartilage compared 

to immature cartilage (Figure 3.2F). The proliferative zone in the epiphyses of 

developing cartilage also appeared to have lower levels of total sulfur, although this was 

not quantitated.  
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Different chemical forms of sulfur are present in biological tissues like cartilage, 

but PG sulfation is reflected specifically by sulfate esters (Hackett et al., 2016; Mikami & 

Kitagawa, 2013). To investigate relative levels of specific chemical forms of sulfur in 

developing immature and mature cartilage, X-ray absorption near edge structure 

Figure 3.2 PG sulfation decreases during cartilage maturation in chick humerus (HH36). (A) Alcian 
blue and Alizarin red staining indicate cartilage and perichondral bone regions, respectively. (B) 
Alcian blue, which binds to sulphated PGs, is decreased in the region of MAT underlying the 
perichondral bone. (C) Safranin O staining shows hypertrophic chondrocytes (C’) in the MAT, and 
non-hypertrophic chondrocytes (C’’) in the IMM. (D) COL10 expression was used to define MAT and 
IMM regions for XRF image analysis (white dashed line). (E) XRF imaging of adjacent sections 
depicts total sulfur levels in MAT and IMM regions. (F) Quantitation of XRF images shows a 
decrease of 4.5 ± 1.2% in the average total sulfur in MAT relative to immature cartilage (N = 9). Error 
bars represent the standard error of the mean. Statistics were calculated using one sample T-test, ** 
p=0.005. IMM: immature cartilage; MAT: mature cartilage; PC: perichondrium; XRF: X-ray 
fluorescence; IHC: immunohistochemistry. Scale bar: 1mm. 
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(XANES) analysis was performed on HH36 chick humerus sections (Figure 3.3). O-

linked sulfate esters were the most abundant (77.3% ± 2.1% of sulfur in immature 

cartilage and 69.5% ± 10.7% in mature cartilage), followed by sulfonic acids, thioethers, 

disulfides, and sulfoxides (Figure 3.3C). The high O-linked sulfate esters levels support 

the idea that the majority of sulfur signal in developing chick cartilage was from 

proteoglycans. N-linked sulfate esters were practically negligible in developing cartilage 

and were not included in the final XANES fitting, as reported previously (Hackett et al., 

2016). 

Figure 3.3 Analysis of XANES spectra fittings with standard sulfur compounds has revealed the five 

major forms of sulfur present in chick cartilage (HH36). (A) Normalized standard absorption curves 
for the different forms of sulfate in biology. (B) Standard curve fittings for combined averaged 
XANES spot scans of the five more abundant sulfur chemical forms in mature cartilage. (C) 
Contributions of the five major forms of sulfur present in mature and immature cartilage are listed in 
the table. The relative abundances of the five forms of sulfur given in table C are very similar 
between mature and immature cartilage (N = 4). Abundances were reported in percentage +/- 
standard error of the mean. Values were calculated from an averaged spectrum of 3-4 spots per 
region per sample. The number of spots analyzed was not sufficient for a statistical comparison to 
be made between mature and immature cartilage regions. 
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To visualize in situ the distribution of different chemical forms of sulfur in 

developing cartilage, chemically specific XRF maps were generated (N=5; Figure 3.4). 

Again, COL10 IHC on adjacent sections was used to define the mature and nearby 

immature cartilage regions (dotted lines in Figure 3.4A). Qualitatively, the relative 

intensities of total sulfur and sulfate esters had similar distributions in the HH36 chick 

humerus, with lower levels apparent in the mature cartilage region (Figure 3.4B, C). The 

similarity in results between total sulfur and sulfate esters also supported that PG 

sulfation accounted for most of the sulfur in cartilage. By contrast, maps of sulfonic acid 

and lower oxidation states of sulfur did not clearly follow this distribution pattern across 

developing cartilage (Figure 3.4D, E). Quantitation of chemically specific XRF maps 

revealed that sulfate esters decreased significantly (13.4 ± 4.1%) in mature cartilage, 

compared to immature cartilage (Figure 3.4F). Total sulfur also tended to decrease (8.8 

± 4.2%) in mature cartilage, but not significantly in these samples (Figure 3.4F). Like the 

XANES analyses (Figure 3.3), sulfonic acids tended to increase slightly but not 

significantly in mature cartilage and showed a large variation in patterns between 

samples (25.4 ± 35%) (Figure 3.4F).  
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Figure 3.4. Chemically specific XRF maps show the in situ distribution of different chemical forms of 
sulfur in developing chick humerus (HH36). (A) COL10 IHC was used to define regions of interest for 
MAT versus IMM (dotted lines). The drawn regions of interest were analyzed in each map for 
quantification. (B-C) Total sulfur and O-sulfate esters have similar distributions in the chick humerus, 
with lower levels in the MAT. (D-E) Sulfonic acids and lower oxidation states of sulfur did not follow a 
clear distribution pattern across developing cartilage. (F) Quantitation of the chemically specific 
imaging data (N=5) shows that sulfate esters decreased 13.4 ± 4.1 % in MAT compared to IMM. 
Total sulfur and sulfonic acids did not change significantly between the cartilage regions.  Error bars 
represent the standard error of the mean. Statistics were calculated using one sample T-test, * p = 
0.003. IMM: immature cartilage; MAT: mature cartilage. Scale bar: 1mm. 
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Fourier transform infrared (FTIR) imaging of the HH36 chick humerus showed a 

trend towards PG and GAG decrease (4 ± 4 % and 3 ± 3 %, respectively) in mature 

cartilage, but not significantly (Figure 3.5), indicating that at least some of the sulfate 

esters in the mature matrix are diminishing independently of overall PG levels. 

Reduction in PG sulfation levels may be the first step driving PG degradation. In 

summary, O-linked sulfate esters, the main form of sulfur in developing cartilage, 

decrease during cartilage maturation. Given that sulfate ester levels reflect PG sulfation, 

PG sulfation decreases during cartilage maturation. 

Three different infrared (IR) regions of interest were used to determine the 

relative abundance of total proteins and CS proteoglycans in mature versus immature 

cartilage on chick humerus. Protein was estimated using the amide I band (1590 – 1720 

cm-1) arising from C=O stretching of peptide bonds (Kim et al., 2005, Boskey and 

Pleshko Camacho, 2007). Two IR regions, 985 – 1140 cm-1 and the 1374 cm-1 second 

derivative band were chosen to give independent estimates of CS content based on 

previously validated studies (Kim et al.,2 005, Boskey and Pleshko Camacho, 2007, 

Saarakkala et al., 2010, Rieppo et al., 2012). Normalization of spectra was made by 

using total protein content to account for variations in thickness as described previously 

(Baker et al., 2014). 
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3.4.3 ARSI, but not GALNS or ARSB, is expressed specifically in mature cartilage 

To find a PG sulfatase that was expressed specifically in mature cartilage, laser 

capture microdissection of mature and immature cartilage in the developing E14.5 

mouse humerus was combined with RNAseq (N=3 for each tissue; Figure 3.6). Over 

9000 genes were expressed above threshold in each mature and immature cartilage. 

Galns and Arsb encode the only known animal sulfatases that specifically remove 

sulfate esters from chondroitin sulfate PGs, the main PG in cartilage matrix 

(Bhattacharyya et al., 2015; Tomatsu et al., 2005). However, neither Galns nor Arsb 

Figure 3.5 FTIR imaging shows no significant decrease in proteins or PGs in mature cartilage (A) 
IMM and MAT cartilage regions were assigned based on COL10 IHC of adjacent sections. (B) The 
integrated Amide I peak (1590 – 1720 cm-1) in the FTIR map was used to approximate total protein 
levels. (C-D) Maps of PG representative band (985 – 1140 cm-1) and GAG second derivative peak 
(1374 cm-1), normalized to the Amide I band. (E) No bands showed significant differences between 
MAT and IMM regions, although all PG bands and the amide I band showed slight decreases in 
mature cartilage. N = 7. Error bars represent the standard error of the mean. Statistics were 
calculated using one sample T-test. IMM: immature cartilage; MAT: mature cartilage. Scale bar: 
1mm. 
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transcripts were enriched in mature cartilage (Table 3.1). Genes encoding known 

heparan sulfate PG sulfatases, such as Gns, Ids, Arsg, Sulf1, and Sulf2 (Table 2.1), 

also were not enriched in mature cartilage (Table 3.1). Many sulfatases have been 

identified only from sequence analyses, including Arsd, Arse, Arsf, Arsh, Arsi, and Arsj, 

and since they have no biochemical function ascribed to them, they are orphan 

sulfatases (Hanson et al., 2004; Sardiello et al., 2005). Of these, Arsi was enriched 2.59 

log2FC in mature over immature cartilage (Table 3.2), supporting a previous report 

(Ratzka et al., 2010). The enrichment of Col10a1 transcripts by 11.94 log2FC in mature 

cartilage over immature cartilage verified the accuracy of these expression data (Table 

3.2). In summary, comparative transcriptomic analyses between mature and immature 

cartilage identified Arsi as an orphan sulfatase whose expression might explain the 

decreased PG sulfation during cartilage maturation. 
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Figure 3.6 Laser-capture microdissection cartilage in the developing mouse humerus. 

 (A) Unstained mouse humerus (stage E14.5) before laser capture microdissection. (B) Mouse 
humerus after Laser-capture microdissection of immature cartilage. (C) Mouse humerus after Laser-
capture microdissection of mature cartilage. Cells were captured and later submitted to RNA 
sequencing. (N=3 for each tissue) 
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Table 3.2 Differential expression counts for ARSI and Col10a1 in immature vs. mature cartilage in 
the developing mouse humerus (E14.5). 

 

 

 

Table 3.1 Gene counts in immature and mature cartilage regions of developing mouse humerus 
(E14.5)  
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Sulfatases have substantial sequence conservation among different vertebrate 

species (Figure 3.7). ARSI amino acid sequences obtained from NCBI and aligned with 

Clustal Omega showed that 83.51% of the full-length ARSI protein sequence was 

conserved between Gallus gallus and Mus musculus (Figure 3.7B). This conservation is 

even more evident in the sulfatase domain, which contains the enzyme putative active 

sites and is 90.38% similar between Mus musculus and Gallus gallus (Figure 3.7C). 

These sequence similarities suggest that ARSI function might be conserved across 

vertebrates. 
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Figure 3.7 ARSI is highly conserved across vertebrates. 

 (A) Alignments of ARSI sequences from human, mouse, chicken, and zebrafish show abundant 
amino acid similarities. Residues highlighted in pink are putative catalytic sites, which are the same 
for all compared species. The catalytic core of sulfatases (boxed in black) is conserved throughout 
the entire enzyme class. The conserved sulfatase domain is underlined in red. Asterisks indicate 
positions which have a single, fully conserved residue, colon indicates conservation between groups 
of strongly similar properties, and period indicates conservation between groups of weakly similar 
properties. (B) The percentage identity matrix shows the percentage of similarities of amino acids 
among human, mouse, and chick and their respective accession numbers. (C) When just the 
conserved sulfatase domain is considered, the amino acid correspondences across species are 
even more evident.  

 

ISH was performed in adjacent sections of HH36 chick humerus to assess the 

expression of ARSI, ARSB and GALNS and typical markers of cartilage maturation. 

While COL2A1 was highly expressed in immature cartilage and part of the mature 

cartilage, COL10A1 and was expressed specifically in mature cartilage (Figure 3.8A-B’). 

Both COL2A1 and COL10A1 were not expressed in the center of the humerus, where 

SPP1 - a marker for hypertrophy and early mineralization - had higher levels of 

expression (Figure 3.8C and C’). IHH, a molecule known to regulate the onset of 

hypertrophy, was observed in prehypertrophic chondrocytes as expected (Figure 3.8D 

and D’). While GALNS did not seem to be highly expressed in any region of the 

humerus (Figure 3.8E and E’), ARSB had a more general and unspecific expression all 

over the element (Figure 3.8F and F’). ARSI expression was observed in 

prehypertrophic chondrocytes, partially overlapping the IHH domains. Interestingly, 

ARSI expression varied with the depth of the tissue, where deeper regions presented a 

smaller domain of expression and peripheral sections had a broader domain of 

expression (Figure 3.8G-G’), suggesting a ring-like shape surrounding the 

prehypertrophic chondrocytes (Figure 3.8H).  



 73 
 



 74 

 

Since no previous work reported ARSI expression in chicken, more ISH analyses 

were performed to confirm the observed expression pattern. The ARSI ring-like 

expression was further confirmed by ISH of serial adjacent sections from the same 

humerus, where it was possible to observe the domains of expression increasing and 

decreasing in both humerus heads in different tissue depths (Figure 3.9). To make our 

results more robust, 3 different probes were designed to target 3 different regions of the 

ARSI mRNA: (1) just the coding sequence region (CDS), (2) the end of the CDS plus 

part of the 3’untranslated region (3’UTR), and (3) just the 3’UTR. ISH results showed 

the same pattern of ARSI expression using the 3 different probes (Figure 3.10A-C). 

Probe hydrolyses did not change the observed ARSI expression (Figure 3.10D), and 

sense probes showed no specific binding in the chick humerus. (Figure 3.10E, F) 

 

Figure 3.8 ISH of endochondral ossification markers and sulfatases in developing chick humerus 
(HH36). (A-A’) COL2 was highly expressed in the whole humerus except the mostly central region. 
(B-B’) COL10 was specifically expressed in MAT. (C-C’) Hypertrophic chondrocytes expressed 
SPP1, a marker for hypertrophy and early mineralization. (D-D’) IHH was expressed just in 
prehypertrophic chondrocytes. (E-E’) The expression of GALNS was not observed above 
background levels in any region of the humerus. (F-F’) The expression of ARSB seemed diffused 
throughout the humerus and didn’t differ between IMM and MAT regions. (G’-G’) ARSI was 
expressed in prehypertrophic chondrocytes, partially overlapping IHH domain. ARSI expression 
varied depending on the depth of the sections. Deeper regions presented a smaller domain of 
expression (arrows), while peripheric sections had a broader domain of expression (asterisk). (H) 
Hypothetical representation of ARSI domains of expression in a ring-like shape (purple) around 
prehypertrophic chondrocytes in the chick humerus. Scale bars: A-G 500um; A’-G’ 200um. HC: 
hypertrophic chondrocytes; IMM: Immature cartilage; MAT: Mature cartilage; PHC: prehypertrophic 
chondrocytes  
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Figure 3.9 ISH in adjacent sections indicates a "ring-like" expression pattern of ARSI surrounding 
prehypertrophic chondrocytes in chick humerus. (A) Arrowhead indicating the ARSI expression 
domain starting to be exposed on the left humerus head. (B-C). The domain of ARSI expression was 
wider because more of the humerus head is being exposed. (D-E) ARSI expression starts to 
decrease when sections get too deep into the tissue. (F-H) In deeper sections, the expression is 
restricted to smaller domains in the periphery of the humerus. (I) Closer to the end of the tissue 
domain of expression starts to increase again. Arrowheads show ARSI expression domains. Scale 
bar: 1mm. 
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Figure 3.10 ARSI expression in chick humerus was consistent using different probes. Probes 
targeting 3 different regions of ARSI mRNA resulted in the same peripheral pattern of ARSI 
expression. (A) ISH with probe targeting ARSI CDS. (B) ISH with probe targeting ARSI CDS plus 
part of 3’UTR. (C) ISH with probe targeting ARSI 3’UTR. (D) ISH with hydrolyzed probe (targeting 
CDS). (E-F) ISH with ARSI sense probes (targeting CDS and 3’UTR, respectively) were used as 
controls and showed no specific pattern of expression. Scale: 200um 

RNA expression domains do not always correlate with protein expression 

domains, so to investigate how proteins were expressed during cartilage maturation IHC 

for ARSB, GALNS, and ARSI was performed on sections of the HH36 chick humerus 

(N=10; Figure 3.11). The region of mature cartilage was defined by the presence of 
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hypertrophic chondrocytes under perichondral bone and by COL10 expression (Figure 

3.11A-C). GALNS expression was not observed above background levels in any region 

of the humerus (Figure 3.11D). ARSB expression appeared at similar levels in both 

mature and immature cartilage regions (Figure 3.11E).  By contrast, ARSI expression 

appeared to be relatively specific to the mature cartilage region, (Figure 3.11F). Staining 

with both antibodies on one section confirmed that both ARSI and COL10 were co-

expressed in mature cartilage (Figure 3.11G). These results confirmed the specific 

expression of ARSI in mature cartilage, in a similar in vivo domain as the one identified 

with decreased sulfate esters using XRF imaging (Figure 3.4C). Further IHC for COL10 

and ARSI was performed in mouse developing humerus (EE 14.5, N=3). Similarly to 

chick IHC, ARSI was observed specifically in mature cartilage, suggesting protein 

conservation across species (Figure 3.12) 

ARSI IHC was also performed in serial sections of chick humerus and its specific 

expression in mature cartilage varied with tissue depth. Measurements of the humerus 

width indicated that slides closer to the humerus periphery had a larger domain of 

expression of ARSI in hypertrophic chondrocytes and slides closer to the center of the 

humerus had a more restricted domain of expression in those same cells (Figure 3.13). 

Interestingly, even though ISH results showed ARSI mostly in prehypertrophic 

chondrocytes and IHC showed ARSI mostly in hypertrophic chondrocytes, the 

expression of the RNA and protein happened in a similar ring-like shape pattern.  
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Figure 3.11 ARSI- but not GALNS and ARSB- is differentially expressed in the MAT of chick 
humerus (HH36). (A) Safranin O staining showing sulfated PGs in red. A high density of 
hypertrophic chondrocytes - observed in the central region of the chick humerus – was used to 
define the MAT and IMM cartilage regions defined by dotted lines. (B) Trichrome staining showing 
the perichondral bone in blue, which is typically found surrounding MAT. (C) MAT region was also 
confirmed by COL10 expression on cartilage ECM. (D) GALNS was not observed above 
background levels in any region of the humerus. (E) ARSB was observed in MAT and IMM regions 
at similar levels. (F) ARSI expression appeared to be relatively specific to the MAT region. (G) 
Both ARSI and COL10 were expressed in the same MAT domain, however, there was not much 
cellular co-localization. IMM: Immature cartilage, MAT: Mature cartilage. Scale bars 400um. N=10
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Figure 3.12 ARSI is expressed specifically in mouse mature cartilage. (A) IHC for COL10 in mouse 
sections was used to define (MAT) (white dotted line). (A’) Higher magnification of the MAT region 
(surrounded by a yellow dotted line) shows COL10 expressed in the ECM. (B) IHC for ARSI showed 
that this protein is expressed in MAT but not in the IMM region. Region comprising half of the MAT 
and part of IMM cartilage is surrounded by a white dotted line (B’) Higher magnification of the region 
surrounded by a white dotted line containing MAT and IMM. ARSI seems to be expressed in “dots” 
close to the cell membranes, which are not evenly distributed throughout MAT. Scale: A-B100um; 
A’-B’ 50um 
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To further investigate the expression of ARSI protein during chondrocyte 

maturation, ATDC5 cells were assessed during in vitro chondrogenic differentiation 

(Figure 3.14). Cartilage maturation was confirmed in micromasses of ATDC5 cells by 

Alcian Blue staining and COL10 expression over 21 days of cell culture (N=3, Figure 

3.14A-F).  IHC (N=3) showed that ARSI levels increased over time, with a higher 

expression on days 14 and 21 as ATDC5 cells matured (Figure 3.14G-J). Western blot, 

performed with a pool of micromasses (7 for each time point), confirmed the IHC results 

(three technical replicates, Figure 3.14G-J). These in vitro data confirm that ARSI is 

upregulated during cartilage maturation.  

 

Figure 3.13 ARSI protein expression in chick humerus varies with tissue depth. (A-C) When using 
sections closer to the humerus periphery ARSI has a larger domain of expression in mature 
cartilage. (D-E) In deeper sections the ARSI domains of expression are more intense in some layers 
of hypertrophic chondrocytes closer to the perichondrium. Measurements in yellow indicate width of 
the humerus in approximate same regions, smaller widths are closer to tissue periphery and larger 
widths are closer to the center of the tissue. Scale: 200um 
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Figure 3.14 ARSI expression increases with ATDC5 chondrogenic differentiation.(A-C) Alcian blue 
staining of ATDC5 micromasses after 7, 14, and 21 days of culture in differentiation media shows that 
cells produce sulfated proteoglycans. (D-F) COL10 expression, observed by IHC, indicates ATDC5 are 
differentiating into chondrocytes. (G-I) IHC showed an increase in ARSI expression as ATDC5 cells 
matured (N=3). (J) Western blot with a pool of micromasses confirmed the increase in ARSI in ATDC5 
over time. Ponceau S staining used as loading control (red bands) (N=1, 3 technical replicates). Red 
rectangles indicate approximate regions that were imaged through fluorescence. Scale bars: 500 µm 
(A-C) and 100 µm (D-I) 
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3.4.4 ARSI is a novel PG sulfatase  

To determine the biochemical activity of the orphan sulfatase ARSI in vitro, 

human ARSI was overexpressed in HeLa cells. HeLa cell clones transfected with an 

empty vector expressed ARSI at very low levels, and ARSI was successfully 

overexpressed in ARSI-transfected HeLa cell clones, as shown by RT-PCR (Figure 

3.15A). To investigate if ARSI was a PG sulfatase, CS and HS disaccharides harvested 

from empty vector-transfected and ARSI-transfected HeLa cell clones were analyzed by 

high-performance liquid chromatography. Treatment with bacterial eliminases converts 

the original uronic acid structure of GAGs into an artificial structure, the 4,5-unsaturated 

uronic acid, 4-deoxy-α-L-threo-hex-4-enepyranosyluronic acid (ΔHexA). 

Harvested CS disaccharides were: ΔHexAα1-3GalNAc(4S) (C4S), ΔHexAα1-

3GalNAc(6S) (C6S), ΔHexA(2S)α1-3GalNAc(6S) (C2S6S), ΔHexα1-3GalNAc(4S, 6S) 

(C4S6S), and ΔHexAα1-3GalNAc (C0S). Where, GalNAc 2S, 4S, and 6S represent N-

acetylgalactosamine, 2-O-sulfate, 4-O-sulfate, and 6-O-sulfate respectively. The total 

CS amounts were reduced significantly in HeLa cells stably expressing ARSI, compared 

with empty vector controls (Figure 3.15B). Specifically, C4S and C6S significantly 

decreased in ARSI-expressing cells, compared to control-transfected cells (Figure 

3.15C). ARSI expression caused the ratio of C4S to total CS to decrease, while the ratio 

of C0S to total CS increased (Figure 3.15D).  Arguing against any complication from 

genetic compensation in this over-expression experiment, ARSI-transfected HeLa cell 

clones did not alter the expression of genes that promote CS sulfation. Expression of 

genes encoding the sulfotransferases CHST3, CHST11, CHST12, and B3GAT3 were 

unaffected, compared to empty vector-transfected HeLa cell clones (Figure 3.15E). 

Harvested HS dissacharides were: ΔHexAα1-4GlcNAc (0S), ΔHexAα1-

4GlcN(NS) (NS), ΔHexAα1-4GlcNAc(6S) (6S), ΔHexA(2S)α1-4GlcN(NS) (2SNS), 

ΔHexAα1-4GIcN(NS, 6S) (6SNS), and ΔHexA(2S)α1-4GIcN(NS, 6S) (2SNS6S). Where 

GlcNAc, GlcN, 2S, 6S, and NS represent N-acetylgalactosamine, N-acetylglucosamine, 

glucosamine, 2-O-sulfate, 6-O-sulfate, and 2-N-sulfate, respectively. The total HS 

amount was also reduced significantly in HeLa cells stably expressing ARSI compared 
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with empty vector controls (Figure 3.16A). More specifically, there were reductions in 0S 

and NS amounts in ARSI-transfected cells (Figure 3.16B). ARSI expression caused the 

ratio of 6S to total HS to increase, while the ratio of 2SNS to total HS decreased (Figure 

3.16C). These in vitro biochemical data suggest that ARSI is a novel PG sulfatase that 

may be acting on CSPG and HSPG. 
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Figure 3.15. ARSI is a novel sulfatase of chondroitin sulfate proteoglycans.(A) RT-PCR shows that 
human ARSI was successfully overexpressed in transfected HeLa cells. (B) Liquid chromatography 
results show a decrease in total CS in ARSI-transfected HeLa cells, compared with empty vector 
controls. (C) C4S and C6S significantly decreased in ARSI-expressing cells, compared to control-
transfected cells. (D) At the same time, the ratio of C4S decreased and the ratio of non-sulfated C0S 
increased compared to total CS. (E) The expression of enzymes that promote CS sulfation, like 
CHST3, CHST11, and CHST12, were not affected. Error bars represent the standard error of the 
mean. Statistics were calculated using the Unpaired T-test (B) or two-way ANOVA (C-E). *** 
p=0.0002, **** p<0.0001 
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Figure 3.16 Heparan sulfate was reduced significantly in HeLa cells stably expressing ARSI.(A) 
Liquid chromatography results show a decrease in total HS in ARSI-transfected HeLa cells, 
compared with empty vector controls. (B) ΔHexAα1-4GlcNAc (0S) and ΔHexAα1-4GlcN(NS) 
significantly decreased in ARSI-expressing cells, compared to control-transfected cells. (C) At the 
same time, the ratio of ΔHexAα1-4GlcNAc(6S) to total HS increased, while the ratio of 
ΔHexA(2S)α1-4GlcN(NS) to total HS decreased. Error bars represent the standard error of the 
mean. Statistics were calculated using the Unpaired T-test (A) or two-way ANOVA (B-C).  *p≤0.05, ** 
p≤ 0.01, p≤0.001. 
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3.5 Discussion 

During endochondral ossification, chondrocyte maturation is accompanied by 

ECM biochemical modifications, remodelling, and reorganization (Behonick & Werb, 

2003; Deutsch et al., 1995; Ortega et al., 2004). Highly sulfated PGs are one of the 

most abundant molecules in cartilage ECM, and their sulfation levels may affect PG 

turnover, GF signalling, and the expression of genes that regulate endochondral 

ossification (da Costa et al., 2017; Esko & Selleck, 2002; Kluppel et al., 2005; 

Settembre et al., 2008; Stelzer et al., 2007). Sulfatases act by removing sulfate esters 

from PGs, but their participation in cartilage maturation and endochondral ossification 

has not been fully understood. Here it was demonstrated that while total sulfur and 

sulfate esters decreased significantly in developing mature cartilage, ARSI was 

differentially expressed in this same region. This study showed the expression of ARSI 

mRNA expression in chick for the first time, as well as the expression of ARSI protein in 

biological tissues. Additionally, the first biochemical characterization of ARSI as a PG 

sulfatase was presented. Our results supplement the scarce literature about ARSI and 

potentiate future work uncovering its role in skeletal development and disease. 

The reduction in total sulfur in chick humeri mature cartilage, measured by XRF 

imaging, was consistent with previous studies which showed reductions in sulfur in 

mature cartilage of growth plates of fetal calves and chick juveniles, and in the 

ceratohyal of zebrafish larvae using biochemical, histological and synchrotron analyses 

(Farquharson et al., 1994; Hackett et al., 2016; Wuthier, 1969). Conversely, studies 

measuring sulfur levels on the articular cartilage of horses and pigs using X-Ray 

emission techniques found higher sulfur levels in more mature chondrocytes in the 

middle and deep zones or articular cartilage respectively (Rizzo et al., 1995; T. Reinert, 

2001). Further studies are needed to investigate if PG sulfation patterns differ in the 

growth plate and articular cartilage. Discrepancies in the measurements of sulfur levels 

in mature versus immature cartilage in different studies may be explained by the 

sensitivity of the methods used, but also by the developmental stage of the animals 

studied. In this work, embryonic chick humeri at stage HH36 were used because 

immature, mature cartilage, and perichondral bone were noticeably visible, and there 
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was still no vascular invasion of the cartilaginous template. At later developmental 

stages, blood vessel invasion, bone marrow formation, and progressive mineralization 

may contribute to changes in the levels of sulfur and other ECM components (Althoff et 

al., 1982; van Donkelaar et al., 2007) 

The combination of XANES and chemically specific XRF imaging is a powerful 

tool to analyze which sulfur isoforms are present in biological tissues and their in-situ 

distribution (Castillo-Michel et al., 2016; Hackett et al., 2016). The results presented 

here show that sulfate-o-esters was the main sulfur isoform in the developing chick 

humerus and that its levels decreased in mature cartilage. Those findings support the 

idea that the majority of sulfur signal comes from PGs and that PG sulfation decreases 

during cartilage maturation. Similar results were observed by Hacket et al., in the 

developing cartilage of zebrafish larvae using the same methods described here 

(Hackett et al., 2016). Interestingly, using the same techniques, fam20b mutant 

zebrafish with accelerated chondrocyte maturation were shown to have fewer sulfate 

esters, but no less total sulfur levels in their cartilages (Eames et al., 2011; Hackett et 

al., 2016). The fam20b mutant zebrafish phenotype demonstrates that sulfate esters are 

indeed relevant to PG function and suggest a functional link between PG sulfation levels 

and chondrocyte maturation. 

The degradation of sulfate esters in the lysosome results in the release of free 

sulfate as a by-product of PG breakdown. However, in tissue culture experiments, these 

free sulfate groups are generally not recycled back into PGs (Harper et al., 1993; Rome 

and Hill, 1986). Including a free sulfate standard in our analysis, we found no free sulfate 

contributing to the overlapping peaks at 2478 eV. These findings suggest that sulfate 

esters lost in mature cartilage do not persist as free sulfate for an extended period 

within the extracellular matrix (ECM). One possible explanation is that free sulfate 

groups might be removed during the sample preparation process. 

The FTIR analysis presented here showed that there was no significant decrease 

in proteins or PG in mature cartilage, even though lower sulfation levels were observed 

in that region. This indicated that sulfate esters decrease in the mature cartilage ECM 
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independently of overall PG levels. Even though there is no specific band for detecting 

PGs, the two bands used here (985 – 1140 cm
-1 and the 1374 cm-1 

2
nd derivative peak) 

were shown to be highly correlated with PG or GAG contents in cartilage cell culture, 

articular cartilage sections, and in standard mixtures of PGs and collagen (Boskey & 

Pleshko Camacho, 2007; Kim et al., 2005; Rieppo et al., 2012; Saarakkala & Julkunen, 

2010). It is important to notice that the accuracy of PG measurements by FTIR can vary 

among the regions of the cartilage and species being analyzed and may be affected by 

the collagen absorption (Rieppo et al., 2012; Saarakkala & Julkunen, 2010). Here it was 

observed that the overall PG levels did not change in mature cartilage. However, since 

chondrocyte maturation involves mineralization and PGs tend to inhibit cartilage 

mineralization, a reduction in PG size or density seems to be needed for endochondral 

ossification to progress (Alini et al., 1992; Buckwalter et al., 1987; Poole et al., 1982). 

Since an early developmental stage was analyzed in this study, the observed sulfur 

reduction might be an initial step for the future degradation and reorganization of PGs. 

A possible explanation for the reduction of sulfate esters in mature cartilage is 

the action of sulfatases, which hydrolyze sulfate esters from different substrates 

including GAGs (Hanson et al., 2004). Although ARSB and GALNS were the only 

known sulfatases to act on CSPGs, our RNA sequencing, ISH, and IHC results showed 

that these sulfatases were not differentially expressed in mouse (E14.5) or chick (HH36) 

mature cartilage. On the other hand, the orphan sulfatase ARSI was differentially 

expressed in mature cartilage, making it a promising candidate to regulate PG sulfation 

levels in this area. Data regarding sulfatase expression patterns are scarce, and here 

we showed for the first time that ARSI protein is present in the mature cartilage in vivo 

in developing chick and mouse humerus, and in vitro in ATDC5 cell culture. The only 

other study found to investigate sulfatase expression in developing bone, assessed the 

presence of 9 sulfatases in mouse embryos by ISH including Arsb, Galns and Arsi. 

Different from our results in the chick, Arsb expression was not observed in the 

skeletons of developing mice (E14.5). On the other hand, similar to our chick ISH and 

IHC data, mouse embryos had no expression of Galns in their skeleton and Arsi 

expression was not observed in bone or immature cartilage in chondral bones, 
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supporting our finding of Arsi differential expression in mature cartilage (Ratzka et al., 

2010). Data from microarray analysis available at LifeMap discovery also suggests an 

Arsi increase with chondrocyte maturation. This data is not mentioned or discussed in 

any paper, but in the Lifemap database, it is possible to see that zeugopod 

chondrocytes (E13.5) had a 2.87 log2 fold change increase in Arsi levels compared to 

zeugopod mesenchymal condensate cells (E12.5) (Cameron et al., 2009; Edgar et al., 

2013). This finding supports our in vivo and in vitro results showing an increase of ARSI 

with chondrocyte maturation. Later time points, where there is a clear distinction 

between mature and immature cartilage were not available for comparison. 

Both ARSI mRNA and protein were expressed in chick mature cartilage, 

however, ARSI mRNA was mostly expressed in prehypertrophic chondrocytes and 

ARSI protein was mostly expressed in hypertrophic chondrocytes. This finding agrees 

with many papers showing that RNA and protein levels do not always correlate. In fact, 

the amount of mRNA can just predict the amount of proteins around 40% of the time 

(Liu et al., 2016; Maier et al., 2009; Payne, 2015). Various regulatory mechanisms may 

explain the differences in mRNA and protein expression, such as microRNAs that can 

destabilize mRNA or repress translation and different synthesis and decay rates for 

mRNA and proteins which can influence the final protein output despite having a certain 

amount of RNA present. (Payne, 2015). A discrepancy between the domain of mRNA 

and protein expression was also observed for other genes, such as COL10. Like other 

papers analyzing similar stages of chick skeleton, COL10 mRNA was not observed in 

the center of the cartilaginous template where the late hypertrophic marker SPP1 was 

expressed  (Conen et al., 2009; Zhu et al., 2010), however, the COL10 protein was 

highly expressed in that same region.  

No other publications showing ARSI expression in chick skeletons were found for 

comparison. However, the same pattern of ARSI expression was observed using three 

probes targeting different regions of this gene, and our sense probe did not show any 

specific expression pattern making our data consistent. Further studies are needed to 

understand why ARSI expression varies with the tissue depth and if sulfur levels 

accompany this variation. Different from previously published Arsi ISH in mice, chick 
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ARSI ISH did not show expression in hypertrophic chondrocytes, but in both animal 

models, ARSI was expressed in a domain that partially overlaps Ihh (an important 

regulator of cartilage maturation) (Ratzka et al., 2010). The mice and chick growth 

plates are organized similarly in zones containing chondrocytes in different maturation 

states, however, endochondral ossification happens more uniformly in mammals, which 

could be playing a role in the differences observed in the ISH results (Barreto & 

Wilsman, 1994; Farnum & Wilsman, 2001).  

Although ARSB and GALNS were the only sulfatases to date known to act in 

CSPG, the results presented here suggest that ARSI is a novel CSPG sulfatase. 

Because of sequence similarities, ARSI is considered to be closely related to ARSB, 

supporting the argument that their functions are similar (Holmes, 2016; Obaya, 2006; 

Sardiello et al., 2005). The activity of ARSI as a sulfatase was previously described 

using 4-methylumbelliferyl sulfate, a general arylsulfatase substrate, but its biological 

substrate has not been described (Oshikawa et al., 2009). The ARSI function as a 

CSPG sulfatase described here, patterned with its differential expression, might underlie 

the decrease of sulfation observed in mature cartilage. Levels of C6S and C4S 

decreased in ARSI-transfected cells. Interestingly, C6S and C4S were previously 

reported to decrease in mature chondrocytes compared to immature chondrocytes 

(Farquharson  1994). It was also observed that while the proportion of C4S decreased 

in ARSI-transfected cells, C0S increased, and this same trend has been suggested as 

important for cartilage maturation and mineralization during endochondral ossification 

(Byers et al., 1997; Kluppel et al., 2005). 

Even though sulfatases are usually specific for their substrates, the presented 

results indicate that besides CS, total HS levels also decreased in ARSI-transfected 

cells. Results showed a significant reduction of sulfated disaccharides (NS: ΔHexAα1-

4GlcN) and unsulfated disaccharides (0S: ΔHexAα1-4GlcNAc) in transfected cells. It is 

unexpected that the removal of sulfur by a sulfatase would decrease the amount of 

unsulfated disaccharides, but that might suggest some compensatory effect is 

happening when HeLa cells overexpress ARSI. A simultaneous reduction of sulfated 

and unsulfated HS disaccharides was previously reported in pic-/- zebrafish (Clement et 



 92 

al., 2008). The mechanisms of this simultaneous reduction are still unknown, but the 

authors suggested that loss of sulfation affects the process and stability of HS, affecting 

different disaccharides (Clement et al., 2008). Other sulfatases were reported to act in 

different PG kinds, however always in the same sugars, for example, ARSB hydrolyzes 

sulfate esters from the 4S position of GalNAc in DS and CS, while GALNS cleaves 

sulfate esters from 6-sulfated galactosides and 6-sulfated N-acetylgalactosaminides in 

KS and CS (Mathew et al., 2015; Rivera-Colon et al., 2012). Overall, our experiments 

showed that ARSI acted in CSPGs (positions 4 and 6 of GalNac sugar), and HSPGs 

(GlcN sugar). Even though recent work with a newly discovered sulfatase -ARSK- 

speculates that it acts in different sulfation positions (2-O-sulfate groups of glucuronic 

acids and 3-O-sulfate groups of glucosamine), and on different HS and CS (Wiegmann 

et all 2013, Dhamale et all 2017), no previous sulfatase was confirmed to have different 

sugars as natural substrates or to act in CS and HS simultaneously, so the mechanisms 

by which ARSI acts that way need to be further studied. 

Appropriate sulfur levels in cartilage PGs are critical for the cartilage mechanical 

properties and the regulation of signalling pathways that can change gene expression 

and cell differentiation (Khatri and Schipani, 2008). Here it was demonstrated that 

cartilage maturation was related to sulfur levels during endochondral ossification. It is 

still not clear if ARSI is involved in signalling pathways responsible for cartilage 

maturation. However, based on the results showing the pattern of ARSI expression and 

its substrate, it is possible to speculate that while cartilage matures, ARSI levels 

increase, removing sulfur from PGs. GAG desulfation is a necessary step for PG 

degradation and turnover (Settembre et al 2008., Otsuki et al., 2009), and desulfation by 

ARSI could affect the stability of PGs and impact binding affinities and diffusion of 

growth factors that control cartilage maturation and bone formation, such as Ihh (Cortes 

et al., 2009). More experiments are needed to test for ARSI contribution in different 

steps of endochondral ossification. 

In summary, we have shown that there are fewer sulfate esters in mature 

cartilage during endochondral ossification and that ARSI is a new PG sulfatase that may 

be controlling this process. As far as we know, we are the first group to show that ARSI 
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acts on CS and to show ARSI protein expression in biological tissues. The combination 

of chick synchrotron results, laser RNA sequencing data, ARSI expression patterns, and 

the biochemical data suggests that this enzyme removes sulfur from CSPGs during 

cartilage maturation. To further study ARSI's biological function in bone development, 

the timing of endochondral ossification and the associated signalling pathways involved 

with ARSI function should be investigated. The process of cartilage maturation into 

bone starts during embryonic development but is also witnessed postnatally on the 

growth plates of long bones, and pathological events like advanced cases of 

osteoarthritis. Finding new regulators of this process is particularly important to better 

understand skeletal development and disease mechanisms.     
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 CHAPTER 4:  GENERATING TRANSGENIC ZEBRAFISH TO ANALYZE ARSI 
BIOLOGICAL FUNCTION1 

Rafaela Grecco-Machado, Maya Berscheid, B. Frank Eames 

 

During this project, I co-supervised two summer students who contributed to 

some results of this chapter as follows: Asawari Albal performed PCRs to amplify the 

col2a1a/hARSI junction in Tg zebrafish and sent samples for sequencing (Figure 4.5A 

and B); Maya Bersheid performed PCRs to amplify the hARSI/EGFP junction in Tg 

zebrafish and sent samples for sequencing (Figure 4.5C and D). Maya also injected 

zebrafish with SUMF1 RNA and scored their bone levels (Figure 4.17). I designed the 

summer students’ experiments, the primers for the genotyping PCRs, and prepared the 

SUMF1 RNA for injections. The col2a1aEGFP construct used in this chapter was 

previously generated by Tuanjie Chang. I injected zebrafish with this construct and 

generated a stable transgenic line. All other experiments described in this chapter were 

performed by me. 

4.1 Abstract 

Chondroitin sulfate proteoglycans (CSPGs) are a main component of the 

cartilage extracellular matrix (ECM). Alterations in CSPG sulfation can influence the 

timing of chondrocyte maturation, leading to changes in endochondral ossification. 

Arylsulfatase I (ARSI) is a novel chondroitin sulfate proteoglycan (CSPG) sulfatase 

expressed during cartilage maturation. However, its biological function remains 

unknown. The zebrafish is a valuable animal model for studying bone development due 

to its similarities to human skeletal biology. To investigate our hypothesis that ARSI 

 

1 Since ARSI overexpression was not proven in the putative Tg zebrafish, the results of this 
chapter are not going to be submitted to publication for now. Parts of this chapter may be incorporated to 
future publications. 
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decreases sulfate ester levels in mature cartilage thus promoting endochondral 

ossification, four Tg zebrafish lines designed to overexpress human ARSI (hARSI) were 

generated using the Gateway Tol2-system. All transgene sequences were confirmed by 

DNA sequencing before injection. Genomic insertion of transgenes was confirmed by 

the presence of green hearts and genomic DNA sequencing. RT-PCRs detected RNA 

transcription for some constructs, while protein expression was not confirmed by 

western blot or immunohistochemistry, potentially due to post-translational mechanisms. 

Compared to wild-type siblings, the putative Tg zebrafish had higher levels of potassium 

(K) and sulfur (S) in their cartilages. Furthermore, there was an increase in perichondral 

bone in the hyomandibula (hm) of the putative transgenic zebrafish. Those phenotypes 

may be related to ARSI function if this protein is in fact being overexpressed, but are 

more likely due to Tg fish degrading/counteracting overexpressed ARSI to go back to a 

homeostatic state. 

4.2 Introduction 

In the previous chapters, it was shown that ARSI is expressed during cartilage 

maturation in vivo in mouse and chick and in vitro in ATDC5 cells. Besides that, 

biochemical characterization revealed that ARSI is a CSPG sulfatase. CSPGs are one 

of the main components of cartilage ECM. Modifications in their sulfation could change 

the timing of chondrocyte maturation and consequent bone formation(Cortes et al., 

2009; Kluppel et al., 2005; Orkin et al., 1977; Schwartz & Domowicz, 2002). However, 

how ARSI acts during these biological processes is still unknown. One significant way to 

test for gene function is to create transgenic and mutant animals for a given gene and 

correlate observed phenotypes to molecular pathways (Simmons, 2008). For this work, 

Danio rerio (zebrafish) was selected as the model organism to interrogate ARSI 

function. This is due to their rapid generation time, the possibility of using Gateway 

Tol2-system to generate lines expressing ARSI specifically in cartilage, and other 

advantages discussed at length in the review paper in chapter 2 (Machado & Eames, 

2017).    
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A whole genome duplication event happened approximately 340 million years 

ago in an ancient common ancestor of all living teleost, which includes zebrafish 

(Postlethwait et al., 2000). However, it is estimated that only about 20% of zebrafish 

genes have two functional copies since the most common fate of duplicated genes (50–

90%) is nonfunctionalization (Postlethwait et al., 2004). Other fates of duplicated genes 

include neofunctionalization and subfunctionalization, which might make it complex to 

investigate gene function in these animals (Glasauer & Neuhauss, 2014). Nonetheless, 

there is a high similarity between the zebrafish and the human genome (71% of human 

genes have orthologs in zebrafish) and a high homology of genes between those 

species. Therefore, zebrafish have been used to overexpress human genes and study 

their function (Kabashi et al., 2011; Sakai et al., 2018). 

Zebrafish have two copies of the sulfatase gene arsi (arsia and arsib). Despite 

lacking a known biological function, their sequences are documented in GenBank 

(NCBI). Sulfatases are widely conserved across vertebrates, and comparisons between 

the full-length ARSI protein in zebrafish and humans revealed more than 65% of amino 

acid conservation (Figure 3.7B). This conservation is even more evident in the sulfatase 

domain, which contains the putative active sites, and is more than 75% similar between 

zebrafish and humans (Figure 3.7C). Considering zebrafish have been used to study 

human gene function, and the high degree of conservation of sulfatases across 

vertebrates, the overexpression of human ARSI (hARSI) in zebrafish could be a first 

step towards uncovering the biological function of this gene. 

The zebrafish has emerged as a valuable model organism for studying bone 

development due to the presence of similar genes, cells, and developmental processes 

in the skeleton of this species and humans (Giovannone et al., 2019; Le Pabic et al., 

2022; Machado & Eames, 2017). Although with some differences from mammals, 

endochondral ossification can be observed in certain zebrafish elements such as the 

ceratohyal (ch) and hyomandibula (hm) (Tonelli et al., 2020; Weigele & Franz-

Odendaal, 2016). In these elements, in earlier developmental stages, the growth plate 

contains immature and mature cartilage divided into zones of resting, proliferative, pre-

hypertrophic and hypertrophic chondrocytes, similar to mammals (Weigele & Franz-
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Odendaal, 2016). Furthermore, in zebrafish chondral bones, as with other vertebrates, 

perichondrium cells differentiate into osteoblasts and deposit perichondral bone around 

the mature cartilage region (Eames et al., 2011). Thus, the presence of perichondral 

bone indirectly indicates cartilage maturation and progression of endochondral 

ossification.  

This chapter aims to test our hypothesis that ARSI decreases sulfate ester levels 

in mature cartilage thus promoting endochondral ossification. Our main objectives are to 

generate Tg zebrafish lines overexpressing hARSI and to assess skeletal development 

and sulfur levels in the putative Tg zebrafish. ARSI Tg fish are expected to have lower 

amounts of sulfur and higher levels of perichondral bone compared to their WT siblings 

during endochondral ossification. Since no available Tg or mutant animal was 

previously described for ARSI, this chapter has a strong methodological component. 

Here, I describe the steps and outcomes obtained while generating putative hARSI Tg 

zebrafish using the Gateway Tol2-system. 

4.3 Methods 

4.3.1 Zebrafish 

Wild-type AB adult zebrafish were maintained under controlled conditions at the 

Lab Animal Services Unit (LASU) at the University of Saskatchewan. The protocols used 

for this research were approved by the University Animal Care Committee Animal Research 

Ethics Board (UACC AREB) at the University of Saskatchewan (Animal Use Protocol; AUP# 

20120068).  

4.3.1 Gateway-Tol2 reactions 

The GatewayTol2kit system employs site-specific recombination-based cloning 

to facilitate rapid and modular assembly of constructs, comprising [5’promoter]–[coding 
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sequence]–[3’ tag], within a Tol2 transposon backbone. Five Gateway constructs were 

constructed and injected in zebrafish eggs: col2a1a_EGFPpA, 

col2a1a_hARSI_EGFPpA, col2a1a_hARSI_pA, βactin_hARSI_EGFPpA, and 

βactin_hARSI_pA. The hARSI gene was received from Dr. Hiroshi Kitagawa, and it was 

cloned as previously described in section 3.3.13.  

PCRs  were performed with Phusion® High-Fidelity DNA Polymerase (NEB- 

M0530S) and the following primers to add attB1 and attB2 sites to hARSI: hARSI-Fwd: 

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCgccaccatgcacaccctcactg; hARSI-Rv: 

GGGGACCACTTTGTACAAGAAAGCTGGGTTtcagatccgttgggacattag. To generate the 

constructs with EGFP fused to hARSI, a different reverse primer was used to remove 

the stop codon from the hARSI sequence: hARSI-EGFP-Rev: 

GGGGACCACTTTGTACAAGAAAGCTGGGTTgatccgttgggacattagcc. Bands with the 

expected sizes were extracted from the agarose gel with a QIAquick Gel Extraction Kit 

(Qiagen). Then, the PCR products were sent for sequencing.  

BP reactions 

After sequence confirmation, PCR products containing attB sites were cloned 

into pDONR221 vectors (vectors used to capture a gene or gene fragment of interest 

containing attP sites) through BP reactions following the Gateway technology 

manufacturer’s manual (Invitrogen). BP reactions are Gateway reactions that use BP 

clonase enzymes to recombine attB sites surrounding our gene on interest with attP 

sites present in the pDONOR221 vector. These enzymes allowed for recombination and 

generated attL sites surrounding our gene on interest in the two hARSI middle entry 

vectors (pME) (Figure 4.1 A). Each BP reaction contained 50 ng of a specific purified 

PCR product, 150ng of pDONR221, 1 µL of BP enzyme, and TE buffer to generate a 

5µl reaction. BP reactions were left overnight at room temperature and treated with 1 µl 

of proteinase K (2 μg/μl) for 10 min at 37°C the next day. The product of the BP 

reactions was then transformed into One Shot™ TOP10 chemically competent E. coli 

(Invitrogen), plated on LB plates with kanamycin (50 µg/mL), and left upside down at 

37°C overnight. On the next day, 5 colonies were collected in five separate tubes 
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containing liquid LB with kanamycin (50 µg/ml) and put in a shaking incubator at 37°C 

overnight (210 rpm). Plasmids were then purified with the QIAprep Spin Miniprep Kit 

(Qiagen), and enzymatic digestions and DNA sequencing were used to confirm 

sequences of the two entry clones.  

LR reactions 

The two entry clones generated by BP reactions were recombined with different 2 

different enhancer (inserted in 5’-entry clones), and with a poly A tail or with an EGFP 

fused to a polyA tail (inserted into 3’-entry clones). these RECOMBINATIONS, between 

5’-entry clones, middle entry clones, and 3’ entry clones into a destination vector, were 

achieved through LR reactions. Destination vectors are commercially available vectors 

which contain the Gateway recombination sites, allowing rapid and efficient transfer of 

sequences using site-specific recombination. LR reactions are Gateway reactions 

where the Gateway™ LR Clonase™ II enzyme mix catalyzes the in vitro recombination 

between entry clones (containing a gene of interest flanked by attL sites) and a 

destination vector (containing attR sites) to generate an expression clone.  The 5’-entry 

clone containing the β-actin enhancer (p5E-βactin2) and the 3’entry-clones containing 

EGFP plus poly A (p3E-EGFPpA) and just polyA (p3E-polyA) were obtained from 

Invitrogen and were described elsewhere (Kwan et al., 2007). In addition, the 5’-entry 

clone containing the col2a1a enhancer was obtained from Dr. Rodney Dale (Dale and 

Topczewski, 2011). Multi-site gateway LR reactions were performed using LR clonase 

and different combinations of the previously described entry clones, which were 

recombined into pDestTol2CG2 destination vectors according to the manufacturer’s 

instructions (Invitrogen). Briefly, each LR reaction contained 1 µl of each entry clone 

(100-300 ng), 2 µl of the pDestTol2CG2vector (150 ng/µL), 2 µl of LR clonase, and 3 µl 

of TE buffer. LR reactions were left overnight at room temperature and treated with 1 µl 

of proteinase K (2 μg/μl) for 10 min at 37°C on the next day. The product of the LR 

reactions was then transformed into One Shot™ TOP10 chemically competent E. coli 

(Invitrogen), plated on LB plates with ampicillin (100 µg/mL), and left upside down at 

37°C overnight. On the next day, 5 colonies were collected in five separate tubes 

containing liquid LB with ampicillin (50 µg/ml) and put in a shaking incubator at 37°C 
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overnight (210 rpm). Plasmids were then purified with the QIAprep Spin Miniprep Kit 

(Qiagen), and sequences of the 4 final constructs were confirmed by enzymatic 

digestions and DNA sequencing. 

The col2a1a_EGFPpA construct was previously generated in the lab by 

recombination of the same 5’ entry clone containing the col2a1a enhancer, a middle 

entry clone containing EGPF, and a p3E-polyA into a pDestTol2CG2 destination vector. 

The in silico BP and LR reactions were simulated using the Serial Cloner software, 

using the recombination tool. The in silico recombination produced the anticipated 

sequences present in the plasmids. Subsequently, the BP and LR products were sent 

for DNA sequencing, and the obtained DNA sequences were compared to the 

anticipated in silico results to assess accuracy. Also, in Serial Cloner, the virtual cut tool 

was used to select enzymes that would generate specific cutting sites in each construct. 

Enzymatic digestions were performed with different NEB enzymes following the 

manufacturer's instructions. The generated middle entry clones and final constructs 

were sent for DNA sequencing at Eurofins. Sequencing results were aligned with the in 

silico sequenced generated at Serial Cloner. 

4.3.2 Injection of constructs, screening, and establishment of lineages 

WT fish were incrossed, and fertilized one-cell-stage eggs were injected with the 

generated different DNA constructs (100 ng/µL) along with transposase mRNA (50 

ng/µL) and phenol red (0.050%). Injected embryos and their WT siblings were kept in 

embryo media at 28.5°C. Zebrafish were screened for GFP expression in their hearts 

between  3 and 4 dpf, raised to adulthood, and outcrossed to WT fish to identify 

founders (fish able to transfer the transgene to next generations). The founders were 

outcrossed with WT fish, and positive F1 embryos were raised to establish non-mosaic 

stable Tg lines.  



 101 

4.3.3 Genomic DNA extraction and genotyping 

Zebrafish embryos were collected into PCR tubes in pools of 10 at 6 dpf days post 

fertilization. First, 50 µl of alkaline lysis buffer (25 mM NaOH, 0.2 mM EDTA, pH 12) 

was added to each PCR tube. Next, the tubes were placed into a thermocycler at 95℃ 

for 25 minutes, cooled down on ice for 15 minutes, and 50µl of neutralizing buffer 

(40mM Tris-HCl pH 5) was added to each tube. To check for genomic integration of the 

constructs, primers to amplify the junctions between col2a1a and hARSI and hARSI and 

EGFP sequences were designed, and PCRs were performed. PCR conditions were as 

follows: hot start at 95℃, one cycle at 95ºC for 3 min as initial denaturation, followed by 

40 cycles of 30 seconds at 95℃	for denaturation, 30 seconds at 56℃-60℃ as annealing, 

and 40 seconds at 72℃ for extension, and a final extension at 72ºC for 10 min. The 

PCR product was visualized on a 1% agarose gel run with 1xTAE buffer. Bands of the 

expected size were extracted extracted and purified using the QIAquick® Gel Extraction 

kit (Qiagen). The purified product was cloned into the pCR™4-TOPO™ vector (Thermo 

Fisher), transformed into One Shot™ TOP10 cells (Invitrogen), and grown overnight at 

37°C on LB agar plates containing 100 ug/ml ampicillin. The next day, colonies were 

selected and grown in 5 mL of liquid LB (100ug/ml of ampicillin) overnight in a shaker at 

37°C. Plasmids were purified using the QIAprep® Spin Miniprep Kit (Qiagen) and sent 

to Eurofins for DNA sequencing. Sequencing results were analyzed by aligning the Tg 

sequencing product with the construct sequence predicted by Serial Cloner. 

4.3.4 RT-PCRs 

Reverse transcription PCR (RT-PCR) was used to detect transcripts derived from 

the constructs in the Tg fish. For that, zebrafish were screened by the presence of 

green hearts, and RNA was extracted from putative Tg and WT siblings using the 

RNeasy Mini Kit (Qiagen). Reverse transcription was then performed at 42ºC using 

RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Fisher). Specific primers 

for construct regions were designed based on the sequencing results obtained after LR 
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reactions. RT-PCR conditions were as follows; hot start at 95ºC, one cycle at 95ºC for 3 

min as initial denaturation, followed by 40 cycles of 30 seconds at 95℃	for denaturation, 

30 seconds at 56℃-60℃ as annealing, and 40 seconds at 72℃ for extension, and a 

final extension at 72ºC for 10 min. The PCR product was visualized on a 1% agarose 

gel run with 1xTAE buffer. DNA fragments were purified and cloned into a pCR™4-

TOPO® vector (Thermofisher). Cloned DNA fragments were transformed into E.coli 

cells (OneShot, Invitrogen), selected for with ampicillin and cultured overnight in LB 

liquid medium. The plasmid DNA was extracted and purified to produce minipreps, 

which were sequenced and aligned with expected sequences. 

4.3.5 Zebrafish skeletal staining   

Alcian blue and Alizarin red staining of zebrafish skeletons was performed as 

previously described (Eames et al., 2011). Alcian blue stains the sulfated PGs, and 

Alizarin red stains mineralized tissues. Following the staining, zebrafish ceratohyal (ch) 

and hyomandibula (hm) were scored on a scale of 0-3 based on the amount of 

perichondral bone (Figure 4.16B) (DeLaurier et al., 2019; Zare Mirakabad et al., 2019; 

Zare Mirakabad & Khorramizadeh, 2022). The bone scores were compared between Tg 

and WT siblings at 8 dpf. 

4.3.6 Alcian Blue quantitation  

To assess if levels of sulfated glycosaminoglycans changed in Tg zebrafish, 

Alcian blue levels were quantified in Tg and WT siblings as described previously with 

small modifications (Eames et al., 2011). Briefly, 8 dpf zebrafish whole skeletons were 

stained with Alcian blue, lysed (DNeasy kit; QIAGEN Inc.), spun briefly, and measured 

spectrometrically at 620 nm (BioTek Synergy HT Plate Reader). Each well contained 

lysate from 10 fish. The experiment was performed in triplicate, with fish from 3 different 

clutches analyzed for the total number of replicates. 
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4.3.7 Synchrotron imaging and data processing  

XRF data collection at the VESPERS beamline was performed as described in 

section 3.3.4. Each ch slide (8 thick) was raster-scanned with a 5 µm step size with a 

10-second dwell time per pixel, generating XRF maps. Ch maps had approximately 

200x100 µm in size, resulting in scans of approximately 3 hours per sample. Besides 

Sulfur, other channels for different elements, like Ca, P, K, Cl, Fe, Cu, and Zn, were 

collected for each pixel of the sample. In total, 15 ch samples were measured at this 

beamline. Chemically specific XRF data was collected at SXRMB as described in 3.3.4. 

Each ch was raster-scanned with a 7 µm step size with a 1-second dwell time per pixel. 

Ch maps had approximately 200 x100 µm in size, taking around 2 hours each, totalling 

8 hours/sample. In total, 14 ch were imaged at this beamline, all of which were also 

imaged at the VESPERS beamline. Data processing was performed as previously 

described in 3.3.4. But images were quantified initially at 16-bit and then at 32-bit, and 

measurements were compared. 

4.3.8 Immunohistochemistry (IHC) 

IHC with anti-ARSI (Sigma - HPA038398) and anti-ColII (II-II6B3 - DSHB) antibodies 

was performed in whole-mount and sectioned WT and putative Tg zebrafish embryos at 

different time points. Whole-mount IHC was performed in 2, 3, 4, 5, 6, and 8 dpf 

zebrafish similarly to previously described protocols (Eames et al., 2010). Zebrafish 

embryos were fixed overnight at 4°C in 4% PFA/1X PBS and washed three times in 

PBST for 5 min. Fish were then digested in 0.1% Trypsin (MP Biomedicals; Santa Ana, 

CA)/1mM EDTA/1X PBS for 10 (2 and 3 dpf), 20 min (4 and 5 dpf), and 30 min (6 and 8 

dpf) at 37°C, washed three times in PBST for 5 min, digested with 0.5% hyaluronidase 

(Worthington Biochemical Corporation; Lakewood, NJ)/PBST for 10 (2 and 3 dpf), 20 

min (4 and 5 dpf), and 30 min (6 and 8 dpf) at 37°C, and then put in block solution  (4% 

Goat Serum/2% Sheep Serum/0.5% TritonX-100/1X PBS) for 2 hours. Samples were 

incubated overnight at 4°C with anti-ARSI (1:300) or anti-ColII (1:100) antibodies in 
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block solution, washed 6 times for 15 min in block solution and incubated with the 

secondary antibodies Alexa Fluor 488 goat anti-rabbit IgG (for ARSI) or Alexa Fluor 488 

goat anti-mouse IgG (for Colll) (1:1000) (Thermofisher; Waltham, MA) overnight at 

4°C.  Lastly, samples were washed 6 times for 20 min in PBST and imaged under 

fluorescence light. This same whole-mount protocol was also performed in dissected 

jaws of 8 dpf zebrafish.  

For section IHC, 8 dpf zebrafish were embedded in OCT (optimum cutting 

temperature) compound (Tissue-Tek; Sakura Finetek USA, Torrance, CA), using standard 

cryotemplates (Tissue-Tek; Sakura Finetek USA, Torrance, CA). Samples were flash-

frozen in liquid nitrogen-cooled isopentane and sectioned (5 µm). Frozen sections were 

allowed to air dry for 10 min, post-fixed in 4% PFA/1xPBS at room temp for 20 mins and 

rinsed twice in PBST for 5 mins. Slides were then digested with 0.1% trypsin/1 mM 

EDTA/1X PBS for 30 mins at 37 °C in a humidity chamber, rinsed twice in PBST for 5 mins 

each, digested with 0.5% hyaluronidase/PBST for 30 mins, rinsed twice in PBST for 5 mins 

each, blocked with blocking solution for 1 hour, and then incubated overnight at 4°C with 

anti-ColII (1:100) or hARSI (1:300) antibodies diluted with blocking solution. Slides were 

then rinsed three times with PBST for 2 mins each, incubated in the dark with fluorescent-

labelled goat anti-rabbit or goat anti-mouse secondary antibodies in blocking solution 

(1:1000) overnight at 4°C, rinsed three times with PBST for 2 mins each, stained with 300 

nM DAPI/PBST for 10 mins, rinsed twice with PBST for 5 mins each, and then mounted for 

fluorescent microscopy imaging. 

4.3.9 Western Blot 

Fish injected with all 4 hARSI constructs and their WT siblings were collected for 

Western blot. 15 fish were pooled into each tube and were dissociated on Laemmli 

buffer after the addition of Halt™ Protease and Phosphatase Inhibitor Cocktail (Thermo 

Fisher) at 95°C with the help of a syringe. Samples were treated as described in item 

3.3.12. ATDC5 cells were used as a positive control to compare to zebrafish samples. 
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4.3.10 Bafilomycin treatments 

Putative col2a1a_hARSI_EGFPpA Tg fish and their WT siblings were treated with 

two concentrations of Bafilomycin (Sigma B1793). WT and Tg fish were screened for 

green hearts at 2 dpf and divided into three 75mm plates containing around 20 Tg and 

20 WT fish each. At 55hpf, the embryo media in the 3 plates was replaced with 

solutions containing 50nM bafilomycin, 20nM Bafilomycin, or embryo media with 0.1% 

DMSO (control group). The solutions were refreshed every day for three days, and fish 

were observed under fluorescence to check for changes in GFP expression.  

4.3.11 SUMF1 injections 

The SUMF1 CDS sequence (transcript variant 1 - NM_182760.4) was obtained 

from, Biobasics in a pBluescript II-KS(+) plasmid. SUMF1 capped RNA was generated 

by in vitro transcription using the mMESSAGE mMACHINE™ T3 Transcription Kit (AM 

1348 – Thermofisher). RNA was purified with the RNeasy Mini kit (Qiagen), RNA 

concentration was measured in the nanodrop, and samples were stored at -80ºC. On 

the day of the injection, the RNA sample (100ng/µl of SUMF1) was vortexed, spun down 

briefly and mixed with sterile water and phenol red (0.050%). Putative 

col2a1a_hARSI_EGFPpA Tg were outcrossed with WT fish, and 1-cell stage fertilized 

eggs were injected with the mixture. Tg and WT uninjected eggs from the same 

crossings were used as uninjected controls.  
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4.4 RESULTS 

4.4.1 Generation of hARSI expression constructs using the Gateway Tol2-system. 

To study ARSI biological function, the present experiments focused on 

overexpressing hARSI in zebrafish using the Gateway-Tol2 system. Overexpression 

was attempted in WT zebrafish with endogenous arsia and arsib described in their 

genomes. Protein alignments showed that the ARSI catalytic core and 100% putative 

catalytic sites were conserved in both zebrafish and humans. Moreover, the sulfatase 

domain of ARSI showed over 74% conservation between the two copies of zebrafish 

arsi and human ARSI (Figure 3.7), indicating that protein function is likely conserved 

between species. 

To create hARSI entry clones for zebrafish overexpression studies, two sets of 

primers were designed to add recombination sites (attB sites) surrounding hARSI 

cDNA. The first set of primers maintained the original hARSI sequence, while the 

second set removed a stop codon at the end of the hARSI. Amplification of the hARSI 

using both sets of primers resulted in a single specific band on a 1% agarose gel. The 

attB-hARSI purified PCR products were then recombined with a donor vector 

(pDONR221) in the BP recombination reaction step of the Gateway protocol, generating 

two hARSI entry clones (Figure 4.1A and B). The presence of hARSI in the entry clones 

was confirmed by enzymatic digestions, where the expected band pattern (2,735 

bps,1,241 bps, 191 bps, and 93 bps) was observed in 4 out of 5 clones digested with 

SmaI enzyme (Figure 4.1C). Entry clones confirmed by enzymatic digestion were sent 

for DNA sequencing. Results showed that two middle entry clones containing hARSI 

with and without a stop codon were successfully generated through Gateway BP 

reactions (Figure 4.1D and E). 
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Figure 4.1 Two entry clones containing hARSI were generated through Gateway BP reactions. (A) 
Purified PCR products containing recombination sites surrounding the coding region of the hARSI 
gene were recombined with a pDONR vector through BP reactions. (B) High-fidelity PCR was 
performed to add attB recombination sites to hARSI. Bands in the agarose gel show amplification of 
DNA in the expected sizes. (C) Enzymatic digestion of minipreps from bacteria transformed with the 
2 middle entry clones. 4 out of 5 clones with the stop codon (1, 2, 4, and 5) and 4 out of 5 clones 
without the stop codon (6,7,9 and 10) had the expected fragment sizes. (D-E) Sequencing results of 
two different middle entry clones. Seq_1 is the sequence obtained from the sample, and Seq_2 is 
the presumptive sequence. ARSI sequence (in pink) is followed by part of the PDONr sequence 
(light purple). (D) The first middle entry clone had a stop codon at the end of the hARSI (TGA 
sequence in the red box). (E) The second middle entry clone was generated without the stop codon 
(yellow box shows the codon preceding the original stop codon), so it could be fused with an EGFP 
sequence.   

 

Gateway technology allows for a modular assembly of different expression 

constructs. Using LR reactions, the two hARSI entry clones generated in the previous 

step were recombined with 5’ entry clones containing either a col2a1a or a ß-actin 

enhancer, and with 3’ entry clones containing an EGFP sequence fused to a polyA tail 

or a polyA tail alone. These sequences were recombined into a destination vector 

(pDestTol2CG2) (Figure 4.2A). Four expression constructs were generated, two 

containing a col2a1a enhancer which drives gene expression in cartilage, and two with 

a ß-actin enhancer which drives gene expression in all zebrafish cells. Constructs 

containing hARSI without a stop codon were recombined with a 3’ entry clone 

containing an EGFP sequence fused to a polyA tail for the visualization of EGFP in the 

same regions as hARSI expression (Figure 4.2B). Enzymatic digestions were performed 

to confirm the correct generation of expression constructs. Two enzymes were used to 

digest each construct, and the expected banding pattern was observed for all constructs 

in multiple clones (Figure 4.2C-F). Expression constructs confirmed by enzymatic 

digestion were sent for DNA sequencing to check for the recombination sites (Figure 

4.2D and E). Results confirmed that the four expression constructs had the expected 

DNA sequences after LR reactions.  
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Figure 4.2 Four expression constructs were generated to overexpress hARSI in zebrafish.(A) 
Gateway LR reactions were used to recombine the hARSI entry clones with two different enhancers 
(col2a1a and ß-actin) and two different 3’ elements (poly A tail and EGFP fused to poly A tail) into a 
destination vector. (B) Summary of the four generated constructs after LR reactions. (C) Enzymatic 
digestion of the final ß-actin_hARSI_EGPF construct with two restriction enzymes (SmaI and PstI). 
Four out 5 minipreps had the expected band pattern after SmaI digestion, and 3 out of 5 had the 
expected band pattern after PstI digestion. (D) Enzymatic digestion of the final col2a1a_hARSI_pA 
construct with SmaI and PstI. All 5 minipreps had the expected band pattern after enzymatic 
digestion. (E) Enzymatic digestion of the final ß-actin_hARSI_EGPF. construct with SmaI and PstI. 
All 5 minipreps had the expected band pattern after enzymatic digestion. (F) Enzymatic digestion of 
the final col2a1a_hARSI_pA construct with SmaI, PstI, and XhoI. All 5 minipreps showed the 
expected band pattern after enzymatic digestions, except for miniprep 1 with PstI (first gel lane - 
probably due to incomplete degistion).  
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Figure 4.3 Sequencing results of recombination sites of constructs before injection. (A-H) Primers 
were designed to sequence recombination sites between the enhancers and the hARSI gene, the 
hARSI and the pA tail, and between hARSI and EGFP. Final constructs that showed the expected 
band pattern after enzymatic digestion were sent for sequencing. All the junctions between 
enhancers, hARSI, and eGFP 3’ elements were observed in the sequencing results (green 
rectangles). Colours in the sequencing results: hARSI in pink; col2a1a enhancer in yellow; ß-actin 
enhancer in purple; and EGFP in green. 



 112 

4.4.2 hARSI expression constructs were integrated into the zebrafish genome  

All four gateway expression constructs were individually microinjected in 

zebrafish fertilized eggs at the one-cell stage, together with a transposase enzyme, 

which allows for the integration of the constructs into the zebrafish genome. It is 

important to notice that the construct sequences were followed by a secondary EGFP 

sequence controlled by a cmlc2 enhancer. This enhancer is activated only in 

cardiomyocytes and is commonly used to screen for genomic integration of the 

transgenes. The cmlc2_EGFP sequence was present in the backbone of the destination 

vector, and it was located within the transposase cutting sites (Figure 4.4A). After the 

integration of the constructs with the cmlc2_EGFP sequence into the zebrafish genome, 

mosaic EGFP fluorescence was observed in the zebrafish hearts (Figure 4.4 B and C). 

Around 15-20% of the injected embryos had mosaic EGFP expression in their hearts 

and were raised into adults. Those zebrafish that had the insertion of the transgene into 

their germ cells and could transfer it to the next generation were considered founders. 

At least 3 founders of each construct were outcrossed with WT zebrafish, and larvae 

with a non-mosaic expression of the transgene (full green hearts) were raised to create 

stable F1 lineages (Figure 4.4C and D). The col2a1a_hARSI_EGFP and 

ßactin_hARSI_EGFP lines were designed to overexpress hARSI fused with EGFP, so 

we anticipated seeing EGPF fluorescence in the zebrafish cartilages and their whole 

body, respectively. Unexpectedly, EGFP expression was just observed in the zebrafish 

hearts in all four lines. 

To confirm the integration of the col2a1a_hARSI_EGFP construct into the 

zebrafish genome, PCR and DNA sequencing were conducted with the second 

generation of putative Tg zebrafish (F2). PCR with primers designed to amplify the 

construct region between col2a1a and hARSI showed a band in the expected size (510 

bps) in Tg fish from three different founders but not in their WT siblings (Figure 4.5A). 

DNA sequencing of the cloned PCR products confirmed the presence of the 

col2a1a_hARSI junction in the genomic DNA of the Tg zebrafish (Figure 4.5B). Other 

primers were designed to amplify the hARSI_EGFP junction, and again a band in the 
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expected band size (around 300 bps) was observed in the Tg fish but not in their WT 

siblings (Figure 4.5C). DNA sequencing results confirmed that the hARSI_EGFP 

junction was present in the Tg zebrafish genomic DNA (Figure 4.5D). 

 

Figure 4.4 Four different putative zebrafish transgenic lines were created. A) All four constructs were 
injected individually with a transposase enzyme in one cell stage WT zebrafish eggs. Besides 
col2a1a or ß-actin enhancers, all constructs had a cmlc2 enhancer in their destination vector which 
drives EGFP expression in the zebrafish hearts. The transposase enzyme catalyzes excision of the 
construct plus the cmlc2_EGFP sequence from the plasmid. (B-C) Injected fish with a mosaic EGFP 
expression in their hearts by 3 dpf were raised and crossed to WT to create the F1 of the four 
transgenic lines. (D-E) First generation of zebrafish show a complete green heart, indicating a non-
mosaic expression. All four zebrafish lines had green hearts, but expression of EGFP in other 
regions was not observed. 
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Figure 4.5 Genomic insertion of the col2a1a_hARSI_GFP construct was confirmed by PCR. (A) PCR 
results using genomic DNA and primers designed for the junction between the col2a1a enhancer 
and the hARSI gene. The amplified fragment (510 bps) was observed in Tg zebrafish and not in their 
WT siblings, coming from 3 different founders. (B) Sequencing results confirmed that the fragment 
had the expected sequence. The col2a1a enhancer is shown in yellow and hARSI in pink. (C) PCR 
results using genomic DNA and primers designed for the junction between the hARSI gene and 
EGFP. The amplified fragment (300 bps) was observed in Tg zebrafish and not in their WT siblings 
in Founder 8. (D) sequencing results confirmed that the fragment had the expected sequence. The 
hARSI sequence is shown in pink and the EGFP in green. PCRs were done by summer students I 
co-supervised, and I designed primers. NC: negative control; PC: positive control (ß-actin). 
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To further investigate the absence of EGFP expression in the 

col2a1a_hARSI_EGFP cartilages, another transgenic fish line was generated to 

examine the function of the col2a1a enhancer. Previously made col2a1aEGFP 

constructs, containing the same enhancer and destination vector as the hARSI 

transgenic fish lines, were injected by me, and fish with green hearts were raised to 

adulthood. Injected fish were then outcrossed with WT zebrafish, and larvae with a non-

mosaic expression of the transgene (full green hearts) were raised to create a stable F1 

lineage. EGPF expression was observed in head cartilages from 50hpf, which increased 

over time along with the development of other cartilage elements. These findings 

indicated that the col2a1a enhancer sequence was working as expected (Figure 4.6). 

This is the same expression pattern expected for the hARSI gene fused with this same 

enhancer. 
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Figure 4.6 col2a1aEGFP transgenic fish expressed EGPF in their cartilages. A zebrafish line was 
created by injecting a gateway construct containing a col2a1a enhancer followed by an EGFP gene. 
The same enhancer and destination vector were used to create hARSI transgenic fish lines. EGFP 
expression was observed in transgenic zebrafish head cartilages since 50hpf. (A-B) Pictures were 
taken 58hpf show EGFP at the notochord (nc), otic vesicle (ov), ethmoid (e), and trabecula (t). (C-D) 
The EGFP was also evident at the ceratohyal (ch) and Merkel’s cartilage (Mk). (E-F) EGFP 
expression increased over the hours and was visible in more cartilaginous elements, including the 
hyosymplectic (hs).  

4.4.3 Checking for the presence of hARSI in the Tg lines 

To assess the transcription of hARSI in putative Tg zebrafish, RT-PCRs were 

performed. Primers were designed to amplify 6 junctions present in the final constructs 

but absent in the WT zebrafish genome (Figure 4.7A). The RT-PCR analysis showed 

that products with expected band sizes were amplified from junctions 1, 3, 4, and 5 in 

the transgenic fish but not in their WT siblings (Figure 4.7B). In addition, all products 

were subjected to DNA sequencing, and two samples yielded clear sequencing data for 

the junctions. These results show that RNA was transcribed at least in some of the fish 

lines (Figure 4.7C and D). 

To understand the typical expression pattern of ARSI during zebrafish 

development. The presence of the ARSI protein was assessed in WT by IHC. IHC was 

performed in 2, 3, 4, 5, 6, and 8 dpf zebrafish larvae. At 2 dpf, ARSI expression was 

restricted to the somites and eye lenses (Figure 4.8A and B); it extended to the jaw 

muscles at 3 dpf (Figure 4.8C and D) and to all head cartilages at 5 dpf (Figure 4.8E 

and F). From 5 dpf to 8 dpf, ARSI expression appeared ubiquitous and did not change 

significantly (Figure 4.8G-L).  

Subsequently, whole mount IHC was performed in all putative Tg zebrafish lines 

and their WT siblings to check for increased ARSI expression in Tg lines. After visual 

inspection, the levels and regions of ARSI fluorescence did not seem to change 

between any Tg and WT fish (Figure 4.9). Because ARSI expression was widespread, it 

was challenging to make a specific comparison of ARSI levels in cartilage. Unis 
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antibodies against GFP could be a future direction to check for hARSI fused to EGFP in 

these putative Tg fish. 
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Figure 4.7 RT-PCR results to assess transcription of transgenes.  

(A) Different primers were designed to amplify the cDNA junctions, which would be present in Tg fish 
but not in WT siblings.  (B) Expected band sizes were observed in 4 out of the 6 junctions. (C-D) 
Two samples produced readable sequencing results from junction 1 and junction 4. The col2a1a 
enhancer is shown in yellow, the ß-actin enhancer in purple and hARSI in pink. In C, Seq_1 
represents the predicted sequence, and Seq_2 is the obtained sequencing result. In D, Seq_2 
represents the predicted sequence, and Seq_1 is the obtained sequencing result. 
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Figure 4.8  ARSI IHC over time in WT zebrafish. (A-B) at 2 dpf there was a strong ARSI signal at the 
zebrafish somites and eye lenses.(C-D) at 3 dpf ARSI expression extended to the jaw muscles. (E-F) at 4 
dpf ARSI expression increased all over the head region. (G-H) at 5 dpf all head cartilages seemed to 
express arsi. (I-L) From 5 dpf to 8 dpf, ARSI expression seemed ubiquitous and did not change over 
time. (M-N) 8 dpf zebrafish stained just with secondary antibody were used as an experimental control 
and did not show fluorescence. Abbreviations: ch: ceratohyal; hm: hyomandibula; mc: Meckel’s cartilage. 
Scale bars: 200um 
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Figure 4.9 ARSI whole mount IHC for WT and Tg zebrafish. There was no difference observed in 
ARSI fluorescence levels between WT fish and Tg siblings for col2a1a_hARSI_pA (A-B), 
col2a1a_hARSI_EGFPpA (C-D), ßactin_hARSI_pA (E-F), and ßactin_hARSI_EGPFpA. 
Abbreviations: ch: ceratohyal; hm: hyomandibula. Scale bars: 100 µm  

 

To confirm that the expression of ARSI in non-target tissues did not interfere with 

the visualization of ARSI in the ch, our main target, jaws from Tg and WT zebrafish 

were dissected before the whole mount protocol (Figure 4.10). Dissected jaws allowed a 

clearer visualization of the cartilages, including the ch, which presented a strong ARSI 

fluorescence signal (Figure 4.10A-D). ARSI was expressed in a very similar pattern to 

col2, a known marker of cartilage (Figure 4.10E-F). No apparent differences were 

observed in fluorescence levels between WT and Tg groups. Additional zebrafish 

samples were sectioned and posteriorly stained with anti-ARSI antibody. Consistent 

with the whole mount results, there was no difference in ARSI levels between Tg and 

WT zebrafish, and ARSI was observed in the same domains as col2 (Figure 4.10G-I). 

 

The levels of ARSI protein were also assessed by Western blot in 8 dpf zebrafish 

larvae from all 4 putative Tg lines (Figure 4.11). F1 embryos from 6 different founders 
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were tested by Western blot (3 founders from the col2a1a_hARSI_pA, 1 founder from 

the col2a1a_hARSI_EGFPpA, 1 founder from the ßactin_hARSI_pA, and one 1 founder 

from the ßactin_hARSI_EGFPpA line). While the expected band for human ARSI 

(~64Kda) was not observed in any zebrafish samples, many extra bands were observed 

in all samples. These bands also did not correspond to the endogenous zebrafish arsia 

and arsib proteins, which are also approximately 64Kda in size (Figure 4.11A). ATDC5 

cells at 21 days of culture were used as a positive control for ARSI expression and 

showed one band at the expected size (Figure 4.11B). Together with the ubiquitous 

ARSI expression observed by IHC, Western blot results indicate that the ARSI antibody 

binds non-specifically to zebrafish samples, making it challenging to assess the 

overexpression of ARSI in Tg fish.  
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Figure 4.10 - ARSI fluorescence did not change between Tg and WT fish in IHC.  

(A-D) Dissected jaws of WT and Tg 8 dpf zebrafish injected with col2a1a_hARSI_GFP construct 
were used to check for ARSI protein levels by IHC. (A, C) Fluorescence was observed in all WT and 
Tg dissected cartilages at similar levels. (B, D) Higher magnification of the ch element (delimited by 
a white dotted line) shows less fluorescence in the center of the cartilage. A similar pattern was 
observed in WT and Tg. (E-F) col2, a known marker of immature cartilage, was expressed in a very 
similar pattern to ARSI in all WT and Tg zebrafish cartilages at similar levels. (G-H) ARSI IHC was 
also performed in 7 µm ch sections of WT and Tg fish. There were no apparent changes in 
fluorescence levels between groups. Cartilage neighbouring tissues also reacted with ARSI 
antibody. (I) Overlay of col2 and ARSI antibodies showed that both are expressed in the same 
regions in cartilage. Abbreviations: ch: ceratohyal; hm:hyomandibula. 
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Figure 4.11 ARSI antibody binds non-specifically to zebrafish samples. (A) Western blot for ARSI in 
putative Tg fish and in their WT siblings showed multiple unspecific bands. There was no difference 
between WT and Tg fish and no band in the expected ARSI size (~64kda) was observed.  (B) Tg 
and WT zebrafish samples were run together with ATDC5 cells that express ARSI after 21 days in 
culture. One band around 64Kda was observed in line 11, which was not present in the Tg or WT 
zebrafish. 
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4.4.4 On the ARSI antibody specificity 

To check for antibody specificity, the ARSI antibody (Anti-ARSI HPA038398) 

immunogen sequence was compared with ARSI sequences from different species used 

in this study. The immunogen sequence was 100% comprised in the human ARSI 

sequence and showed decreasing levels of similarity when compared to mouse 

(95.23%), chick (79.36%), and zebrafish arsia (66.7%) and arsib (63.5%) (Figure 

4.12A). Because of high sequence similarities among sulfatases, the same immunogen 

sequence was compared against all proteins in the different species for any hits 

different than ARSI. In all species, the immunogen was more similar to ARSI than any 

other sulfatase. Other sulfatases, mainly ARSJ, presented some similarities but with a 

smaller query cover and number of identities (Figure 4.12B-E). Overall, these findings 

indicate that antibody used should be specific for ARSI. 

Further experiments were performed to confirm the specificity of the ARSI 

antibody. IHC of ATDC5 cells transfected with a construct containing hARSI fused with 

mCherry showed a clear increase in fluorescence signal compared to the non-

transfected ATCD5 cells (Figure 4.12F-I). Western blot with additional ATDC5 cells 

samples showed an increase in the ARSI protein in transfected cells compared to non-

transfected cells, where the ARSI fused to mCherry band was observed in the 

estimated size (85 kDa) (Figure 4.12J). Lastly, further experiments by our collaborators 

utilizing the same hARSI antibody showed that ARSI was highly expressed in Swarm rat 

chondrosarcoma (RCS) cells in the expected size (64 Kda) but disappeared when ARSI 

was knocked out in that same cell line (Figure 4.12K). In summary, the hARSI antibody 

specificity was observed by Western blot for human (overexpressed in ATDC5 cells), rat 

(RCS cell line), and mouse (non-transfected ATDC5 cells) samples. Also, ARSI 

expression by IHC seemed specific in chick and mouse humerus. Possibly the 

differences in the epitopes of zebrafish proteins are too large for the antibody to work 

properly. 
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Figure 4.12 ARSI antibody specificity. (A) Alignment of ARSI antibody immunogen sequence with 
ARSI sequences in different species. The immunogen sequence is 
SADPYEREDLAGQRPDVVRTLLARLAEYNRTAIPVRYPAENPRAHPDFNGGAWGPWASDEEEE. 
Purple highlights show the positive matches, which are 100% for human, 95.23% for mice, 79.36% 
for chick, and 63.5-66.7% for zebrafish sequences. (B-E) The immunogen sequence was compared  
against all proteins in the different species. ARSI was always the top hit in all species, followed by 
ARSJ. (F-I) ATDC5 cells transfected with an hARSI construct and stained by IHC with the ARSI 
antibody showed an increased fluorescence compared to non-transfected cells. (J) Western blot with 
ATDC5 cells showed an increase in the ARSI protein expression in the transfected cells compared 
to non-transfected ATDC5 cells. An ARSI plus mCherry band was observed in the estimated size of 
85Kda. (K) ARSI was highly expressed in Swarm rat chondrosarcoma (RCS) cells in the expected 
size but disappeared when ARSI was knocked out in that cell line. 

 

4.4.5 Quantification of X-ray fluorescence sulfation maps changed in 16 vs. 32-bit 

images.  

To evaluate the biochemical function of ARSI, X-ray fluorescence (XRF) imaging 

was used to measure the sulfur content in the ch of putative Tg fish at 6 dpf. Due to 

limited beamtime and time constraints, the experiments were focused on one founder 

(Founder 8) of the col2a1a_hARSI_EGFP line. This line was chosen because hARSI 

was supposed to be expressed just in cartilage, causing fewer secondary effects during 

development. Additionally, the potential to see EGFP expression in the same regions as 

hARSI further influenced the decision to use this line.  

XRF map quantifications were initially done after converting the images to 16-bit 

using ImageJ as previously described (Hackett et al., 2016). However, during the 

quantification process, the pixel values in the converted images significantly differed 

from those in the original 32-bit images (Figure 4.13A). While a difference in values was 

expected between 16 and 32-bit, the observed differences were not relative (e.g., in 16-

bit images, WT2 and Tg2 fish had the highest sulfate ester levels, while in 32-bit 

images, WT1 and Tg4 had the highest sulfate ester levels) (Figure 4.13 B and C). 

These findings indicate that the differences in measurements were not just related to a 

scaling difference. It is important to make this point because our initial quantification 

results at 16-bit – which will be further discussed in this chapter- indicated a significant 
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decrease in sulfate esters in the Tg fish. A sulfate ester decrease in Tg fish would 

support our hypothesis that ARSI works by decreasing sulfur levels. However, this 

difference was non-existent in quantifications of the same images using 32-bit. 

Figure 4.13 16-bit and 32-bit images from the same sample presented largely different pixel 
intensities. (A) XRF maps were transformed into images, opened in ImageJ and converted to 16-bit 
or not converted at all (32-bit). The same region of interest (circled in yellow) was measured in both 
images resulting in very different mean pixel intensities (red box). (B-C) Examples of sulfate ester 
measurements in 4 WT and 4 Tg samples in 16-bit and 32-bit images showed no direct correlation 
between sulfate ester levels in 16 and 32-bit images. 
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4.4.6 Potassium and total sulfur increased in Tg zebrafish cartilage. 

To visualize in situ the distribution of sulfur in the Tg and WT fish, XRF maps of 

their ch were generated. Sulfur (S), potassium (K), calcium (Ca), phosphorus (P), and 

chlorine (Cl) maps were collected simultaneously from sections of zebrafish ch at the 

VESPERS beamline at the Canadian Light Source (CLS) (N=9 WT and 8 Tg) (Figure 

4.14A-L). Total sulfur levels did not change between putative Tg and WT fish, as 

determined by 16 or 32-bit quantifications (Figure 4.14M and N). However, K levels 

significantly increased in putative Tg zebrafish compared to WT as determined by 32-bit 

quantifications (Figure 4.14O and P). There were no obvious differences in the Ca, P, 

and Cl levels between WT and Tg zebrafish, although these were not quantified.  

To assess the distribution of different chemical forms of sulfur in developing 

cartilage, chemically specific XRF maps were generated using the SXRMB at the CLS. 

These maps allowed for the visualization of background plus lower oxidation levels of 

sulfur, total sulfur, sulfate esters, and sulfonic acids in the zebrafish ch (N=7 for total 

sulfur, and 6 for sulfate esters and sulfonic acids; Figure 4.15A-E). Like what was seen 

for VESPERS results, the statistical analysis of the SXRMB data was affected by the 

quantification of images at different bit depths. Specifically, analysis of 16-bit chemically 

specific XRF maps revealed a significant decrease in sulfate esters in Tg fish compared 

to their WT siblings. At the same time, there was no difference in the total sulfur or 

sulfonic acid maps (Figure 4.15F-H). On the other hand, analysis of the 32-bit images of 

the same maps showed an increase in total sulfur and a slight non-significative 

decrease of sulfate esters in Tg fish compared to their WT siblings (Figure 4.15I-K). 
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Figure 4.14 : XRF imaging showed no change in sulfur and an increase in K in transgenic cartilage. 

(A-B) Sections of 7 dpf zebrafish ch used for XRF imaging. (C-D) XRF maps of total sulfur in WT and 
Tg fish. (E-F) XRF maps of potassium in WT and Tg fish. (G-H) XRF maps of calcium in WT and Tg 
fish. (I-J) XRF maps of phosphorus in WT and Tg fish.  (K-L) XRF maps of chlorine in WT and Tg 
fish. (M) Total sulfur levels trended towards a slight, non-significant decrease in ARSI-expressing 
transgenic cartilage, compared to wild-type controls. (N) Levels of potassium trended towards a 
slight, non-significant increase in ARSI-expressing transgenic cartilage. N=9 for WT and N=8 for Tg. 
Student T-test was used to compare between WT and Tg groups, error bars represent standard 
deviation. P<0.05 Ch: ceratohyal; WT: wild type; Tg: Transgenic  
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Figure 4.15  Chemically specific XRF of Tg and WT zebrafish ch.(A) Histological sections of WT and 
Tg (col2a1a_hARSI_EGFP) zebrafish ch used for chemically specific XRF imaging. The dotted lines 
show regions where sulfur levels were quantified. (B-E) Chemically specific XRF maps for WT and 
Tg zebrafish ch for lower oxidation sulfur and background fluorescence, total sulfur, sulfate esters, 
and sulfonic acids. (F-H) Quantification of 16-bit images showed that total sulfur and sulfonic acid 
levels did not change in Tg fish, while sulfate esters significantly decreased. (I-K) When the same 
maps were quantified in the 32-bit format, there was an increase in total sulfur in Tg zebrafish, 
sulfate ester levels trended towards a slight, non-significant decrease in Tg zebrafish, and sulfonic 
acid levels didn’t change between the two groups. N=6-7; student T-test was used to compare 
between WT and Tg groups. BG: background fluorescence; WT: wild type; Tg: Transgenic.  

4.4.7 Putative transgenic zebrafish had more perichondral bone compared to their WT 

siblings. 

No gross phenotypical differences were observed in the injected fish (F0) and F1 

transgenic fish lines compared to their WT siblings. To assess if hARSI overexpression 

accelerated bone development, putative F1 Tg zebrafish skeletons were analyzed by 

Alcian blue and alizarin red staining. Perichondral bone levels were assessed in the ch 

and hm of col2a1a_hARSI_EGFP putative Tg fish and their WT siblings at 8 dpf 

following a perichondral bone scoring system (Figure 4.16A and B). The results showed 

that the putative Tg zebrafish had more perichondral bone in the hm than their wild-type 

siblings, but there was no difference in the amount of perichondral bone in their ch 

(Figure 4.16 C and D). Alcian blue levels, which reflect sulfated PG levels in cartilage 

ECM, were also compared between putative Tg and WT fish. Spectrometric 

quantification of lysates from three Alcian blue-stained clutches showed a slight but 

non-significant decrease in putative Tg compared to WT zebrafish (Figure 4.16 E). 
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Figure 4.16 Assessment of Tg (col2a1a_hARSI_EGFP) zebrafish and WT skeleton by Alcian blue and 
Alizarin red staining at 7 dpf.(A) Zebrafish larvae head skeleton showing cartilage stained with Alcian 
blue and bone stained with Alizarin red. The analyzed elements were the hm and ch, highlighted in red 
and black, respectively. (B) The amount of perichondral bone was scored based on a scoring system 
where 0 is no bone and 3 is a highly mineralized perichondral bone surrounding all the ch or hm 
element. (C) There was a slight non-significant increase in the amount of perichondral bone in the ch 
between WT and Tg fish. (D) There was a significant increase in perichondral bone in the hm in the Tg 
zebrafish compared to the WT siblings (**p<0.0058). (E) There was a slight non-significant decrease 
in Alcian blue in Tg compared to WT fish.  
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4.4.8 Bafilomycin treatment did not increase EGFP visualization in Tg fish. 

One possibility for the lack of EGFP visualization in the transgenic zebrafish 

cartilages could be due to the rapid degradation of the overexpressed hARSI linked to 

the EGFP. Autophagy is one of the major degradation pathways in eukaryotes, which 

functions by capturing unwanted material in autophagosomes that subsequently fuse 

with lysosomes and degrade the contents (Lorincz & Juhasz, 2020). To investigate the 

possibility of protein degradation through this pathway, Bafilomycin was used. 

Bafilomycin works by inhibiting vacuolar ATPase, preventing acidification and 

degradation in lysosomes and autophagosome-lysosome fusion (Yamamoto et al., 

1998; Yoshimori et al., 1991). col2a1a_hARSI_EGFP fish were treated with 2 

concentrations of Bafilomycin (20nM and 50nM) for 3 days, but no difference in EGFP 

expression between treated and untreated groups was observed (data not shown). 

4.4.9 SUMF1 injections did not intensify Tg zebrafish skeletal phenotype  

To evaluate if the endogenous SUMF1 levels were not enough to activate the 

overexpressed hARSI, SUMF1 mRNA was injected in the eggs of Tg zebrafish and their 

WT siblings. The amount of perichondral bone in 8 dpf zebrafish was assessed in their 

ch and hm according to the table in Figure 4.16B. The SUMF1 injections led to large 

death rates in injected embryos and did not seem to potentiate the phenotype of 

putative Tg fish compared to their WT siblings (Figure 4.17). 
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Figure 4.17 - SUMF1 injections did not potentiate the Tg phenotype. (A-B) There was no significant 
difference in the amount of perichondral bone in Tg zebrafish ch and hm compared to WT or Tg 
uninjected fish. Fish from 2 clutches (N=44 WT control; N=45 Tg control; N=40 WT SUMF1; N=25 
Tg SUMF1). One-way ANOVA was used to compare all groups WT: wild type; Tg: Transgenic. 

 

4.5 Discussion 

There are various animal models with impaired sulfated PGs and skeletal 

phenotype defects. These models typically involve mutations in genes associated with 

PG synthesis and sulfation pathways, such as Papss2, uxs1, fam20b, and Sumf1 

(Cortes et al., 2009; Eames et al., 2010; Eames et al., 2011; Settembre et al., 2008). 

Even though many sulfatases are known to control PG sulfation levels, to the best of 

our knowledge, just one transgenic animal model for sulfatases has been reported in 

the literature: the Arsa transgenic mice, which was used for the study of metachromatic 

leukodystrophy (Capotondo et al., 2007). Considering the existence of 17 sulfatases, 

and their importance for health and disease, it is not clear why transgenic animals for 

sulfatases are not abundant. There may be some intrinsic difficulties in overexpressing 

sulfatases in animals, but the lack of literature reporting these challenges hinders the 

process of generating new animal models.  
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In this study, genomic integration of all Gateway constructs and RNA 

transcription for some of them was observed. However, the overexpression of ARSI 

protein was not confirmed in the putative Tg fish. The Gateway-tol2 system has some 

limitations. For example, the random insertions of the constructs driven by the Tol2 

transposon sites could lead to insertions in genomic regions that are not transcribed 

(Rafferty & Quinn, 2018). There was no EGFP expression or differences in IHC and 

western blot results for different constructs and founders. Most likely, ARSI protein was 

not observed due to post-transcriptional and post-translational processes. Post-

transcriptional regulation, which may control RNA decay, transcript elongation, and 

translation initiation, is usually controlled by small RNAs and RNA-binding proteins and 

might explain why it was not possible to show amplification for all junctions in the RT-

PCRs and may be a reason for the lack of protein expression (Van Assche et al., 2015). 

Another possibility is that hARSI mRNA is being degraded due to being recognized as a 

foreign sequence (human), in zebrafish. 

The absence of hARSI_EGPF could also happen due to post-translational 

modifications (PTMs). There are hundreds of described PTMs (e.g. phosphorylation, 

acetylation, glycosylation and ubiquitination), which normally increase protein diversity, 

and determine protein structure, destination, and function (Karve & Cheema, 2011). 

Due to their importance, PTMs are usually tightly regulated processes. However, non-

specific PTMs might occur when cellular stress happens, such as when proteins are 

overexpressed (Wani et al., 2015). In this sense, hARSI folding or stability in transgenic 

animals might be affected by PTMs targeting the extra proteins for degradation to 

maintain the physiological homeostasis (Li et al., 2021). 

No other studies overexpressing ARSI in animals were found for comparison. 

However, previous work overexpressing ARSI in retinal pigment epithelium cell line 

ARPE-19 concluded that overexpressed ARSI was unstable and rapidly degraded 

(Oshikawa et al., 2009). This phenomenon could be occurring in our putative Tg 

zebrafish, leading to the absence of EGFP and mild phenotypes. There are two main 

pathways for protein degradation in eukaryotic cells: the ubiquitin-proteasome and 

autophagy-lysosome pathways (Rubinsztein, 2006). According to Oshikawa's cell 
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culture experiments, ARSI was degraded in the ER, and a portion of the overproduced 

ARSI remained in its denatured form in the ER (Oshikawa et al., 2009). As a result, 

ARSI is likely degraded by proteasome complexes rather than autophagosomes, which 

may explain why our bafilomycin treatments did not allow us to visualize EGFP. 

Due to the novelty of working with ARSI, limited commercial antibodies are 

available for investigating its protein expression. The anti-ARSI antibody used in this 

study (Anti-ARSI HPA038398) was purchased from Sigma and produced against a 

human ARSI immunogen sequence. The antibody was used to assess ARSI expression 

in chick (Figure 3.11F-G) and mouse humerus sections (Figure 3.12); transfected 

(Figure 4.12F-J) and non-transfected mouse ATDC5 cells (Figure 3.14); and zebrafish. 

Except for zebrafish experiments, the antibody seemed to recognize ARSI in mature 

chondrocytes (more about the anti-ARSI antibody specificity is described in section 

4.4.4). Since I overexpressed human ARSI in zebrafish, I expected the antibody to be 

specific for this protein. However, a ubiquitous expression was observed even in WT 

fish by IHC, and many extra bands were observed in WT and Tg Western blot, 

suggesting that the antibody is binding to unspecific epitopes in zebrafish. Notably, no 

commercial antibody was available to investigate endogenous arsi expression in 

zebrafish. As highlighted by prior studies, one of the significant limitations of working 

with this animal model has been the lack of appropriate antibodies. This is because 

zebrafish proteins are more diverged than other vertebrates and may not be specifically 

recognized by antibodies designed for other species (Dhar et al., 2020; Staudt et al., 

2015; Tonelli et al., 2020). One option to check if any of the bands observed in the 

zebrafish Western blots corresponded to ARSI would be to extract specific bands and 

perform mass spectroscopy in the samples. 

The conversion of synchrotron images and other large images from 32-bit to 16-

bit is a relatively common practice to reduce file size in the field of imaging analyses 

(Brown, 2017; Hackett et al., 2016; Power et al., 2022; Singh et al., 2018). However, our 

quantifications showed that such a conversion could significantly affect statistical 

results. Specifically, while 16-bit quantifications indicated that sulfate esters decreased 

in putative Tg zebrafish, quantifications in 32-bit showed no difference in sulfate esters 
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and increased total sulfur levels in this same group. One possible explanation for these 

differences is that when images are converted from 32-bit to 16-bit, not all values from a 

higher bit-depth image fit into an image with a lower bit-depth. To convert a 32-bit pixel 

value to a 16-bit pixel value, ImageJ adds or subtracts a constant from the image pixels, 

which are further divided by another constant. After these calculations, the converted 

numbers are assigned to a valid value within the 16-bit scale, and clipping or rounding 

of numbers may occur. The constants used to perform this rescaling are determined by 

the original minimum and maximum values in each 32-bit image (Bankhead, 2022). 

However, the 32-bit images generated at the synchrotron did not have the same 

minimum and maximum values when compared to each other. For example, each 

sample had different minimum and maximum sulfur levels, resulting in different 

constants generated by the program for rescaling each image. Using different constants 

could place numbers that were the same in 32-bit images into different assigned 16-bit 

values, making images not comparable. In summary, using 32-bit images for 

quantification leads to more accurate results since the data is not clipped or converted. 

Using non-converted images would avoid skewing the results observed by the very 

sensitive technique used in this research. 

The quantification of 32-bit XRF images revealed a significant increase in 

potassium and total sulfur in putative Tg fish compared to their WT siblings. Levels of 

sulfur and potassium were previously shown to be correlated in pig and chick cartilages 

and even in plants (Hargest et al., 1985; Reich et al., 2016; van Donkelaar et al., 2007). 

Thus, the observed correlation between S and potassium levels increases our data 

reliability. Although the specific function of potassium during cartilage maturation 

remains unclear, it is known to play a role in balancing the negative charges of sulfate 

anions (Hargest et al., 1985; Reich et al., 2016; van Donkelaar et al., 2007). The 

increase in sulfur in Tg fish is puzzling given that sulfatase typically hydrolyzes sulfate 

esters, and overexpression of these proteins would intuitively lead to a sulfur reduction. 

Interestingly, prior research has shown that the overexpression of ARSI in cells 

decreased the endogenous arylsulfatase activity, possibly because of the degradation 

of endogenous SUMF1 due to the overproduction of ARSI (Oshikawa et al., 2009). The 

overexpressed ARSI in putative Tg zebrafish may be causing a decrease in SUMF1 and 
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overall arylsulfatase activity, which could account for the increased sulfur levels 

observed in Tg cartilage. 

In agreement with what was reported by Oshikawa et al. (2019), further 

investigation is required to obtain large amounts of ARSI in vitro and in vivo to study its 

biological function. To achieve this, it may be necessary to co-overexpress ARSI with 

other components, such as SUMF1. While our Tg zebrafish injected with SUMF1 mRNA 

did not exhibit a significant increase in bone density, the simultaneous expression of 

ARSI and SUMF1 has been demonstrated to enhance ARSI function (Cosma et al., 

2003; Oshikawa et al., 2009). The injection of capped mRNA in zebrafish eggs is a 

standard method to study gene function; however, it does not generate cell-type-specific 

phenotypes. Furthermore, injected mRNA tends to be stable just during early 

developmental stages, and the short life of the generated proteins might not be enough 

to cause a phenotypical change (Köster & Sassen, 2015). An option to investigate 

changes in skeletal phenotypes could be to outcross a stable zebrafish line 

overexpressing SUMF1 under the control of a col2a1a enhancer to our putative Tg fish.  

Using skeletal staining, putative transgenic zebrafish presented more 

perichondral bone in their hyomandibula (hm) compared to their WT siblings. This 

increase in bone supports our hypothesis that ARSI would promote endochondral 

ossification. Notably, this increase was not observed in the ceratohyal (ch). We 

speculate that these differences may be attributed to the timing of ossification, as the 

hm element undergoes ossification earlier than the ch element. Consequently, the 

differences seen in hm could be a consequence of more mature bone being present at 

this time point. Further investigations using skeletal staining at later time points, when 

perichondral bone in the ch element becomes more evident, might also reveal an 

increase in that element. Another possibility for those differences is that even though 

the ch and hm ossify through endochondral ossification, their development has some 

differences. For example, while in the ch, the growth plate is followed by a zone of 

calcification and a degradation zone with chondroclasts and osteoblasts, in the hm, the 

hyperthophic zone of the growth plate directly adjacent to adipose tissue, and because 

of that is called tubular bone (Weigele & Franz-Odendaal, 2016). Although the direct 
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influence of these differences on perichondral bone formation and timing is unclear, it 

raises the possibility that an increase in ARSI may produce different results depending 

on the origin and development of these elements.  

In summary, putative Tg zebrafish were generated for all 4 constructs. It was 

confirmed that the constructs had the correct sequence and were integrated into the 

zebrafish genome by the presence of green hearts and by DNA sequencing. It was 

demonstrated that RNA transcription was happening in the Tg zebrafish, but protein 

overexpression was not ultimately observed. Nonetheless, XRF imaging and skeletal 

preps revealed phenotypic differences between the putative Tg and WT fish. Those 

phenotypes may be related to ARSI function, but most likely, they are due to the Tg fish 

degrading overexpressed ARSI or counteracting ARSI overexpression through unknown 

mechanisms. The lack of animal models overexpressing sulfatases makes it hard to 

demonstrate how they act in vivo. It would be beneficial to have literature reporting 

possible pitfalls in generating Tg zebrafish by Gateway and problems in the 

overexpression of sulfatases. As the overexpression of ARSI protein in the putative Tg 

fish could not be confirmed, we partially addressed the hypothesis and objectives for 

Chapter 4, and more studies are needed to assess the biological function of ARSI. 
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 CHAPTER 5: SUMMARY, LIMITATIONS, AND FUTURE DIRECTIONS 

5.1 Summary 

Many examples discussed throughout this thesis show that inadequate sulfation 

of PGs can cause various skeletal defects (Cortes et al., 2009; Gualeni et al., 2013; 

Settembre et al., 2007; Settembre et al., 2008). However, how PG sulfation levels are 

modulated during endochondral ossification and how they influence skeletal phenotypes 

needs to be clarified. Sulfatases are promising target genes to control those processes 

since many of them remove sulfate esters from PGs, and sulfatase mutations lead to a 

variety of skeletal phenotypes (Otsuki et al., 2008; Sardiello et al., 2005; Settembre et 

al., 2007). This thesis aimed to investigate the role of a novel sulfatase (ARSI) in 

cartilage maturation during endochondral ossification. I used various techniques to 

achieve this goal, including synchrotron XRF, immunohistochemistry, in situ 

hybridization, cell culture, Western blot, and Gateway-tol2 transgenesis. 

The results presented here confirmed that sulfate esters decreased in mature 

cartilage compared to immature cartilage during endochondral ossification. Sulfate 

esters reflect sulfate groups linked to PGs, which in cartilage are mainly CSPGs 

(Hanson et al., 2004). ARSB and GALNS, the only two sulfatases previously reported to 

act on CSPGs, were not differentially expressed in mature cartilage, making them less 

likely to decrease sulfate esters in that region (Bhattacharyya et al., 2015; Tomatsu et 

al., 2005). Here I showed increased levels of ARSI in mature cartilage compared to 

immature cartilage in chick and mouse embryos and in cell culture experiments. Further 

biochemical experiments by our collaborators revealed that ARSI was a novel CSPG 

sulfatase. To our knowledge, this is the first report of ARSI as a CSPG sulfatase. Also, 

no previous papers showed ARSI mRNA and protein expression in chick or ARSI 

protein expression in mice and ATDC5 cells. Together, the expression and biochemical 

results strongly suggest that ARSI decreases sulfate ester levels in mature cartilage.  
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Just two papers reported experimental work with ARSI, and one additional paper 

mentioned this gene expression in skeletal development (Obaya, 2006; Oshikawa et al., 

2009; Ratzka et al., 2010). The findings presented here regarding ARSI biochemical 

activity and expression patterns in developing bones and cells significantly contribute to 

current knowledge about this sulfatase. The specific expression of ARSI in mature 

cartilage in different animal and cell models also raises questions regarding the role of 

ARSI in cartilage maturation. I attempted to test ARSI function by generating the first 

ARSI Tg animal model in the literature. ARSI DNA and mRNA were observed in the 

putative Tg zebrafish, but ultimately, protein overexpression was not proven due to 

possible post-translational regulatory mechanisms. More experiments should be done to 

investigate ARSI’s biological function, and suggestions will be discussed further in this 

chapter. 

5.2 Limitations and future directions 

5.2.1 ATDC5 cells to study ARSI biological function.  

One limitation of this study was that ARSI overexpression was not confirmed in 

our putative Tg zebrafish, probably due to post-translational mechanisms. Cell culture 

experiments are usually a simpler alternative to genetically modified animals to test 

gene function. Therefore, they could be used in preliminary studies to generate data on 

ARSI localization and function. One option would be the use of ATDC5 cells, which are 

a well-established cell line, to study chondrocyte differentiation (Yao & Wang, 2013). To 

test if ATDC5 cells are a good model to study ARSI function, I performed initial 

experiments transfecting those cells with constructs previously generated in Eames 

Lab. ATDC5 cells were transfected with three different constructs: (1) GFP fused to 

mCherry by a 2A peptide region (P2A), (2) hARSI fused to mCherry by P2A, and (3) 

hARSI fused with mCherry (Figure 5.1A). The P2A sequence consists of a coding 

sequence of a self-cleaving peptide that links our “protein of interest” (ARSI) to a 

fluorescent protein (mCherry). During translation, the P2A sequence leads to ribosome 
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“skipping, " resulting in a missing peptide bond and two separated proteins (Liu et al., 

2017). This avoids potential folding issues when a fluorescent protein is fused to the 

gene of interest. Construct (1) was used as a transfection control and allowed for the 

visualization of GFP and mCherry in the same cells and location. Both constructs (2) 

and (3) lead to ARSI overexpression, which was observed by mCherry presence in the 

transfected cells (Figure 5.1B). Using these similar constructs in zebrafish would be 

interesting, where hARSI could be fused to mCherry or GFP through a P2A protein, 

avoiding potential folding issues.  

The transfection worked with all three constructs, and even without selection, 

expression was still observed after ten days (Figure 5.1B). ARSI-transfected and non-

transfected cells were also stained with anti-ARSI antibody, and an increase in the 

fluorescence was observed in transfected micromasses (Figure 4.12H and I). Western 

blots performed ten days after transfection also showed increased ARSI band intensity 

when cells were transfected with ARSI fused with mCherry (Figure 5.1C). To confirm 

that cells could still differentiate into cartilage, Alcian blue staining was performed after 

transfection showing sulfated PGs in all groups (Figure 5.1D). Some options to obtain 

stronger or more specific bands could include to use anti-mCherry or anti-GFP 

antibodies instead of anti-ARSI for the Western blot experiments. 

With this system established, further experiments include selecting cells that 

express ARSI, quantifying and comparing Alcian blue levels and markers of 

chondrocyte maturation among the different groups. If ARSI promotes cartilage 

maturation, a decrease in Alcian blue and an increase in mature chondrocyte markers 

are expected in ARSI-transfected cells. 
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Figure 5.1 Preliminary ATDC5 transfection results. (A) ATDC5 cells were transfected with three 

different constructs. (B) Transfected cells were imaged every other day for ten days to check for 
transfection efficiency. (C) At ten days of culture, western blot results show increased ARSI 

expression in cells transfected with a construct containing ARSI fused with mCherry. (D) Alcian blue 
staining showed the presence of sulfated PGs in all transfected groups. 

 

5.2.2 Mutant zebrafish to study ARSI biological function  

Another possibility to test for ARSI function is the generation of mutant zebrafish 

using the CRISPR/Cas9 system. With that in mind, I designed and produced guide 

RNAs (gRNAs) targeting both copies of ARSI in zebrafish (arsia and arsib) and started 

implementing a CRISPR protocol in the lab. Maya Berscheid – a summer student I co-

supervised- injected those gRNAs, with Cas9 mRNA in zebrafish eggs, genotyped 

putative crispants, and performed preliminary skeletal preps to check for perichondral 
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bone. Injections with arsia gRNA were promising generating crispants. The putative 

mutated site was amplified with custom-made primers and sequenced. Two potential 

founders were discovered with mutations leading to early stop codons. (Figure 5.2A). 

These mutations were confirmed in intected fish (F0), asn dare currently under 

investigation in F1 (confirmed F0 outcrossed with WT). 

To remove effects related to potential mosaicism in injected fish (F0), arsia 

putative mutant fish were raised into adulthood and in-crossed to obtain the first 

generation (F1). F1 fish were fixed at 8 dpf, stained with Alcian blue and alizarin red, 

and the amount of perichondral bone was scored and compared to WT fish. There was 

significantly less perichondral bone in the hm of the F1 mutants compared to WT 

(Figure 5.2C). This result suggests that arsia promotes endochondral ossification. 

However, more experiments need to be performed. Since putative, but not confirmed, 

mutants were incrossed to generate F1, we are not sure which mutations exist in those 

fish. Also, even if there are mutations, when the fish are incrossed, it is possible that 

part of the progeny will not have them. Even with this caveat, the skeletal prep results 

are promising. This is because there was a significant decrease in perichondral bone in 

the pool of fish regardless of whether that included some WT siblings. The observed 

mutations were just 1 bp, so those differences were not clearly visualized on an agarose 

gel. Future directions include finding a better protocol to genotype embryos and 

selecting mutants before scoring their bone levels. 
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Figure 5.2 arsi putative crispants. (A) Alignment of arsia DNA and amino acids sequences of WT 
and Mut zebrafish. The putative mutated site was amplified with custom-made primers (sequences 
in orange). Start codon in green and gRNA binding site in purple. DNA sequencing of the PCR 
product showed a 1 bp deletion in the gRNA binding region (highlighted in red). The sequence from 
the Mut was translated using Serial Cloner 2.6, and an early stop codon (highlighted in blue) was 
observed as the result of a 1bp deletion on the gRNA binding domain. (B) there was no statistical 
difference between the amount of perichondral bone in ch of mutants and WT. (B’ - B’’) 
Representative images of the scored ch of WT and mutant fish at 8 dpf. (C) perichondral bone was 
significantly reduced in mutant hyomandibula compared to WT. (C’-C’’) Representative images of 
the scored hm of WT and mutant fish at 8 dpf. One clutch was analyzed (N = 19 WT, 28 MUT). Error 
bars represent the standard error of the mean. Statistics were calculated using the Unpaired T-test 
with Welch’s correction. Abbreviations: ch: ceratohyal; hm: hyomandibula; MUT: mutant; WT: wild 
type. 

 

While looking for human ARSI function using a zebrafish model, it is important to 

point out that ARSI biological function is yet not described for any animal. To better 

understand results in mutant zebrafish, it would be interesting to check for the 

expression and function of ARSI in these animals. Zebrafish have two copies of the 

ARSI (arsia and arsib), there are no commercial antibodies against zebrafish arsi 

proteins, and the antibody used in this thesis was unspecific in zebrafish samples 

Figure 4.11. An alternative and more specific option to assess arsia and arsib 

expression is to perform ISH for both genes. To do that, I designed probes for specific 

regions of arsia and arsib and made preliminary experiments to check for their 

expression in zebrafish ch. Preliminary results showed arsia expression in different 

zebrafish tissues, including chondrocytes in the ceratohyal (Figure 5.3 B-B’). On the 

other hand, arsib did not seem to be expressed above background levels in any of the 

tissues observed (Figure 5.3 C-C’). Optimization of the ISH protocol is needed to reduce 

background staining and confirm the location of arsi mRNA in zebrafish cartilages. 
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Figure 5.3 Preliminary ISH for zebrafish arsia and arsib. (A) ISH for col2a1a was used as a control to 
stain zebrafish cartilage at 7 dpf. (A’) higher magnification shows col2a1a is expressed in immature 
cartilage of zebrafish ch. (B) arsia ISH shows signal in different zebrafish tissues. (B’) Some 
chondrocytes inside the ch seem to have stronger arsia expression (red arrow). (C-C’) arsib ISH 
didn’t show signals above background levels in fish tissues. 
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5.2.3 Speculations about ARSI function in cartilage maturation 

The finding that ARSI is mainly expressed in mature cartilage in different models 

suggests that this enzyme is involved in cartilage maturation. Our preliminary results 

with crispants indicate that ARSI reduction decreases perichondral bone, an indirect 

measurement of cartilage maturation. One possible mechanism by which ARSI might 

control the timing of cartilage maturation is by changing CSPG sulfation levels. A 

reduction of PG sulfation is one of the first steps for PG degradation, and at the same 

time, lower levels of PGs accelerate perichondral bone formation (Eames et al., 2011; 

Settembre et al., 2008). PG sulfation also affects binding affinities and the signalling 

activity of growth factors in the cartilage matrix, which might influence the expression of 

cartilage maturation genes (Brown & Eames, 2016).  

The growth factor IHH is a central regulator of chondrocyte differentiation, 

expressed mainly by prehypertrophic chondrocytes (mature cartilage) (Long & Ornitz, 

2013). One of the functions of Ihh is to stimulate the production of parathyroid hormone-

related peptide (PTHrP) in proliferating chondrocytes (immature cartilage). PTHrP 

stimulates chondrocyte proliferation, inhibits chondrocyte hypertrophy, and delays Ihh 

production, keeping immature cartilage cells in an undifferentiated stage (Yang et al., 

2015). CSPGs are needed to form an IHH gradient in the growth plate. These PGs 

affect Ihh diffusion by aiding its trafficking to its target cells or by protecting these 

molecules from degradation (Cortes et al., 2009). Since ARSI is a CSPG sulfatase 

expressed in partially overlapping Ihh domains, it is tempting to speculate that ARSI 

acts on chondrocyte maturation by changing IHH diffusion. One hypothesis is that, as 

chondrocytes mature, ARSI is expressed and removes sulfur from CSPG, stimulating its 

degradation or altering its binding affinity for IHH. A decrease in IHH diffusion reduces 

PTHrP and allows the chondrocytes to enter hypertrophy and endochondral ossification 

to progress. Interestingly, Ihh has a higher affinity to CS4, which seems to be the main 

ARSI target in our biochemical analysis (Cortes et al., 2009). More experiments need to 

be done to test if IHH diffusion and cartilage maturation are affected by ARSI.  
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Defects in the timing of cartilage maturation and bone formation may contribute 

to dwarfism, ectopic bone formation, and other severe conditions. If ARSI removes 

sulfate esters from mature cartilage and promotes endochondral ossification, this gene 

could be used as a target to regulate skeletal development and disease. For example, 

manipulating ARSI might be of great value to understanding osteoarthritis (OA) etiology 

and proposing new treatments. Changes in OA cartilages, such as decreased levels of 

sulfated PGs, increased collagen 10, and chondrocyte hypertrophy, resemble cartilage 

maturation and bone formation steps during endochondral ossification (Brown & Eames, 

2016). Finding a way to delay cartilage maturation could help to slow disease 

progression in those cases. Controlling the timing of endochondral ossification could 

also be a key to preventing it from happening prematurely, which might be the case for 

short-stature phenotypes observed in many skeletal diseases, such as MPSs. 

5.2.4 Conservation of molecular pathways vs. intrinsic differences between 

species 

The conservation of sulfatases and molecular pathways across different 

organisms allows us to make inferences about gene function in different models 

(Sardiello et al., 2005). In this study, samples from various sources were utilized: human 

(HeLa cells), mouse (ATDC5 cells), zebrafish, and chick, to build up the knowledge 

about ARSI. This was possible because sulfatases are highly conserved across 

vertebrates, especially at their catalytic core, which suggests their function is also 

conserved. Also, chondrocytes from teleosts, birds, and mammals express a highly 

conserved set of genes that play key roles in endochondral ossification, such as 

Col2a1, Col10a1, Sox9, and Runx2 (Eames et al., 2012), indicating it is possible to use 

one animal model to make inferences about this process in other vertebrates.  

To better compare results among species, similar developmental stages of chick, 

mouse, and zebrafish embryos were used to look for ARSI expression and cartilage 

maturation. Although the overall chondrogenesis and osteogenesis pattern is 

conserved, one must be careful when comparing findings in the different animal models 
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because of intrinsic differences between species. One important point is that because of 

skeletal heterochrony, the timing of ossification events tends to vary among species  

(Hall, 1984). For example, previous results from our lab show that even in similar 

developmental stages, terminal differentiation of chondrocytes (characterized by a 

reduction in COL10A1 expression) occurs faster in chick then in mouse (Gomez-Picos, 

2020). These differences are significant because they could reflect mRNA and protein 

expression domain changes in those animals. It is, therefore, very challenging to draw 

an exact comparison among species, even if the stages and cells look similar. 

Growth plates also vary significantly between species based on their gross 

morphology and cellular characteristics. Hypertrophic chondrocytes, for example, are 

much larger and more distinct in mice humerus than in chick humerus and zebrafish 

ceratohyal (Mangiavini et al., 2016). Variations in chondrocyte hypertrophy might be 

related to different mechanisms of bone elongation across animals. While chick and 

zebrafish growth plates mainly grow based on the rate of cell proliferation, mouse 

growth plates elongate mostly because of cell hypertrophy and matrix deposition 

(Barreto & Wilsman, 1994; Heubel et al., 2021). Maybe because of these cellular 

differences, mature and immature cartilage regions are well-defined in mice but not in 

chicks. For example, in mouse humeri, cells were organized in columns, and 

prehypertrophic and hypertrophic cells were clearly in the center of the element. On the 

other hand, the chick growth plate had cells in different stages of differentiation located 

next to each other in different zones (Leach & Gay, 1987; Pines & Hurwitz, 1991). 

These characteristics made it harder to define a limit between immature and mature 

cartilage in the chick humerus. Thus, careful consideration must be taken while 

choosing regions to compare between species.  

Mouse experiments were less explored than chick experiments in this thesis. 

This happened because I had easier access to chick embryos, and the larger organ size 

of chick humerus was appealing for our experiments. It would be interesting to perform 

IHC and ISH in different depths of mouse cartilage to check for conservation of the 

ARSI expression pattern. XRF imaging could also be performed in mice samples to 
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confirm a sulfur reduction in mature cartilage vs. immature cartilage, as observed in 

chicks. 

5.2.5 Gene expression levels and location may vary in different developmental 

stages. 

A big challenge when working with developmental biology is to observe what 

happens in one or a few stages of development and extrapolate that for the rest of the 

developmental process. This is especially true when investigating gene expression 

during development. Regions of expression and abundance of proteins and mRNAs 

commonly change in different developmental stages, which may lead to different 

functions for the same protein at different time points. For example, ARSB is not 

detected in E12.5 and 14.5 in mice; however, there is a strong signal at E16.5 in the 

mice developing bones (Ratzka et al., 2010). ARSJ, on the other hand, is expressed in 

some mice cartilages at E14.5 but not at E16.5 (Ratzka et al., 2010).  

To answer the question: “Is ARSI responsible for the decrease of sulfur observed 

in mature cartilage?” we used a defined developmental stage where mature cartilage, 

immature cartilage, and perichondral bone were present. However, a broader study 

involving other developmental time points or live imaging would be beneficial to answer 

the bigger question of “What is ARSI’s biological function during endochondral 

ossification?”. Experiments conducted at other time points could determine when gene 

and protein expression are turned on/off and how that expression relates to key points 

of endochondral ossification (e.g., Is ARSI expressed in other cells before they become 

mature chondrocytes? Does it have a role in establishing the cartilage template? Can 

we see co-localization of mRNA and protein at any time point?). With that in mind, I 

performed some preliminary ISH in HH32 chick humerus. There were almost no 

morphological differences between immature and mature chondrocytes (Figure 5.4A) 

and a thin layer of forming perichondral bone (Figure 5.4B). At this stage, COL2A1 was 

expressed in the whole humerus, and IHH was highly expressed in the center of the 

humerus (Figure 5.4C and D). ARSI was expressed in a couple of layers of 
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chondrocytes all around the cartilaginous template, and GALNS seemed to be a little 

more intense in the central region of the template (Figure 5.4E and F). Interestingly, at 

HH32, ARSI expression was also in superficial chondrocytes, similar to the expression 

shown at HH36 (Figure 3.8G-G’). However, at HH32, the cartilage is mostly immature. 

This might suggest that ARSI has other functions during endochondral ossification (not 

strictly related to cartilage maturation) which will be further discussed in the next 

section. ISH and IHC from different time points and tissue depths would be helpful to 

determine how ARSI expression changes over time and which process it might be 

involved during endochondral ossification. 

 

 

 

Figure 5.4 Characterization of developing chick humerus (HH32). (A) Safranin-O staining showing 
sulfated proteoglycans in the developing cartilage. (B) Trichrome staining showing a very thin layer 
of forming perichondral bone (arrowheads). (C) COL2A1 is expressed in the whole humerus. (D) 
IHH is expressed towards the centre of the humerus. (E) ARSI was expressed in a couple of layers 
of cells surrounding the humerus. (F) GALNS expression is diffuse but a little more concentrated in 
the center of the humerus. 
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5.2.6 Why does ARSI expression vary with tissue depth? 

A distinctive characteristic of ARSI compared to the other genes analyzed in skeletal 

development was its ring-like pattern of expression, which was observed with three 

different probes by ISH and with the anti-ARSI antibody by IHC. It is well-known that 

specific spatial gene expression is required for accurate tissue patterning (e.g., anterior-

posterior axis and digits patterning) (Rosenberg et al., 2009; Sheth et al., 2012). 

However, many developmental biology analyses focus on longitudinal sections of the 

core region of tissues. This 2D information may hide significant portions of the 

developmental process or lead to wrong assumptions about gene function (Waylen et 

al., 2020). 

3D imaging would be a great asset to visualizing mRNA and protein expression in 

the whole humerus. Whole mount ISH and IHC can be useful in studying tridimensional 

gene expression in young embryos. However, many challenges arise when applying 

those techniques to older embryos. For example, probes and antibodies cannot 

penetrate their cellular targets when embryos grow beyond a critical size. They may 

also be trapped in thick tissues, leading to false-positive results (Vauti et al., 2020). One 

option to get 3D images in those cases would be to perform a 3D reconstruction of gene 

and protein expression patterns obtained from slides from different depths. More 

experiments should be performed to assess if sulfation levels visualized in the sections 

in this thesis also vary in different tissue depths and if that is correlated to ARSI 

expression. 

The reason why ARSI was expressed mainly in the superficial chondrocytes of the 

humerus still needs to be clarified. One possibility is that chondrocytes may mature at 

different times in the center and periphery of the cartilaginous template, which is 

reflected by ARSI expression. While performing the experiments described here, it was 

clear that COL10, a marker of mature chondrocytes, also varied between sections. In 

slides with adjacent sections, some of those had a larger domain of COL10 expression 

and more intense fluorescence than others. However, a parallel between the depth of 
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the tissue, ARSI expression, COL10 expression, and the state of individual chondrocyte 

maturation was not traced.  

Another possibility to explain the ARSI distinctive expression pattern could be 

related to cartilage appositional growth. One study using human fetal endochondral 

bones at a similar stage to the bones used in the present study (20th-22nd weeks) 

showed differences in the chondrocytes in the periphery and center of the cartilaginous 

template  (Pazzaglia et al., 2019). Different lacunae morphology and proliferation 

patterns indicated that peripheral chondrocytes participate mainly in cartilage 

appositional growth, whereas central chondrocytes participate primarily in interstitial 

growth (Pazzaglia et al., 2019). They focused this study on a transition zone between 

the mineralizing mature cartilage and the region where the epiphyses start to enlarge. 

This is the same region where I observed expression of ARSI mRNA in chick humerus 

and could also see differences in morphology of chondrocytes in the periphery and the 

centre of the humerus.  

If ARSI has a role in cartilage appositional growth, we might look at the ISH result 

differently. The results showing ARSI surrounding the whole cartilage template at HH32 

could indicate that this template is under intense appositional growth at this stage but 

not in HH36. In HH36, ARSI was mostly expressed right where the epiphyses start to 

enlarge and could be responsible for greater appositional growth in that region 

compared to the rest of the developing humerus. In fact, the existence of two patterns of 

chondrocyte participating in interstitial and appositional growth could be necessary for 

the clear variation between the epiphyseal and diaphyseal diameters present in most 

long bones (Pazzaglia et al., 2019). It is interesting to notice that ARSI transgenic and 

mutant fish had phenotypic changes just in their hyomandibula and not in their 

ceratohyal. While the hm has a triangular shape - similar to a humerus head - the 

ceratohyal does not have much diameter variation. Suppose ARSI is operating on those 

chondrocytes that contribute to the differences in diameter between the epiphysis and 

the diaphysis. In that case, it could be involved in a similar process to shape the 

hyomandibula. 
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Lastly, ARSI ring-like expression might be related to attachment points for 

ligaments and tendons. These regions, called entheses, comprise fibrous (perforating 

mineralized collagen fibres) or fibrocartilage tissues (Lu & Thomopoulos, 2013). Little is 

known about the molecular control of cell maturation at entheses (Benjamin et al., 

2006). The specific expression of ARSI in this region may indicate its participation in 

enthesis development. Its expression could also be a response of those cells to 

mechanical load by the developing entheses. Tendons and ligaments were not the 

focus of our study, so they were not closely analyzed. 

5.2.7 ARSI localization  

The ARSI localization is still up for discussion, as there are different reports of 

this sulfatase being present in the ECM, lysosomes, or the Golgi  (Obaya, 2006; 

Oshikawa et al., 2009; Ponten et al., 2008). The IHC results presented here indicate 

that ARSI was expressed close to the plasma membrane in mature chondrocytes of 

chick and mouse humeri and ATDC5 cells (Figure 5.5). Higher magnification of mature 

chick cartilage showed some dot-like expression of ARSI - which could correspond to 

lysosomal expression – but most of the fluorescence signal was in the cell periphery 

(Figure 5.5A). Co-staining of ARSI and COL10 antibodies in chick showed that while 

both are expressed in mature cartilage, for the most part, they do not have the same 

subcellular localization. As expected, COL10 was expressed in the ECM, but ARSI was 

mostly intracellular (Figure 5.5B). ARSI expression was also observed mostly close to 

the cell membranes in mature mouse cartilage and ATDC5 cells (Figure 5.5C and D).  

Our biochemical results showed that ARSI acts on cartilage PGs, so it likely 

plays a role in remodelling the ECM during the transition from a cartilaginous into a 

bony skeleton. However, the lack of ARSI expression in the ECM makes it challenging 

to explain how this sulfatase could remodel the ECM in vivo. One possibility is that the 

used techniques - IHC plus fluorescence microscopy - might not be enough to detect 

ARSI in the ECM. Another possibility is that the highly sulfated PGs in immature 

cartilage are degraded and replaced with less sulfated PGs in mature cartilage. ARSI 
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could be acting removing sulfur fromÏÏ the newly produced PGs before secretion. To 

better understand ARSI subcellular localization, further experiments include co-staining 

of ARSI and fluorescence markers specific for lysosomes, Golgi, and pericellular matrix, 

visualization of cells by confocal microscopy to obtain a better resolution, and 

experiments involving co-immunoprecipitation. 

 Our XRF maps and quantifications showed a reduction of sulfur and more specific 

sulfate esters in mature cartilage compared to immature cartilage. To improve the 

specificity of our results, it would be interesting to see how the decrease of sulfur in 

mature cartilage happens at a subcellular level using beamlines that allow for this type 

of imaging. Those results, coupled with a better understanding of where ARSI is 

expressed, would lead to better inferences about ARSI's biological function.  
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Figure 5.5 ARSI localization. (A) IHC in chick mature chondrocytes show dot-like expression in 
the cell cytoplasm, but most of the expression comes from the cell periphery. (B) Co-staining with 
ARSI and COL10 showed that most ARSI is not in the ECM. (C) IHC in mouse mature chondrocytes 
shows that ARSI is mainly expressed in cell periphery like chick results. (D) ARSI expression in vitro, 
in differentiating ATDC5 cells, showed a similar pattern to in vivo expression. Abbreviations: MAT: 
mature cartilage  

In closing, this work showed that a reduction of sulfur happens in mature 

cartilage during endochondral ossification, and that a novel sulfatase -ARSI- is 

differentially expressed in this region, potentially controlling this reduction. Working with 

this gene was very challenging, considering the lack of data in the literature. 

Nonetheless, this research was extremely important for my training as a scientist. 

During this work, I could generate new data and compile and interpret data from 

collaborators considering my own hypothesis and experiments. I learned various 

techniques (XRF synchrotron imaging, Gateway-Tol2 transgenesis, cloning, PCR, 

immunocytochemistry, in situ hybridization, ATDC5 cell culture, among others), worked 
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with different animal models, and designed new lab protocols (such as Western Blot 

and CRISPR-Cas9). Besides that, I was deeply involved in troubleshooting the 

experiments with the transgenic zebrafish, which did not work as predicted. While this 

thesis propelled the study of a novel sulfatase, there is much to be investigated about 

the potential ARSI roles in skeletal development. The points discussed in this chapter 

are just some of the possibilities for future research that can give us insight into 

cartilage maturation, endochondral ossification, and potential applications in health.  
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 APPENDIX A 

Methodology of preliminary results presented on Chapter 5 

ATDC5 transfection 

The constructs transfected into ATDC5 cells were previously generated in Eames 

lab by Tuanjie Cheng. The hARSI cDNA was obtained from human placenta (as 

described in item 3.3.13), and was subcloned into the pP2A-mCherry-N1 vector, which 

was obtained from Dorus Gadella (Addgene plasmid #84329). This vector enables 

bicistronic expression of the protein of interest and mCherry. GFP subcloned into the 

pP2A-mCherry-N1 vector was used as a control in transfection. hARSI was expressed 

under the control of a CMV enhancer (Figure 5.1 A). Transfection was performed using 

TransIT-LT1 Transfection Reagent (Mirus Bio, Madison, WI). After 48 hours, the 

transfection medium was removed, cells were harvested, and micromass experiments 

were performed. Differentiation media (Dulbecco's Modified Eagle's Medium (DMEM-

F12), Ascorbate-2-phosphate (A2P), β-glycerophosphate (BGP), and Insulin-transferrin-

sodium selenite (ITS)) was added into these cultures. Micromass cultures were imaged 

at days 2, 4, 6, 8, and 10 by fluorescent microscopy, which showed that both GFP (used 

as a control) and mCherry remain expressed at these time points (Fig. 5.1 B). Cells 

were then harvested at day 10 and used for WB, as described in section  3.3.12. At this 

same time point, cells were examined for secretion of sulfated proteoglycans using 

Alcian blue staining as previously described (Izadifar et al. 2016).  

Generating zebrafish mutants 

Guide RNAs (gRNAs) 

Based on the arsia and arsib sequences for Danio Rerio present in the NCBI 

database, gRNAs were designed to target 2 different regions of each of those genes. To 
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identify target sequences, the CHOPCHOP website (http://chopchop.cbu.uib.no/) was 

used. Selected gRNA sequences started with G or GG and had the lower off-target 

effects possible. Chosen sequences (20bp) were aligned to the zebrafish genome to 

ensure it matched only once. Instead of cloning the gRNA sequence into a vector before 

the in vitro transcription, we ordered two oligos that partially annealed to each other in a 

PCR reaction. The polymerase filed in the rest (free ends) during PCR, yielding a short 

double-stranded template with a T7 recognition site. One oligo was generic in that it is 

used in every template production reaction. The other was a sequence specific to the 

target sequence. The ordered oligos were as follows: 

gRNA scaffold oligo (PAGE purified) from IDT:  

5`-gatccgcaccgactcggtgccactttttcaagttgataacggactagccttattttaacttgctatttctagctctaaaac-3` 

gene-specific oligos from IDT: 

arsia1ex1:  

5`- aattaatacgactcactata-GGATAAGCTGGCCTCGGAGG-gttttagagctagaaatagc-3` 

arsia2ex1:  

5`- aattaatacgactcactata- GAAGCTGCAGCGTTCAAGCC -gttttagagctagaaatagc-3` 

 

arsib1ex1:  

5`- aattaatacgactcactata-GGATCTCACCCAGGACTGGA -gttttagagctagaaatagc-3` 

arsib2ex2:  

5`- aattaatacgactcactata- GGATACGCCACGCACATGGT-gttttagagctagaaatagc-3` 
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Create gRNA DNA template 

PCRs were performed with the scaffold oligo, plus one gene specific oligo at a 

time with Phusion polymerase, using the following conditions: 4 µl 5x Buffer, 4 µl 

dNTPs, 1 µl of gene specific oligo (10 µM), 1 µl of gRNA scaffold oligo (10 µM), 0.2 µl 

Phusion, 13.4 µl Water. Reactions proceeded for 98°C for 30 seconds, followed by 40 

cycles of 98°C 10 seconds, 60°C for 10 seconds, 72°C 15 seconds, and one last cycle 

of 72ºC for 10 mins. PCR reactions were cleaned with column-based method, and 

product was analyzed on a 1% agarose gel for a single band of 125 bps. 4 µl of purified 

PCR products were used in a half-reaction of the MEGAscript T7 Kit for in vitro 

transcription overnight. DNase treatment was performed in all reactions with a column-

based method.  

Cas9 

Competent E. coli were transformed with the T3TS-nCas9n plasmid (Addgene: 

plasmid 46757) and plated on LB agar plates with ampicillin (100 µg/ml). Colonies were 

collected and placed in tubes containing LB liquid media with ampicillin (100 µg/ml). The 

tubes were placed in a shaker at 37°C overnight. The next day, bacteria containing the 

plasmid with the DNA insert were purified using the QIAprep® Spin Miniprep. Plasmids 

were linearized with XbaI and purified using QiaPrep column (Qiagen). Purified samples 

were sent for DNA sequencing. Plasmids with the correct DNA sequence were used for 

in vitro transcription with the T3 mMESSAGE kit (Invitrogen) for 1-2hr, and the RNA was 

purified in a column (RNeasy Mini Kit from Qiagen). 

 

Injection of Cas9 mRNA and gRNA into zebrafish embryos 
WT eggs were injected at a one-cell stage with an injection mixture containing 

100 ng/µl Cas9 mRNA, 50 ng/µl of gRNA, 0.0025% phenol red, and nuclease free 

water. The gRNA/Cas9 mixture was injected into the yolk below the cell.  

 

DNA extraction/genotyping 
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Injected fish were raised into adults, anesthetized in 4% Tricaine, and a small 

portion of the caudal fin was clipped. Fin clips were placed into individual PCR tubes 

together with 50 µl of alkaline lysis buffer (25 mM NaOH, 0.2 mM EDTA, pH 12). Tubes 

were placed into a thermocycler at 95℃ for 25 minutes and cooled down on ice for 15 

minutes. Following the cooling step, 50µl of neutralizing buffer (40mM Tris-HCl pH 5) 

was added to each tube. 

PCRs were performed with genomic DNA to check for a mutation created during 

CRISPR injections. PCR reactions in each well consisted of 2.5 µl 10x standard Taq 

buffer, 0.5 µl 10 mM dNTPs, 1 µl 10mM primers, 12.75 µl ddH20, 0.25 µl Thermofisher 

Taq polymerase, and 3 µl extracted DNA. The reaction was run for 40 cycles: 30 

seconds at 95℃, 30 seconds at 56℃-60℃, and 40 seconds at 72℃. The PCR product of 

interest was run on a 1% agarose gel in 1xTAE buffer.  

The band size of interest was extracted from the gel and purified using the 

QIAquick® Gel Extraction kit. The purified product was cloned into the pCR™4-TOPO™ 

vector and transformed into One Shot™ TOP10 Chemically Competent E. coli cells. 

The transformed product was grown overnight in 37°C on LB agar plates containing 100 

µg/ml of Ampicillin. The next day, colonies were selected and transferred to plastic 

tubes containing 5 mL of LB media containing 100 µg/ml of ampicillin. The tubes were 

placed in a shaker at 37°C overnight. The next day, bacteria containing the plasmid with 

the DNA insert was purified using the QIAprep® Spin Miniprep. To ensure minipreps 

contained the DNA insert of interest, EcoR1 miniprep digestions were performed. 1 µl of 

the miniprep was placed in separate wells of a PCR plate, and then in each well the 

following reaction was made: 7.1 µl water, 0.1 µl 10x CutSmart® Buffer, 0.1 µl 100x 

BSA, and 0.8 µl HF EcoR1 enzyme. The reaction was run in an incubator at 37℃ 

overnight. The miniprep digestion product was visualized on a 1% agarose gel run with 

1x TAE buffer. The minipreps containing the correct-sized insert were sent for 

sequencing with Eurofins. Sequencing results were analyzed by aligning the 

sequencing product with WT zebrafish DNA sequence from NCBI Genbank using Serial 

Cloner 2.6. 
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Zebrafish skeletal staining   

Two potential mutants were found after cloning and sequence of the PCR 

product. Mutants were outcrossed with WT fish, and F1 fish were stained for Alcian blue 

and Alizarin red as described on item 4.3.5, and scored for the amounts of perichondral 

bone. 

Zebrafish In situ hybridization (ISH) 

ISH was performed on ZEBRAFISH CERATOHYALS (7UM frozen sections), to 

check for arsia and arsib endogenous expression. For that, embryos were fixed in 4% 

PFA at 4°C overnight, washed in 1xPBS, embedded in optimal cutting temperature 

(OCT) compound (Tissue Tek, Torrance, CA, United States), and immediately flash-

frozen in liquid nitrogen-cooled isopentane. ISH proceeded as described in item 3.3.8 

(In situ hybridization on frozen sections). The col2a1a zebrafish probe was previously 

produced in the lab, while probes for arsia and arsib were designed by me towards the 

3’CDS region of the gene sequence.  A T3 promoter (AATTAACCCTCACTAAAG) was 

inserted in the beginning of each sequence, and a T7 promoter reverse comp sequence 

(CTATAGTGAGTCGTATTA) was added by the end of each sequence. The oligos, 

which were ordered through Bio basic (https://www.biobasic.com), follow: 

 

Zebrafish arsia 3’UTR probe 

AATTAACCCTCACTAAAGCATTCCCATACACACACTCAGTGTTTTTCTTAAATGTAT

GATCATATTCTATTTGAAATAAACACGTTTGTTTTTGTGAAGGCTGATTAAAATGAAA

GAAAGCTGTCTTTATTGAGACTAGTGTAAATGTTGACTGCCCTCTAGCGGACACCT

GAGCTTTATTTGGATTTTGATTGGAGGACTGTACACGTGTAAATGTGTGTGTGTGTA

TGTGGGCTGTGTATGTGAAAGAGAGAGAGAGAGAGTGTGTGTGTGTGTGTGCATA

TGAGTGTTCTTGAATTGTATATTTTGTGTGTGTATATAATGTAAATGTTGACTGCCCT
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CTAGTGGACACCTGAAGTTTATTTGTTATTCTGATTGGAGGACTGTACATGTGTAGG

TTCACGGTTCTCTTGTAAACGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT

GTGTGTGTGTTTAAAAAGACCGAAATATGTGTATGTATTTTAGATGTATTTTGTGCAT

GTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTTAAATGTGTGTGTGTGTG

GTCTGTTTGCCTGCAGATACACTGGTCAGAGACCCTCTGGGCTGTGCTTTACAGTA

GCTGCTCCTCCAGTACACTATAGTGAGTCGTATTA 

 

Zebrafish arsib CDS+3’UTR 

AATTAACCCTCACTAAAGTACAGGCGGCCATTAGAGTTGGTGACTGGAAGCTCCTG

ACGGGTGATCCTGGGAATGGGGATTGGGTGCCGCCACATGTCCTTACACACTTCC

CCAGCAGCTGGTGGCATCTAGAGCGGGACATTGGAGAAAAGAGGAAATCCGTATG

GCTTTTCAATGTAACAGGTGACCCTTGTGAACGGCATGACCTTGCGGTGCACAGG

CCTGATGTTGTTAGGGAGCTGCTAGCACGGCTAGCCTTTCACAATCGCACCGCAAT

ACCTGTCCGCTACCCGCCTGATGATACCCGTGCCAACCCTAGTGCGAATGGAGGG

GCATGGAGACCTTGGGTTGGTGAAGATGACGAGGAGGAAAACTGGGATGGAGTTT

ATTATAAGAGAGGAAAGAATCGCAAAAGGAAGAAATGTAGGCTCTGCAAGCTGCAA

TCTTTTTTTAAGAAGTTTAACTTAAAGATCATGTCAAAACAAATATAGGGATCTTCTG

CTATTAGATATCACTGATAAGACTAAACCTAAGTGTTGACCATGTACAGCGGCTATA

GTGAGTCGTATTA 

 

The cloned DNA fragments received from Bio basic were transformed into E.coli 

cells (OneShot, Invitrogen), selected for with ampicillin and cultured overnight in LB 

liquid medium. The plasmid DNA was extracted and purified to produce minipreps. 

Plasmids were then sequenced and compared to RNA sequences using the Basic Local 

Alignment Search Tool (BLAST) on NCBI. This comparison was conducted to verify that 

the cloned DNA sequences were accurate. Plasmids were linearized accordingly to 

produce the proper sense and anti-sense probes, transcribed using T7 or T3 RNA 

polymerases, and labelled with digoxigenin.  
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Histology of the developing chick humerus (HH32). 

Safranin-O and Trichrome staining were performed on zebrafish cartilages as 

described on item 3.3.2  

 

ISH of the developing chick humerus (HH32 

ISH was performed on chick humeri at the HH32 stage (7 µm, frozen sections), in 

the same way described in item 3.3.8.  

Immunohistochemistry for ARSI and COL10 in mouse and chick humerus 

sections 

ICH for ARSI and COL10 in mouse and chick humerus were performed as 

described in item 3.3.3.  

 


