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INTRODUCTION

Cartilage is best known as the tough elastic tissue found between joints such as the knee, but during embryonic development cartilage supplies a blue print for endochondral bone formation.  Defects in genetic pathways controlling cartilage development result in phenotypes
 ranging from lethality (chondrodysplasias) to superficial defects such as cleft palate
 (chondrodysostoses), the latter of which is one of the most common birth defects in humans (Lefebvre and Smits, 2005; Nie et al., 2006).  Cartilage is composed of chondrocytes
 that secrete a matrix of fibers into extracellular space between cells. The presence of an intact extracellular matrix (ECM) is crucial to embryogenesis
 and mediates migration of growth factors and signaling molecules
 (Sandell and Adler, 1999).  Research has long been aimed at understanding cartilage and bone development, but much of the molecular-genetic regulatory network
 responsible is still poorly understood.  This paper aims to contribute to our understanding of these networks and present new insight into one novel pathway necessary for cartilage and bone development.

The mechanism of skeletogenesis
 in vertebrates
During embryogenesis, multipotent mesenchymal stem cells
, originating from neural crest
 and mesoderm
, differentiate into a variety of cell types to form bone and cartilage. When mesenchymal stem cells are present in non-vascularized sites, condensation and differentiation yield pre-chondrogenic mesenchyme
 (Dominici et al., 2001).  Through a series of regulatory cascades
, pre-chondrogenic mesenchymal cells differentiate into chondroblasts
 and upregulate molecular-genetic activity to increase secretion of ECM components (Sandell, 1994).  

After this matrix of connective tissue is deposited, osteoblasts
 invade to create bone through a tightly regulated process called endochondral ossification.  Being only one of two ways bone is made in the human body, this process depends upon the proliferation of cartilage (Kimmel, C. B. et al., 1998).  The other main process through which bone develops is intramembranous ossification where mesenchymal cells condense inside a membranous pocket and differentiate directly into osteoblasts.  In this scenario, osteoblasts proliferate and secrete a bone matrix without a cartilage blue print.  Although cartilage matrix is not needed for bone development via intramembranous ossification, studies have shown genetic pathways involved in chondrogenesis
 and endochondral ossification direct this process as well.  One example is bone morphogenesis proteins, which are involved in early signaling to mesenchyme to initiate cartilage development (Bandyopadhyay et al., 2006; Li et al., 2005), that also regulate mesenchymal cell differentiation at intramembranous sites as well.  Reciprocal signaling is important for cells to communicate to each other so that asynchronous differentiation can occur across an embryo during development to give rise to the vast array of tissue and structures of a multicellular organism.   Studies have revealed the ECM of cartilage to facilitate reciprocal signaling processes during cartilage and bone development. Thus, understanding the roles of ECM macromolecules in reciprocal signaling between cells during skeletogenesis is an active area of research.  

The role of extracellular matrix macromolecules in chondrogenesis

The ECM contains many macromolecules, the most abundant of which are collagens, elastin fibers, and proteoglycans (PGs).  Collagen forms triple stranded helices which aggregate together into ropelike structures anchoring and reinforcing ECM components in tissue space. Elastin fibers share structural similarities with collagen and provide flexibility (Velleman, 2000).  PGs are highly condensed chains of sugars branching from a protein core that span through the ECM, forming layers resembling a hydrated gel (Prydz and Dalen, 2000).  Research in numerous developmental systems has credited PGs with controlling cell division, cell adhesion, cell migration, axon guidance
, ECM reinforcement, and extracellular proteolysis
 (Holt and Dickson, 2005; Kirn-Safran et al., 2004; Knudson and Knudson, 2001; Lander and Selleck, 2000).  PGs are made of a protein core connected to a common four-sugar linker followed by a diversity of long chains of repeating disaccharides
 called glycosaminoglycans (GAGs).  In the ECM, PGs are either found on the cell surface or in large aggregates on hyaluronan
 scaffolds.  Four major classes of PGs have been characterized in the ECM based upon their GAG constituents: dermatan, keratan, chondroitin, and heparan sulfate.  Researchers have found the investigation of PGs taxing in vivo
 because these molecules contain repeating disaccharides derived from common sugars like glucose.  Thus, answering questions about the roles of PGs in cartilage and bone development has proven difficult.

Defects in proteoglycan-mediated pathways can lead to serious problems during embryogenesis and later in life  

Scientists have begun to make strides in understanding the various roles of these four classes of PGs across different systems in vertebrates.  One novel study on the central nervous system has revealed that chondroitin sulfate proteoglycans (CSPGs) are involved in formation and maintenance of perineuronal
 nets in cortical neurons.  These nets are the main protective layers for neurons against the buildup of -Amyloid
 protein which is an indicator of Alzheimer’s disease progression (Miyata et al., 2007).  Fibroblast growth factors (FGFs)
 are crucial signaling molecules for proliferation of bone and cartilage (Lander and Selleck, 2000) and studies have begun to reveal that heparan sulfate proteoglycans (HSPGs) are integral for FGFs to bind to cell surface receptors during embryogenesis (Lin, 2004; Norton et al., 2005). 

Skeletogenesis and dysgenesis
 are dependent upon molecular-genetic networks that establish reciprocal signaling pathways 

The role of extracellular macromolecules like PGs play in maintaining reciprocal signaling pathways underlie many developmental disorders and the onset of diseases like osteoarthritis
 in humans.  Osteoarthritis typically involves the growth of bone spurs replacing articular cartilage in the joints causing pain and deformity in many people over the age of 65 (Rothschild and Panza, 2007).  Researchers hypothesize that this may occur through inappropriate regulation of signaling pathways between cartilage and bone.  In humans, defects linked to the ECM which have seen much attention are achondrogenesis
 and lethal chondrodysplasias
.  Humans have two types of achondrogenesis with common symptoms caused by disruption in COL2A1
 and SLC26A2
.  Approximately 1 in 40,000 births annually is a achondroplastic baby born with shortened bodies, limbs, and possibly other skeletal abnormalities including cleft palate (Korkko et al., 2000; Superti-Furga et al., 1996).  These infants are born prematurely and have low survival rates.  Birth defects like achondrogenesis are serious and understanding the molecular-genetic basis of them is an active area of research.  

In the model organism, chicken, biologists have studied achondrogenesis and lethal chondrodysplasias to help gain insight on the molecular basis for these defects.  One form of lethal chondrodysplasia has been linked to chondroitin sulfate PG (CSPG) deficiency (Schwartz and Domowicz, 2002).  CSPG-deficient mutant chicks have dwarfed endochondral bone structures due to a small cartilage blue print.  Further research in PG deficient animal models like chicken are crucial to understanding PG roles in different systems and is one of the numerous challenges researchers face today in developing new treatments and therapies for diseases resembling osteoarthritis and achondrogenesis.

The mechanism of proteoglycan biosynthesis   

Another aim of research has been to further our understanding of the molecular-genetic network involved in PG biosynthesis.  PG biosynthesis begins with the accumulation of protein core molecules and uridine diphosphate (UDP)-bound sugars in the endoplasmic reticulum
 and golgi complex
 of cells.  The attachment of UDP communicates to the cell that these sugars are ready for use as substrates for synthesis of PGs (Rademacher et al., 1988).  PG biosynthesis is initiated by the tightly regulated attachment of a four-sugar linker to the protein core. UDP-xylose
, the first sugar in the link, is produced solely for PGs in vertebrates through a pathway where UDP-glucose is converted into UDP-glucuronate by UDP-glucose dehydrogenase (Ugdh)
 (Fig. 1A).  Research has shown that this pathway is crucial for cartilage development as seen in the Ugdh-deficient zebrafish, ugdh jekyll (jek), which has a deletion of cartilage elements in its developing skeleton (Neuhauss et al., 1996).  Downstream of Ugdh, UDP-glucuronate decarboxylase (Uxs1)
 converts UDP-glucuronate (a six-carbon sugar) into UDP-xylose (a five-carbon sugar) (Kearns et al., 1993; Vertel et al., 1993) (Fig. 1A).  The role of UDP-xylose and Uxs1 is still poorly understood within this molecular-genetic network in vivo.  Once UDP-xylose is present, four-sugar linker synthesis is initiated by the action of xylosyltransferase 1 (XYLT) which adds UDP-xylose to a Serine residue on the protein core (Fig. 1B) (Vertel et al., 1993). Research has shown XYLT activity to be the rate-limiting step
 in PG biosynthesis for all major PG families found in the ECM with the exception of keratan sulfate PGs (Fig. 1C) (Bourdon et al., 1987; Knudson and Knudson, 2001).  Following addition of UDP-xylose, two UDP-galactose sugars and one UDP-glucuronate molecule are added to the linker by galactose transferase I/II and glucuronate transferase I respectively (Fig. 1B).  Upon the addition of each UDP-bound sugar in the linker, UDP is removed from these sugars by their respective transferase.  Thus, PG biosynthesis is thought to be dependent upon the sequential addition of these four sugars to the PG protein core.

After synthesis of the four-sugar linker, signaling cues initiate glycosylation
 in which GAG constituents of interest are added by exostosins Ext1, Ext2, Extl1, Extl2, and Extl3(Kjellen and Lindahl, 1991; Knudson and Knudson, 2001; Lin, 2004).  Zebrafish mutants in ext2 and extl3, dackel (dak) and boxer (box) respectively, have revealed glycosylation to be vital for heparan sulfate proteoglycan (HSPG) biosynthesis.  Both homozygous dak and box zebrafish exhibit cartilage defects in the gill and jaw regions suggesting disruption of cartilage and bone development due to improper HSPG biosynthesis (Lee et al., 2004; Schilling et al., 1996).  The extent, however, to which other enzymes involved in this pathway regulate PG biosynthesis and skeletogenesis still remains relatively unknown.  
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	Figure1.  (A) Biochemical synthesis of UDP-xylose from the UDP-glucose precursor.  UDP-glucose dehydrogenase (UGDH) converts UDP-glucose into UDP-glucuronate which UDP-glucuronic acid decarboxylase (UXS1) transforms into UDP-xylose.

(B) Visual of the four-sugar link initiating synthesis of proteoglycans in the endoplasmic reticulum and golgi complex.  Xylosyltransferase I (XYLT) attaches UDP-xylose to a Serine residue by an oxygen-linked bond.  Next, Glalactosyltransferases I and II attach two UDP-galactose sugars and glucuronate transferase I adds UDP-glucuronate to complete the four-sugar linker.  The corresponding GAG chain then begins synthesis utilizing a family of proteins called Exostosins (Ext1, Ext2, and Extl1, Extl2, and Extl3). 

(C)  Illustration of the enzymes used in the synthesis of the tetrasaccharide linker and the copolymerases extending the chain by two sugars at a time.

Abbreviations: Gal, galactose; GlcA, glucuronic acid; GlcNAc, N-acetyl glucosamine; UDP, uridine diphosphate; UGDH, UDP-glucose dehydrogenase; UXS1, UDP-glucuronic acid decarboxylase 1; Xyl, xylose.


Understanding molecular-genetic networks involved in skeletogenesis
A common approach to understanding molecular-genetic networks involved in cartilage and bone developmental pathways is to investigate defects in a model organism.  Zebrafish is a good model organism because its molecular-genetic pathways involved in bone and cartilage development are shared across other vertebrate lineages including humans. Moreover, mutant phenotypes resemble defects seen in humans so research is relevant to possible advancements in treatments for human diseases and disorders.  Another advantage zebrafish offer is homologous structures with humans.  By 18 hours post-fertilization (hpf) a zebrafish embryo has near identical structure of a 28 day post-fertilization (dpf) human embryo (Fig. 2).  The main homologous structures include the brain, eye, somites
, and tail bud
 (Fig. 2) (Westerfield, 2001).  Zebrafish also reproduce in clutches of numerous offspring which allows experiments to be run on as many as one hundred and fifty embryos at a time.  Additionally, embryos develop externally from the parent making them accessible without sacrificing the mother.  Maintaining zebrafish is also relatively inexpensive compared to other model organisms used in laboratories such as rats or monkeys. Thus, zebrafish is a good model for looking at cells and the molecular-genetic networks involved in development of the bony skeleton in vertebrates (Cubbage and Mabee, 1996; Renn et al., 2006).  
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	Figure 2. Comparison of homologous structures of (A) a zebrafish at 18 hours post-fertilization (hpf) and (B) a human embryo 28 days post-fertilization (dpf) respectively.  

Abbreviations: b, brain; e, eye; s, somites; t, tail.


Our research team has previously used mutant screens to look at zebrafish that have phenotypes indicative of disruptions in one or more molecular-genetic networks involved in skeletogenesis.  The cartilage-staining dye, Alcian blue, is a commonly used method for examining cartilage structures in embryos.  It stains GAG chains of PGs found in the ECM of cartilage by turning structures blue.  This method was used in the mutant screen that found jellyfish (jef), a zebrafish mutant of sox9a which has previously been studied in our research lab and lacks almost all craniofacial cartilage elements.  In a different mutant screen, another Alcian-negative phenotype similar in appearance to jef, was found and thought to be an allele of sox9a.  Thus, the new allele was called man o’ war (mow) after the giant jellyfish.  Homozygous mow embryos are unambiguously identifiable at 5 days post-fertilization (dpf) from wild-type larvae by their poor development of cartilage elements, protruding eyes, small fins, heart edema
, circulation problems, and small bodies (Fig. 2C,D).  A lack of a functional jaw ultimately leads to starvation in homozygous mow mutants around 9 dpf.  Preliminary genetic studies of mow showed that the mutated gene was not actually a mutation in sox9a (Raible, personal communication).  Thus, an aim of this work was to understand the molecular-genetic defect in mow, which seems just as critical for cartilage and bone development.
Approaches to investigate the molecular-genetic defect in mow

In order to better understand how mow affects skeletogenesis in zebrafish, we had to answer two questions, how does mow affect cartilage morphologies and what gene is responsible for the defects?  During the initial mapping of mow to a mutated gene, a search of the literature introduced a mutant on the same chromosome
 very close in proximity to mow that also had a nearly identical phenotype.  The mutant, called hi3357, was produced in a pro-viral insertional mutagenesis screen
 (Golling et al., 2002).  We hypothesized mow and hi3357 were involved in the same pathway or possibly disrupting the same gene.  

We performed Alcian-Alizarin double staining on mow and hi3357 mutant larvae along with their normal siblings to elucidate cartilage and bone structures. This approach alone does not sufficiently show the cellular morphologies
, so BODIPY and a Green Fluorescent Protein (GFP) were used with confocal microscopy
 on mow and hi3357 to depict the progression in morphogenesis of cartilage and bone elements.  Moreover, we performed antibody localization
 experiments of ECM macromolecules, wheat germ agglutinin staining of PGs, and in situ hybridization
 experiments of uxs1 and other genes known to be involved in skeletogenesis.  In this study our aim was to understand how mow and hi3357 disrupt a gene crucial for many different processes involved in skeletogenesis.  

RESULTS
Chondrogenesis and osteogenesis require mow function

Homozygous mow mutants are unambiguously identifiable from wild-type by a lack of Alcian-positive chondrocytes and tissue anterior to their eyes along with a shortened lower jaw, body, and fins (Fig. 3A-N). 

To investigate the affect of mow on skeletogenesis, 7 dpf homozygous mow embryos were stained with Alcian blue and Alizarin red.  Microscopy revealed mow to have a deletion of Alcian-positive staining in pharyngeal
 and neurocranial
 cartilaginous elements compared to wild-type (Fig. 3L-N). Some Alcian-positive cells were observed only in the pharyngeal endoderm, indicative of mucus secreting cells in whole-mount embryos.  These results suggest that in homozygous mow mutants, the cartilage blue print for the neurocranium and pharyngeal skeleton
 are not developing properly. Cartilage dissections on homozygous mow demonstrate an absence of Alcian-positive cells and severe retardation in Meckel’s cartilage
, ceratohyal
, palatoquadrate
, and the ceratobranchials
 (Fig. 3S).    These dissections suggest that the genetic pathway disrupted in mow is disrupting developing cartilage elements of the pharyngeal skeleton and neurocranium.  

Alizarin red, which binds to calcium at developing ossification centers, revealed Alizarin-positive cells at neurocranial and pharyngeal skeleton elements including the parasphenoid
, cleithrum
, 5th ceratobranchial, hyosymplectic
, ceratohyal, otic vesicle
, and operculum
 (Fig. 3L,M,N,S).  Qualitatively, in comparison to wild-type, homozygous mow had less Alizarin-positive cells at all sites of bone formation except for the cleithrum.  These results suggest that bone development is not occurring properly at these sites.  In zebrafish, the parasphenoid, otic vesicle, and operculum develop via intramembranous ossification whereas the hyosymplectic, ceratohyal, and 5th ceratobranchials develop via endochondral ossification (Cubbage and Mabee, 1996; Renn et al., 2006). Thus, these findings suggest that both mechanisms of bone formation are dependent on mow function. 

Cartilage dissections also showed the cellular morphologies of the cartilage structures in mow are not stacked or elongated compared to wild-types.  In Meckel’s cartilage the ceratohyal cells are disorganized but are still in relatively high abundance.  The palatoquadrate and ceratobranchials, however, present a severe reduction in size suggesting improper cellular proliferation as well as organization at these sites.  Additionally, some cartilaginous elements were incapable of being dissected including the basibranchials
 and basihyal
.  In conclusion, Alcian-Alizarin double staining revealed a severe disruption of skeletogenesis in mow.   
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	Figure 3. (A-H) Wild-type, mow, hi3357, and hi3357/mow live ventral (A,C,E,G) and lateral (B,D,F,H) views of 5 dpf larvae. 

(I-K) Alcian-Alizarin stained (I-K) wild-type larvae, (L-N) mow , and (O-Q) hi3357 lateral, dorsal, and ventral views of 7 dpf larvae respectively.

(R,S) High magnification of ventral cartilage dissections of wild-type and mow larvae at 7 dpf. 

(C,D,L,M,N,S) Ventral cartilage dissections of the pharyngeal skeleton in homozygous mow 7 dpf larvae reveal deformed cartilages with no Alcian-positive cells in the ceratobranchials, Meckel’s cartilage, or ceratohyal along with reduced calcification at ceratobranchial-5.  

 (E,F,O,P,Q) Homozygous hi3357 mutant has deletion of neurocranial and pharyngeal skeleton cartilaginous elements and reduced calcification centers in the operculum, ceratobranchial-5, parasphenoid, and Meckel’s cartilage dermal bone ossification centers.   

Abbreviations: abc, anterior basicranial commissure; bp, basal plate; bh, basihyal; cb1-5, ceratobranchials; ch, ceratohyal; cl, cleithrum; ep, ethmoid plate; hs, hyosymplectic; m, Meckel’s cartilage; no, notochord; op, operculum; pq, palatoquadrate; ps, parasphenoid; tr, trabeculae.  


Identification of the molecular genetic defect of mow 
To identify the molecular genetic defect responsible for the mow phenotype, we generated a large population of F1 heterozygotes by mating heterozygous mow females to WIK wild-type males. By intercrossing F1 heterozygotes, we generated a F2 mapping population and looked for homozygous mow mutants in the clutches.  We collected 576 larvae, approximately half homozygous mow and half wild-type siblings. The homozygous mow mutants were unambiguously identified by their lack of tissue anterior to their eyes, small body size, and lack of Alcian blue staining in the pharyngeal skeleton.  By extracting the DNA from the 576 embryos, we made six 96-well mapping plates
 of DNA.  First, using bulked segregants
 (Postlethwait et al., 1994) where DNA from 48 mutants and 48 wild-type F2 siblings were placed in two DNA pools, we screened with a set of 311 zmarkers
 (Knapik et al., 1998; Shimoda et al., 1999) distributed throughout the genome for polymorphisms
 between wild-type and mutant pools.  Results showed a polymorphism with primer pairs, z3124, z9112 and z6663 between mutants and wild-types on linkage group nine (LG9).  To confirm the location, we genotyped all 576 individuals from the mapping panels for various markers from LG9 to hone in on the polymorphic locus and were able to narrow the phenotype down to less than 10 cM from z3124 (Fig. 4A). Since previous studies have shown that ihha, whose ortholog
 IHH is involved in chondrogenesis in humans, (Avaron et al., 2006; Ingham, 2001; Ingham and McMahon, 2001; Minina et al., 2001; Vortkamp, 2001; Vortkamp et al., 1996), and maps near z3124,  (Woods et al., 2005) we BLAST
 searched (Altschul et al., 1997) the ensembl Zv3 sequence database, and found sequence matching ihha on Zv3_contig30021, chunk 4875 on LG9 near the polymorphism discovered.  To identify new potential polymorphisms for mapping, we searched for regions of simple sequence repeats (SSRs)
 within 100 kb of ihha and designed primers to amplify these regions. A SSR at location 40,790 bp on Zv3_ctg30021 mapped
 3.6 cM from the mow locus in our mapping population.  The polymorphic locus, while close to our mutation, was too far ihha for it to be the candidate gene for the mow mutation (Fig. 4A).  A search of ZFIN (http://zfin.org) for mutants near mow on LG9 revealed a mutant named hi3357 that had been discovered in a pro-viral insertion screen
 and had a similar phenotype to mow (Amsterdam et al., 2004; Golling et al., 2002).  Genetic tests by Golling, et. al identified hi3357 to be an insertion in exon 1 of UDP-glucuronic acid decarboxylase 1 (uxs1) (Fig. 4B) (Golling et al., 2002).  Thus, we arranged for hi3357 carriers to be sent by Zebrafish International Resource Center (ZIRC) to our lab to investigate the genetic relationship between the hi3357 and mow mutations.  Meanwhile, we hypothesized mow may also be disrupting uxs1 so we located the genomic sequence by BLAST search on Zv4_NA10595, Xv4_NA12911, and Zv4_scaffold346.  Using the sequence from zv4_scaffold346, we designed primers to amplify a SSR from the intron between exons 7 and 8 of uxs1.  Using our mapping panel, the locus amplified by these primers was found to be in or very near (< 1cM) to the uxs1 gene indicating uxs1 may also be disrupted in mow (Fig. 4B).  

We intercrossed hi3357 and mow F1 carriers to create F2 mow/hi3357 clutches.  We expected that if the alleles were disrupting the same gene, an identical phenotype to homozygous mow and hi3357 mutants would be seen in F2 offspring with a copy of each allele.  If they were not in the same gene we would expect the chromosomes from each parent to silence the mutations and to observe a F2 clutch consisting of only wild-type larvae.  Results revealed that in 21 of 98 (21.4%) animals scored from the preliminary cross, close to the 25% expected Mendelian ratio, had a near identical phenotype compared to homozygous mow or hi3357.  These findings suggest that both the mow and hi3357 genetic defects do not complement each other (Fig. 3G,H).  Multiple crosses resulted in similar results. Thus, because hi3357/mow animals retain the mutant phenotype, we conclude both mow and hi3357 are disrupting uxs1 function.
Additionally, if uxs1 is disrupted in both mow and hi3357, we expected Alcian-Alizarin staining of homozygous hi3357 larvae to have a near identical staining pattern to mow. Alcian-Alizarin experiments on F2 clutches revealed an absence of Alcian staining in neurocranial and pharyngeal skeleton cartilaginous elements and a severe reduction in Alizarin-positive cells at calcification centers in homozygous hi3357 mutants similar to the mow phenotype (Fig. 3E,F,O,P,Q).  These results further support our findings that both mow and hi3357 are disrupting uxs1.  

Characterization of the molecular genetic defect of mow 
To determine the exact genetic defect in uxs1 that causes the mow phenotype, we used messenger RNA (mRNA) sequence data NM_173242 to design primers to amplify an overlapping series of fragments to cover the entire transcript.  Sequencing of these fragments revealed eight nucleotide differences between mutants and the mRNA reference sequence NM_173242.  Of these eight substitutions, four are present in one or more usx1 EST sequences deposited in GenBank and are thus naturally occurring polymorphisms; two are in the 5’ untranslated region
 (UTR) and unlikely to cause a phenotype; and one is a synonymous change (data not shown) meaning that the nucleotide substitution did not change an amino acid in the protein due to the redundancy of the genetic code. The remaining substitution converted a guanine (G) residue at position 1283 in the highly conserved exon-9, to an adenosine (A) nucleotide in the mow allele (Fig. 4B,C). This nucleotide substitution results in the replacement of an arginine amino acid at residue 267 with a histidine (R276H) (Fig. 4D). The portion of the Uxs1 protein containing the mutant R267H site is invariant among all organisms examined, including the basally diverging Urochordate Ciona intestinalis (translated from genomic sequence, CINT1.95:scaffold_505), the fruit fly Drosophila melanogaster (CG7979-PA), the fungus Cryptosporidium neoforms (AAM22494), and the plant Arabidopsis thaliana (NP_190920) (Fig. 3D). Despite the rather conservative substitution of arginine to histidine, the evolutionary conservation of this amino acid residue for 1.6 billion years suggests that this amino acid position may be functional or crucial for proper tertiary structure formation of the protein (Hedges, 2002).  

If this were the case, we would expect modern software to be able to reconstruct our mutant protein to determine the affect of mow on Uxs1.  Results using 3-Dimensional modeling software reconstructed Uxs1 and conclusively showed the substitution in mow causes an alteration in the tertiary structure of the enzyme (Wood, unpublished).  These results suggest that the protein’s functional domains could be disrupted, but more tests need to be done to verify this claim.  Additionally, whether translation of a non-functioning Uxs1 protein is accomplished remains to be demonstrated so we cannot conclude Uxs1 is absent or present in an altered state in mow mutants.  When the uxs1 mRNA transcript
 is extracted from homozygous mow, Uxs1 protein can be created in vitro but halts after production of an intermediate compound and does not produce UDP-xylose (Wood, unpublished).  These results suggest that Uxs1 may retain some enzymatic function in mow, but further experiments need to be conducted to verify this claim. In contrast to uxs1mow, uxs1hi3357 can be assumed to be a null activity allele because the size of the insert should prevent translation of a complete Uxs1 protein.  Therefore, this allele is more useful for studies of the influence of Uxs1 on the molecular-genetic network of skeletogenesis. Thus, thorough testing was done on both alleles, but the null activity allele is featured in most figures because protein activity is assumed to be completely disrupted.
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	Figure 4. Mapping, cloning, and sequencing of mow along with phylogenetic tree and structure of uxs1. 

(A.) LG9 from the HS panel and the interval mapped on the mow mapping panel. The initial polymorphism for mow was found to lie 0.7 cM from uxs1.  

(B.) Structure of the zebrafish uxs1 gene, showing the location of the hi3357 viral insert in exon-1 and the mow nucleotide change in exon-9. 

(C.) The nucleotide sequence from NM_173242, the Ref Seq for zebrafish uxs1 along with the corresponding sequence of a homozygous wild-type and mow larva showing a G ( A change at nucleotide position 1283. 

(D.) Sequence of the portion of Uxs1 corresponding to the nucleotides shown in part C for zebrafish wild type (top), zebrafish mow mutant showing the arginine (R to histidine (H) substitution at position 267, and the UXS1 proteins of human (NP_079352), chicken (XP_416926), the frog Xenopus laevis (NP_001006849), the ascidian Ciona intestinalis (translated from genomic sequence, CINT1.95:scaffold_505), the fruit fly Drosophila melanogaster (CG7979-PA), the fungi Cryptococcus neoformans (AAM22494) and the plant Arabidopsis thaliana (NP_190920).

(E). Zebrafish uxs1 is the ortholog of human UXS1. A phylogenetic tree of Uxs1-related proteins aligned by Clustal-X. Sequences: Human, Homo sapiens NP_079352 (179/311, 57% identity to the bacterial protein); Mouse, Mus musculus NP_080706 (179/311, 57%); Chicken Gallus gallus XP_416926 (180/311, 57%); Frog Xenopus tropicalis NP_001006849 (178/311, 57%); Pufferfish Tetraodon nigroviridis CAG05807 (145/252, 57%); Zebrafish Danio rerio NP_775349 (178/311, 57%); Beetle Tribolium castaneum XP_969232 (180/305, 59%); Fruitfly Drosophila melanogaster AAF50474 (186/311, 59%); Mosquito Aedes aegypti EAT42204 (189/311, 60%); Cryptococcus neoformans XP_572003 (176/316, 55%); Oryza sativa BAF04790 (192/304, 63%); Arabidopsis thaliana NP_180443 (192/305, 62%); Bacterium Rhodopseudomonas palustris ZP_00845516 (311/311, 100%); Cryptosporidium hominis XP_667446 (163/308, 52%). 




Conserved syntenies for uxs1 in human and zebrafish genomes

Evidence from conserved syntenies
 and phylogenetic analysis
 support the conclusion that the zebrafish uxs1 gene is the ortholog of human UXS1. First, the two genes fulfill the reciprocal best BLAST criterion
 for orthology (Wall et al., 2003). Second, the sequence to the immediate right of uxs1 on zebrafish LG9 is zgc:112443 whose reciprocal best BLAST hit with the human genome is ECRG4, which lies adjacent to UXS1 on human chromosome 2 (Hsa2). The proximity of these two gene neighbors (UXS1 and ECRG4) has apparently been conserved for 450 million years since the divergence of human and zebrafish lineages (Woods et al., 2005). Other genes in the neighborhood of uxs1 in zebrafish also have orthologs found by reciprocal BLAST analysis on Hsa2q near the location of UXS1 (data not shown).  Third, phylogenetic analysis shows that the relationship of the zebrafish uxs1 gene to the corresponding gene in human and other vertebrates aligns according to the historical relationships of the organisms themselves (Fig. 4E).  These findings suggest that uxs1 is crucial in most and likely all vertebrate lineages and is an important gene for furthering our understanding of vertebrate development.  Moreover, the uxs1 gene is conserved to an amazing degree throughout organisms outside of vertebrates including fungi, plants, and prokaryotes. The human and zebrafish genes are both 57% identical to the corresponding gene from the Proteobacterium Rhodopseudomonas palustris over a stretch of 311 amino acids making this one of the most highly conserved genes known among all animals, plants, and fungi that has been sequenced (Fig. 4E). These results provide strong evidence for uxs1 to be essential across all living things on Earth.  

The uxs1 expression
 pattern during zebrafish development
If the phenotype of mow is caused by the disruption of uxs1¸ then uxs1 should be expressed in the neurocranium and pharyngeal skeleton at or before the time of the developmental defect.  To test this prediction, we investigated the expression pattern of uxs1 from the 1-cell stage through 5 dpf.  At early stages, uxs1 is expressed ubiquitously in the embryo.  RT-PCR and whole-mount in situ hybridization revealed that uxs1 transcript is present in the embryo at the 1-cell stage (Fig. 5A,B)  indicating that uxs1 is transcribed maternally and transferred into the egg. Expression of uxs1 remained ubiquitous through 5 dpf suggesting a role for zygotic transcription during development too.  By 24 hpf, cross-section and whole-mount in situ hybridization demonstrated that expression of uxs1 is everywhere through the brain and localized along the yolk-endoderm boundary (Fig. 5C,D).  At 2 and 3 dpf, whole-mount in situ hybridization experiments localized uxs1 expression to the pharyngeal domain of the jaw and arches, the eye, endoskeletal disc of the fin bud, and also ubiquitously present in the brain (Fig. 5E-H).  At 5 dpf, whole-mount in situ hybridization can be problematic due to the increased size of the animal, so cross-section in situ hybridizations were attempted with our probe.  Results revealed uxs1 expression localized to the neurocranium, notochord, eye, fin, and in all pharyngeal arch domains including the palatoquadrate, Meckel’s cartilage, basibranchials, basihyal, ceratohyal, and ceratobranchials (Fig. 5I,J).  These results suggest uxs1 is localized to the regions of the developing skeleton.  Thus, we conclude that a disruption in uxs1 could have serious developmental consequences due to its expression pattern and concentration in the pharyngeal skeleton of the zebrafish supporting that uxs1 disruption in homozygous mow and hi3357 animals could be the cause of our observed phenotype.  
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	Figure 5. RT-PCR and in situ hybridization of uxs1 expression in zebrafish embryos.  

(A) RT-PCR results for uxs1 transcript in 1-4 cell and 24 hpf embryos.  Results show high levels of transcript at early cleavage stages characteristic of a maternally transferred transcript. 

(B) Whole-mount in situ hybridization of a one-cell embryo show high levels of transcript in the fertilized cell.

(C,D) Section and whole-mount of 24 hpf embryos show high levels of uxs1 expression in all tissue except notochord. In (D) black arrows point to the yolk-endoderm boundary where expression of uxs1 was localized.
(E,F and G,H) Lateral and ventral images of 2 and 3 dpf larvae.  Expression of uxs1 is localized to the pharyngeal arch domain of the jaw and gills.  There are also high amounts of expression in the eye and brain.

(I,J) Cross-section in situ hybridization at 5 dpf.  Expression of uxs1 localized to the neurocranium, eye, fin, and pharyngeal arch domains.  

Abbreviations: bh, basihyal; bb, basibranchials; cbs, ceratobranchials; ch, ceratohyal; d, dorsal; e, eye; ed, endoskeletal disc; ep, ethmoid plate; f, fin; fb, forebrain; h, heart; hb, hindbrain; hs, hyosymplectic; j, jaw; m, Meckel’s cartilage; mb, midbrain; no, notochord; nc, neurocranium; pq, palatoquadrate; v, ventral.  


Craniofacial defects of uxs1mow and uxs1hi3357
 Alcian-Alizarin experiments revealed uxs1mow and uxs1hi3357 to have no Alcian-positive cells in pharyngeal skeleton domains. Therefore we would expect to see craniofacial defects at the cellular level in our homozygous mutants. To test this prediction in both mutant alleles, two fluorescent approaches were used to look at bone and cartilage morphogenesis.  First, BODIPY, a fluorescent dye that labels cell membranes, was used to study proliferation at the cellular level in the hyosymplectic, Meckel’s cartilage, ceratohyal, and palatoquadrate (Fig. 6A-D).  Starting at 3 dpf, we could unambiguously identify mutant animals from wild-type.  By this stage, chondrocytes were stacking in orderly rows in wild-type animals, but in uxs1hi3357 homozygotes, cells in the ceratohyal and hyosymplectic were disorganized, not stacking appropriately, and the cartilaginous elements were not elongated.  The number of cells seemed to be the same at all stages, but interestingly at 4 dpf cells in the hyosymplectic and ceratohyal were reduced in size (Fig. 6B,D).  The cells of the palatoquadrate were stacked and elongation was taking place between 3 and 4 dpf in the wild-type animals. In homozygous uxs1hi3357, the cells remained jumbled and did not develop into a coherent framework.  Moreover, Meckel’s cartilage in homozygous uxs1hi3357 larvae did not organize or proliferate like wild-type remaining close to the same size and shape between 3 and 4 dpf.  Similar results were seen in uxs1mow (data not shown).  These findings indicate that uxs1 is critical to chondrocyte proliferation and organization during craniofacial cartilage formation in zebrafish.  


To confirm the affects of uxs1 on chondrogenesis and to address the reduction in bone development, we looked at the cellular level within these morphologies.  To accomplish this task, we utilized a transgenic line of fish, Tg(fli1:EGFP)y1, which expresses green fluorescent protein (GFP) in developing neural crest cells that form the precursors of the skeleton (Lawson and Weinstein, 2002).  To follow skeletogenesis in vivo, we created  Tg(fli1:EGFP)y1;uxs1hi3357 and Tg(fli1:EGFP)y1;uxs1mow lines and identified carriers for each respective allele.  GFP-fli1 allowed the visualization of chondrocytes in the animals.  Additionally, Alizarin red was used to highlight calcification centers where bone development was taking place.  Using dual-channel confocal microscopy at 4, 5, and 7 dpf, we investigated the chondrogenic and osteogenic sites within the developing pharyngeal arch domains of wild-type, uxs1hi3357, and uxs1mow.  By 4 dpf in wild-type, cells had already begun stacking in all cephalic cartilage.  In the ceratohyal, cells were stacking and proliferating to make the pre-skeletal figure.  In uxs1hi3357, cells did not appear to be stacking in the palatoquadrate, ceratohyal, Meckel’s cartilage, or basihyal.  The size and shape of these structures in the mutant indicates that uxs1 is crucial for the early organization of these cells.  With higher magnification at 4 dpf, we were able to see no difference in cell number in the chondrogenic zones of the ceratohyal.  However, the perichondrium
, which depends upon reciprocal signaling with chondrocytes, was not organized by 4 dpf (Fig. 6I,K). These results suggest that uxs1 disruption influences the reciprocal signaling pathways necessary for stacking and proliferation of chondrogenic cells and also pathways necessary for organization of the perichondrium by 4 dpf (Fig. 6G). At 7 dpf, chondrocytes proliferated, stacked, and the cartilage morphologies elongated in wild-type zebrafish (Fig. 6F).  In uxs1hi3357, chondrocytes remained disorganized resulting in disfigured cartilage morphologies.  A cell count in 60x magnification at one ceratohyal revealed 42 wild-type cells compared to 40 cells in homozygous uxs1hi3357 suggesting cells are in similar abundance but missing cues to organize into the correct shape (Fig. 6H).  The cellular morphology of cells in the ceratohyal in homozygous uxs1hi3357 animals were also not the normal size or shape.  Experiments conducted on uxs1mow revealed a near identical phenotype (data not shown).  In conclusion, these results indicate that uxs1 function is crucial for chondrocyte organization and proliferation in pharyngeal skeleton cartilaginous elements.
By 7 dpf in wild-type, osteogenesis had begun at both intramembranous and endochondral ossification centers. Alizarin-positive cells were localized to the hyosymplectic, ceratohyal, maxilla, and dentary (Fig. 6F).  Imaging at 60x magnification revealed the bone collar between an organized perichondrium and ceratohyal in wild-type characteristic of normal initiation of endochondral ossification (Fig. 6J). In homozygous uxs1hi3357, the bone collar was deformed (Fig. 6H,L).  These results suggest a crucial role for uxs1 in organizing the perichondrium in the pre-skeletal figure and also necessary for proper endochondral ossification.  In homozygous uxs1hi3357, the dentary and maxilla ossification sites were reduced suggesting that uxs1 influences development of intramembranous bone formation as well (Fig. 6H).  Similar results were seen with Tg(fli1:EGFP)y1;uxs1mow screens (data not shown). In conclusion, Alizarin red staining presented developmental disruption of the bone collar and intramembranous bone centers in uxs1 mutants.  Thus, the data gathered from fluorescent confocal microscopy points to a crucial role for uxs1 in both chondrogenesis and osteogenesis.  
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	Figure 6. Confocal microscopy images of BODIPY and Tg(fli1:EGFP)y1 wild-type and homozygous uxs1hi3357.
(A-D) BODIPY lateral images of wild-type (A,B) and homozygous uxs1hi3357 animals (C,D) at 3 and 4 dpf.  Chondrocytes were not stacking properly in homozygous uxs1hi3357 and structures are not elongating compared to wild-types. 
(E-H) Ventral photographs of wild-type and homozygous uxs1hi3357::GFP-fli​1 at 4 dpf and 7 dpf.  In wild-type (E,F,I, J) chondrocytes are stacking and lined with perichondrium sheaths. Ossification centers stained with Alizarin red were seen lining the space between perichondrium and chondrocytes at the ceratohyal and hyosymplectic indicative of endochondral bone formation.  Alizarin red was also observed to stain intramembranous ossification sites in the dentary and maxilla.  (G,H,K,L) In homozygous uxs1hi3357, chondrocytes are disorganized and the perichondrium sheath is not aligned properly.  (H,L) Bone ossification centers (dentary, maxilla, and white arrow marking endochondral ossification site at the ceratohyal) stained with Alizarin red do not form properly at endochondral sites and are severely reduced in intramembranous sites.
Abbreviations: bb, basibranchials; bh, basihyal; cbs, ceratobranchial (1-5); ch, ceratohyal; de, dentary; f, fin; hs, hyosymplectic; m, Meckel’s cartilage; max, maxilla; pq, palatoquadrate.


Both uxs1hi3357 and uxs1mow disrupt type II collagen (Col2a1) localization to the extracellular matrix
Proteoglycans are important macromolecules for the formation of the ECM in cartilage morphologies (Watanabe and Yamada, 2002).  Moreover, the composition of the ECM is crucial for proper chondrocyte organization, chondrocyte proliferation, and elongation of cartilage morphologies (Schwartz and Domowicz, 2002).  Because craniofacial defects are prevalent in uxs1mow and uxs1hi3357 suggesting improper chondrocyte differentiation, we expected to see disruption of ECM components known to be critical for this process.  To test this prediction we investigated the expression of col2a1, which encodes for type II collagen, a part of the ECM  critical for chondrocyte differentiation (Yan et al., 1995).  Homozygous uxs1hi3357 embryos at 3 dpf had no change in expression levels of col2a1 in the jaw and ceratobranchials (Fig. 7A,B).  To further investigate, we used an antibody against Col2a1 to visualize localization of the protein.  At 5 dpf, we found type II collagen in the pharyngeal skeleton along with the fin and heart in wild-types (Fig. 7C).  In homozygous uxs1mow and uxs1hi3357 larvae, Col2a1 was missing from the pharyngeal arches and reduced in the fin (Fig. 7D and data not shown).  These results suggest that uxs1 does not influence col2a1 expression, but disrupts Col2a1 protein localization in the extracellular matrix.  Thus, we conclude that uxs1 is crucial for proper Col2a1 localization and therefore chondrocyte differentiation in the pharyngeal arch domains.  

Uxs1hi3357 and uxs1mow disrupt col10a1 expression
To discover how uxs1 may be disrupting bone development, we investigated a second kind of collagen previously known to be involved in the processes of endochondral and intramembranous ossification called type X collagen (Col10) (Shen, 2005).  At 5 dpf, whole-mount in situ hybridization of wild-type larvae for col10a1 localized expression to the maxilla, dentary, cleithrum, ceratobranchial 5, otic vesicle, operculum, parasphenoid, ceratohyal, retroarticulum, branchiostegals, and entopterygoid (Fig. 7E,G).  In homozygous uxs1hi3357 larvae, col10a1 expression was deleted from the ceratohyal and ceratobranchial 5.  Moreover, in the developing bones of craniofacial skeleton including the branchiostegals, parasphenoid, dentary, maxilla, operculum, and entopterygoid col10a1 message was reduced (Fig. 7F,H).  In uxs1mow, an identical expression pattern was seen to homozygous uxs1hi3357 except for a small amount of col10a1 expression was observed in the ceratohyal (data not shown).   These results suggest that uxs1 function is important for col10a1 expression at endochondral and intramembranous ossification sites.  Because col10a1 was reduced in intramembranous sites and a discrepancy in col10a1 expression was seen between homozygous uxs1hi3357 and uxs1mow at the ceratohyal, we conclude the disruptions in col10a1 expression are most likely due to improper reciprocal signaling from disruptions to the ECM related to Uxs1 dysfunction and Col2a1 deletion rather than a direct role for Uxs1 in regulation of col10a1 transcription.  
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	Figure 7. Wild-type and homozygous uxs1hi3357 larvae marked for col2a1 and col10a1 mRNA expression and Col2a1 protein localization.
(A,B) Whole-mount in situ hybridization of wild-type and homozygous uxs1hi3357 larvae with an antisense col2a1 probe at 3 dpf.  Qualitatively, no difference was seen in expression but patterning was disorganized in the jaw and ceratobranchial domains of homozygous uxs1hi3357 larvae. 

(C,D) Antibody staining at 5 dpf with α-Col2a1 in wild-type and uxs1mow. Homozygous uxs1mow larvae show a deletion of Col2a1 in pharyngeal skeleton cartilaginous elements and have reduced Col2a1 in the fins.   
(E-H) Whole-mount in situ hybridization images of col10a1 expression of (E,G) wild-type and (F,H) homozygous uxs1hi3357 larvae. Expression was found in both endochondral and intramembranous ossification centers in wild-type but localized only to intramembranous sites in mutants.  

Abbreviations: bsr, branchiostegals; cbs, ceratobranchial (1-5); ch, ceratohyal; cl, cleithrum; de, dentary; ent, entopterygoid; f, fin; h, heart; hs, hyosymplectic; j, jaw; m, Meckel’s cartilage; max, maxilla; op, operculum; ot, otic vesicle; pq, palatoquadrate; ps, parasphenoid; ra, retroarticulum.


Proteoglycans are reduced in uxs1hi3357 and uxs1mow
To investigate whether uxs1 is disrupting PG biosynthesis, biotinylated-succinylated wheat germ agglutinin (WGA) was used to stain N-acetyl glucosamine, which is a common aromatic sugar found in the GAG chains of the PGs found in cartilage (Lang et al., 2006).  The stain was performed on 5 dpf wild-type, uxs1hi3357, and uxs1mow animals (data not shown).  In wild-type, WGA localized to the pharyngeal arches, fin, and notochord (Fig. 8A,C).  At higher magnification, WGA was observed at the boundaries of cells in the ceratohyal and ceratobranchial-1 in the ECM indicative of where proteoglycans are found (Fig. 8E).  Intracellular punctate staining was also observed and can be accounted for because of WGA binding to N-acetyl glucosamine within the golgi complex of chondrocytes where PG biosynthesis is occurring.  In homozygous uxs1hi3357 mutants, WGA was reduced in the ceratohyal, Meckel’s cartilage, palatoquadrate, and ceratobranchials.  Moreover the cellular morphologies appear disrupted in all of the domains in view (Fig. 8A-F).  In high magnification views of cartilage dissections, WGA staining was missing in the basibranchials in homozygous uxs1hi3357 compared to wild-type (Fig. 8E,F).  Moreover, cartilage structures were disorganized, and at the ceratohyal and ceratobranchial-1, WGA staining localization was dispersed randomly between cells in the ECM.  These results suggest that uxs1 is critical for PG localization to the ECM of cartilage elements in zebrafish.  

To investigate WGA staining in the fin, dissections of the endoskeletal disc and actinotrichia were performed.  In wild-type, the endoskeletal disc had staining and abundant actinotrichia protruded from the cells to form a filamentous tip (Fig. 8G).  Homozygous uxs1hi3357 had a reduction in WGA staining, shortened endoskeletal discs, and fewer actinotrichia forming the tip of the fin (Fig. 8H).  These results suggest that uxs1 is also necessary for fin bud development and proper formation or localization of actinotrichia to the tip of the fin.

Heparan sulfate proteoglycans are absent in homozygous uxs1hi3357 and uxs1mow  
WGA results suggested that mutations in uxs1 disrupt PG biosynthesis, thus we predicted that certain classes of PGs were not being synthesized because of a lack in UDP-xylose to initiate formation of the tetrasaccharide linker.  HSPGs in particular are crucial for reciprocal cell signaling and distribute members of the Wnt/Wingless, Hedgehog (Hh), and fibroblast growth factor (FGF) families during development in drosophila (Lin, 2004). Therefore, disruption of HSPG synthesis could lead to serious defects in zebrafish as well. To investigate, a heparan sulfate antibody (-HS) was used to visualize HSPGs in the ECM.  In wild-types, HSPGs localized to all of the pharyngeal cartilaginous elements, the heart, and fins (Fig. 8I).  In homozygous uxs1hi3357 and uxs1mow (data not shown) no staining was seen in cartilage structures suggesting that HSPGs are not being formed or retained normally (Fig. 8J).  These results imply that uxs1 is crucial for complete HSPG biosynthesis or localization to the ECM of the pharyngeal skeleton in zebrafish.  The absence of uxs1 may therefore disrupt the many signaling pathways dependent upon HSPGs.  Thus, we propose that in homozygous uxs1hi3357 and uxs1mow improper HSPG synthesis or retention to the ECM  is contributing to the severe craniofacial defects observed.  
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	Figure 8. Wheat germ agglutinin staining (WGA) and antibody against heparan sulfate immunolocalization (a-HS) in wild-type and homozygous uxs1hi3357 larvae. 

(A,B) Ventral whole-mount pictures of wild-type and homozygous uxs1hi3357 larvae showed a vast reduction in staining in all pharyngeal skeleton domains and highlighted the reduced cartilage morphologies.  

(C,D) Dissections of the pharyngeal arches of wild-type and homozygous uxs1hi3357.  WGA revealed reduction in staining characteristic implying less PG biosynthesis.

(E,F) Cellular level images of ceratohyal (ch), ceratobranchial 1 (cb1), and palatoquadrate (pq).  Staining was significantly reduced in uxs1hi3357 and the cellular morphologies were disrupted.   

(G,H) Fin dissections of wild-type and uxs1hi3557 revealed reduced WGA staining in the endoskeletal disc (ed) and actinotrichia (at) in homozygous uxs1hi3357.

(I,J) Ventral images of 3 dpf wild-type and homozygous uxs1hi3357 with an antibody against HSPGs.  HSPGs localized to pharyngeal skeletal domains and the heart in (I) wild-type.  Staining was only present in the heart in (J) homozygous uxs1hi3357.

Abbreviations: at, actinotrichia; bb, basibranchials; bh, basihyal; cbs, ceratobranchial (1-5); ch, ceratohyal; ed, endoskeletal disc; f, fin; h, heart; hs, hyosymplectic; m, Meckel’s; no, notochord; pq, palatoquadrate.


Uxs1 disruption does not affect expression of reciprocal signaling molecules known to be involved in skeletogenesis 

The combination of observed craniofacial defects and results in homozygous uxs1hi3357 revealing disrupted HSPGs in cartilage elements lead us to the prediction that uxs1 disruption may be causing ineffective reciprocal signaling between cells involved in skeletogenesis.  To test this prediction, we performed in situ hybridization experiments on uxs1hi3357 and uxs1mow to investigate possible alterations in expression patterns of signaling molecules known to be crucial for cartilage and bone development.  The Sonic hedgehog (shh), patched (ptc1) receptor and gli1 transcription factor pathway is known to influence mesenchymal stem cell morphogenesis and the initiation of chondrogenesis (Riobo and Manning, 2007; Wada et al., 2005).  Within F2 clutches of approximately 30 to 40 larvae containing uxs1hi3357 homozygous mutants at 3 dpf, no unambiguous difference could be detected in shh, ptc1, or gli1 expression.  These results imply uxs1 disruption of PGs and Col2a1 localization to the ECM does not affect shh, ptc1, or gli1 expression.  

Another signaling molecule possibly thought disrupted in uxs1 mutants was fgf10 which is known to be important for mesenchymal cell differentiation in limb bud development of zebrafish (Sasak et al., 2002; Sekine et al., 1999).  In F2 clutches containing homozygous uxs1hi3357, no unambiguous difference could be detected in fgf10 expression.  These results indicate that uxs1 does not influence fgf10 transcription; however, this does not rule out that Fgf10 protein signaling could be disrupted during skeletogenesis contributing to the defects observed.  

To learn whether uxs1 plays a role in chondrocyte precursor cells of the neural crest, we examined the expression of dlx2a which is expressed in premigratory, migratory, and postmigratory crest that forms the mesenchyme and eventually giving rise to the pharyngeal cartilaginous elements of the organism (Akimenko et al., 1994; Miller et al., 2000).  Results showed a subtle difference suggesting that uxs1 disruption may slightly alter dlx2a expression, but we predict this to be an indirect role related to Uxs1 protein dysfunction.  More tests need to be done to confirm these findings.  In conclusion, results do not currently present a role for uxs1 disruption affecting expression of shh, ptc1, gli1, fgf10, or dlx2a expression patterns.

Uxs1 disruption does not appear to alter expression of runx2 or sox9 
We also thought the observed craniofacial defects were possibly from disruption in the runx2 or sox9 gene families which are crucial transcriptional regulators during skeletogenesis in vertebrates.  Previous work on the RUNX2 co-orthologs in zebrafish, runx2a and runx2b, revealed expression to be crucial to the onset of chondrogenesis (Flores et al., 2006; Flores et al., 2004).  Research on Sox9 co-orthologs in zebrafish has also revealed sox9a and sox9b to be key transcription factors in skeletogenesis (Kawakami et al., 2006; Rau et al., 2006; Yan et al., 2002; Yan et al., 2005).  To test the prediction that Uxs1 disruption could be disrupting expression of either gene family, we performed in situ hybridizations using runx2a, run2b, sox9a, and sox9b probes on F2 clutches containing homozygous uxs1hi3357 mutants.  Results revealed no difference at 3 dpf between the 30 embryos tested with sox9a, sox9b, and runx2a probes suggesting that Uxs1 disruption does not affect expression of these genes (data not shown).  A subtle difference was observed in the expression of runx2b suggesting that Uxs1 disruption to indirectly affect the regulation of runx2b but more experiments need to be conducted to confirm this finding (data not shown).  In conclusion, a role for Uxs1 in expression of sox9a, sox9b, or runx2a was not observed or capable of being established in the case of runx2b.

Expression of uxs1 is not regulated by sox9 

Knowing that the sox9 genes are important transcription factors in the initiation of mesenchymal cell condensation (Kawakami et al., 2006), we hypothesized that uxs1 expression may be regulated directly or indirectly by sox9 gene activity.  Using the homozygous mutants sox9ajef and sox9bb971, previously shown to disrupt sox9a and sox9b function respectively (Yan et al., 2002; Yan et al., 2005), we conducted whole-mount in situ hybridizations to test if uxs1 expression was altered.  Approximately 20 larvae at 3 dpf homozygous for sox9ajef and sox9bb971 respectively presented no difference in uxs1 expression when compared to wild-type siblings (data not shown).  These results indicate uxs1 to not be regulated by either Sox9a or Sox9b.   
DISCUSSION

Evaluation of the molecular-genetic defect of uxs1hi3357 and uxs1mow
These experiments identify hi3357 and mow as mutations in uxs1.  Evidence for this conclusion comes from the genetic mapping and sequencing of mow, verification in location of the hi3357 insert, and the complementation cross between alleles.  Genetic mapping and sequencing of mow revealed a single nucleotide substitution in exon 9 that caused an amino acid change from arginine to histidine in the Uxs1 protein.  Upon analysis of the common ancestor between vertebrate lineages and the Urochordate Ciona instestinalis, this amino acid sequence wherein we observe the substitution in mow has been evolutionarily conserved for approximately 700 million years suggesting that it is crucial for enzymatic function.  We were also able to confirm that the insertion allele hi3357 disrupts uxs1 as previously described by Golling, et. al.  Because no genetic complementation was observed in heterozygotes with one hi3357 and one mow allele, we concluded that uxs1 is disrupted in both alleles. 
During oogenesis, a large number of mRNA transcripts is deposited into eggs which orchestrate the initial stages of embryogenesis upon fertilization (Bettegowda and Smith, 2007).  RT-PCR and in situ hybridization experiments of uxs1 expression revealed maternal uxs1 transcript being passed into the egg.  Thus, the early establishment of Uxs1 enzyme function may be crucial to orchestrate some initial aspects of embryogenesis.  At 2, 3, and 5 dpf, uxs1 expression localized to the pharyngeal skeletal domains suggesting that it is crucial for proper cartilage and bone development by at least 2 dpf.   The ubiquitous expression of uxs1 suggests that it is also necessary in other structures of the developing zebrafish as well including the brain and eye.   In homozygous uxs1hi3357 and uxs1mow, we did not see a lack of uxs1 expression implying that mRNA is being made but Uxs1 protein that may be translated from the mRNA is most likely non-functional.  Because experiments revealed uxs1 to be expressed at all stages of development and localizing to pharyngeal skeletal domains by 2 dpf, these results provide evidence to deduce that uxs1 is necessary for skeletogenesis. 
To deduce the function of a gene from its mutant phenotype, it is also crucial to know whether the mutated alleles investigated lack all function of the gene. We conclude uxs1hi3357 and uxs1mow are both null alleles because: (1) due to the size of pro-viral insert hi3357 in exon 1, the mutation should result in a truncated non-functional protein; (2) the amino acid position where there is a substitution in uxs1mow is invariant over 1.6 billion years of evolution since the divergence of the Urochordate, Ciona intestinalis, the fruit fly, Drosophila melanogaster, the fungus, Cryptosporidium neoforms, and the plant, Arabidopsis thaliana; (3) Using 3-dimensional modeling software we found evidence that the amino acid substitution in mow disrupts the tertiary structure of Uxs1;  (4) heterozygote uxs1hi3357/uxs1mow larvae have the same phenotype as both homozygotes.  Thus, these findings support the claim that uxs1hi3357 and uxs1mow either code for untranslatable zygotic uxs1 message or at least encode a Uxs1 enzyme incapable of converting UDP-glucuronate to UDP-xylose.  

Evaluating the neurocranial and pharyngeal skeleton defects in uxs1hi3357 and uxs1mow
Craniofacial defects visualized by BODIPY fluorescent confocal microscopy revealed the formation of disorganized pre-chondrogenic condensations of mesenchyme in uxs1hi3357 and uxs1mow, suggesting that uxs1 is essential for initial organization of mesenchyme during early skeletogenesis.  Additionally, using Tg(fli1:EGFP)y1;uxs1mow and Tg(fli1:EGFP)y1;uxs1hi3357 transgenic fish, analysis of the cartilage elements between 4 and 7 dpf revealed simultaneous failure of chondrocyte organization and morphogenesis.  

Homozygous uxs1hi3357 and uxs1mow chondrocyte cell counts appeared to be normal in pharyngeal cartilaginous elements which may seem counter-intuitive. The zebrafish mutation in wnt5a called pipetail (ppt) has a disruption in chondrocyte stacking and morphogenesis but not proliferation (Piotrowski et al., 1996).  Thus, studies have shown proliferation to be separable from morphogenesis and organization.  Previous studies have also revealed organization and morphogenesis going hand-in-hand during chondrogenesis (Kimmel, C. B., Miller and Keynes, 2001; Kimmel, C. B., Miller and Moens, 2001).  Thus, it seems uxs1-dependent chondrocyte morphogenesis and stacking is under regulation of separate loci than those involved in chondrocyte proliferation.

The failure of chondrocyte organization and morphogenesis in uxs1hi3357 and uxs1mow mutants correlates spatially and temporally with the cartilage phenotype of the upstream mutant jekyll in ugdh (ugdhjek) (Busch-Nentwich et al., 2004; Neuhauss et al., 1996).  Homozygous ugdhjek mutants exhibit deletion of all Alcian-positive cells in their neurocranial and pharyngeal skeletal cartilaginous elements.  The phenotypic similarities between ugdhjek and homozygous uxs1 mutants provide evidence that the creation of UDP-glucuronate and conversion to UDP-xylose is essential for skeletal development in zebrafish.  Additionally, the exostosin mutants dackel (ext2dak) and boxer (extl3box), which have disruptions in proteins that attach GAG sugars to growing heparan sulfate PG chains after the attachment of the four-sugar linker, also exhibit cartilage defects.   Alcian blue staining on homozygous ext2dak larvae (Karlstrom et al., 1996; Schilling et al., 1996) mimic the shortened and widened morphology of the pharyngeal cartilages seen in uxs1hi3357 and uxs1mow.  In homozygous extl3box, a less severe phenotype compared to uxs1 mutants is seen but still all pharyngeal skeletal elements are wide and shortened compared to wild-type (Schilling et al., 1996).  The fact that Alcian staining remains in the cartilaginous elements in ext2dak and extl3box homozygous mutants suggests that some proteoglycans are still being synthesized, whereas in the upstream mutants involved in UDP-xylose synthesis, most PG biosynthesis is likely knocked out.  The morphological similarities of ugdhjek, uxs1hi3357, uxs1mow, ext2dak, and extl3box indicate that the PG biosynthetic pathway is necessary for neurocranial and pharyngeal development of cartilage and bone in zebrafish.

The role of uxs1 in proteoglycan biosynthesis and localization 
The role of uxs1 in plant cell wall morphogenesis has been characterized extensively (Pattathil et al., 2005; Zhang et al., 2005), but in vertebrates, we present the first in vivo models detailing the role of uxs1 in development.  ECM composition and different kinds of PGs play crucial roles in cellular communication in many different developmental systems (Knudson and Knudson, 2001; Prydz and Dalen, 2000).  The addition of UDP-xylose to the PG protein core is the rate-limiting step in PG biosynthesis (Bourdon et al., 1987; Hwang and Horvitz, 2002; Vertel et al., 1993).  PG biosynthesis initiation requires this accumulation of UDP-xylose and also protein core elements at the endoplasmic reticulum of cells (Bi et al., 2005).  Thus, Uxs1 function is critical for the biosynthesis of many PGs.  At 5 dpf, WGA staining provided evidence of reductions in PG localization to the ECM in uxs1hi3357 and uxs1mow homozygotes; however, some residual staining was seen within cells and in the ECM.  These results can be explained due to the unique synthesis of keratan sulfate PGs which do not require UDP-xylose in the sugar linker (Knudson and Knudson, 2001).  Differences in immunolocalization of HSPGs in uxs1hi3357 and uxs1mow also provide evidence to support this claim.  In wild-type larvae, HSPGs were localized to all pharyngeal cartilage domains by 3 dpf, but in uxs1 mutants, HSPGs were absent.  Therefore, after disappearance of functional protein synthesized from the maternal uxs1 transcript in uxs1hi3357 and uxs1mow homozygotes, Uxs1 protein function and biosynthesis of all known PGs dependent on UDP-xylose including chondroitin sulfate, dermatan sulfate, and heparan sulfate PGs is most likely coming to a halt.  

PGs facilitate autocrine signals released by chondrocytes to maintain proliferation and secretion of ECM components (Gerstenfeld et al., 1998).  We hypothesize that the absence of PGs from the cell surface and ECM inhibits the sequestering of these autocrine signals leading to a disruption in the maintenance of the ECM.  This hypothesis is supported by evidence that col2a1 expression levels were normal in uxs1 mutants; however, antibodies against Col2a1 failed to localize the protein to the pharyngeal skeletal elements of uxs1hi3357 and uxs1mow.  Thus, we predict that the lack of uxs1 activity disturbs the sequestering of autocrine signals required for ECM maintenance and may be leading to down-regulation of Col2a1 synthesis or localization to the ECM.

The role of uxs1 in skeletogenesis

Neural crest and paraxial mesoderm migrate to the craniofacial pre-chondrogenic sites where cartilage and bone will develop, and then condense into mesenchyme that proliferates and organizes into layers of chondrocytes to make the pre-skeletal model of the neurocranium and pharyngeal arches.  This process is accompanied by the proliferation of an outer layer of cells called the perichondrium, which upon reciprocal signaling with chondrocytes and surrounding tissue, differentiates into osteoblasts and secretes a bone collar in the extracellular space near the stacking chondrocytes.  Osteogenesis at sites along cartilage elements, like the ceratohyal during skeletogenesis, marks the initiation of endochondral ossification.  Additionally, during endochondral ossification, reciprocal signaling between the perichondrium and chondrocytes also causes chondrocytes to hypertrophy and undergo programmed cell death to make room for invading blood vessels and osteoblasts that will lay down bone matrix in place of the cartilage (Goldring et al., 2006; Lefebvre and Smits, 2005).  Thus, the establishment of communication between perichondrial cells and chondrocytes is crucial to the proper sequential events necessary for endochondral bone formation.

Neural crest and paraxial mesoderm also migrate and condense into mesenchyme in other areas where intramembranous bone develops.  These cells undergo reciprocal signaling with tissues, similar to endochondral bone formation, to develop into osteoblasts which begin to secrete bone matrix within membranous sites at the dentary, maxilla, operculum, branchiostegals, and retroarticulum (Goldring et al., 2006; Lefebvre and Smits, 2005).  Therefore the establishment of communication between differentiating mesenchyme and surrounding tissues is also crucial for the proper sequential events leading to intramembranous bone formation.

Calcifying sites visualized by Alizarin red staining in homozygous uxs1hi3357 and uxs1mow larvae revealed that a disruption in uxs1 activity altered endochondral bone formation.  Meanwhile, other experiments showed Col2a1 and HSPG immunolocalization were absent from the ECM in uxs1 mutants.  Due to the disruption in ECM composition, we predict communication between chondrocytes and cells of the perichondrium, which is necessary for chondrocyte organization and morphogenesis, may be disrupted in uxs1 mutants (Provot and Schipani, 2005).  This intercellular communication, is essential for the initiation of endochondral ossification (Goldring et al., 2006; Olsen et al., 2000).   In homozygous uxs1hi3357 and uxs1mow mutants, we observed a disruption of col10a1 expression, an important element of endochondral and intramembranous bone formation, providing further evidence to support this claim (Shen, 2005).  Because of these findings, we conclude that uxs1 is critical in establishing proper ECM composition necessary for reciprocal communication between cells to initiate endochondral ossification. Reductions in Alizarin red staining and col10a1 expression at intramembranous bone centers in the pharyngeal skeleton of homozygous uxs1 mutants suggests that improper reciprocal signaling causing organizational and morphogenic defects in nearby cartilaginous elements may be disturbing intramembranous bone formation as well.  The cleithrum seems to be the only bone not disrupted in uxs1hi3357 and uxs1mow mutants, which is consistent with other mutants with severe skeletogenic defects like homozygous sox9a jef  (Yan et al., 2002). Thus, we hypothesize that the central role of uxs1 in skeletogenesis is to promote proper composition of the ECM required for normal chondrocyte organization, morphogenesis, and reciprocal signaling pathways involved in initiation of endochondral and intramembranous ossification.

Heparan sulfate proteoglycan deletion in uxs1hi3357 and uxs1mow suggests evidence for disruption of FGF, Wnt, and Shh signaling cascades

Without proper ECM composition, and specifically a lack of PGs, we predict that craniofacial defects occur due to the failure of crucial short- and long-range communication between cells mediated by secreted signaling proteins.  This system of communication is dynamic during development and slight changes in amounts of cellular growth or ECM maintenance factors can alter the fate of chondrocytes or composition of the ECM (Velleman, 2000). The appearance of disorganized chondrocytes, perichondrial cell sheaths, and reductions in endochondral and intramembranous bone formation suggests that uxs1 is necessary for signaling processes during skeletogenesis.  

In drosophila, heparan sulfate PGs (HSPGs) play a role as co-receptors in many different signaling transduction pathways (Lin et al., 1999; Lin and Perrimon, 1999).  In vertebrates, the process by which signaling molecules are sequestered into close proximity to chondrocytes is still poorly understood; however PGs may play a similar role in vertebrates because PGs also localize to the cell surface and make intricate connections with scaffolds like hyaluronic acid to form nets of sulphated PGs in the ECM (Iozzo, 1998). Thus, mutations in uxs1 could lead to an absence of some PGs on the cell surface and in the ECM disrupting signal transduction cascades.

FGFs are among the best-studied signaling molecules known to regulate cellular proliferation, migration, and differentiation during development (Coumoul and Deng, 2003; Itoh and Ornitz, 2004; Ornitz and Itoh, 2001).  Biochemical studies have linked HSPGs to act in a complex with FGF receptors suggesting that HSPGs are a crucial co-receptor on the cell surface of fibroblasts (Ornitz, 2000; Pellegrini, 2001).  Studies have also linked a sulfation site on HSPGs to be required for FGF-FGF receptor interactions (Nakato and Kimata, 2002).  Disruption in FGF signaling has been shown to lead to defects in tooth formation, palatogenesis, and limb development (Nie et al., 2006).  These findings suggest that without HSPGs in the ECM, there may be a disruption in FGF signaling attributing to the developmental defects in homozygote uxs1hi3357 and uxs1mow.  Preliminary experiments revealed no clear difference in fgf10 expression patterns in uxs1 mutants compared to wild-types; however, further investigation needs to be conducted on FGF protein localization or downstream targets to elucidate the role of uxs1 in FGF signaling pathways.
Another crucial group of molecules required for proper differentiation of many cellular lineages in vertebrates are Wnt proteins which are secreted signaling molecules that function through receptors closely associated with HSPGs on the cell surface (Lin, 2004).  The drosophila homolog of WNT1 called wg, has been extensively studied and is necessary for larval segmentation of the fruit fly.  Currently, two models have been proposed for how HSPGs interact to stabilize Wg signaling: (1) by protecting the Wg protein from degradation in the ECM and (2) by localizing the Wg signaling protein and concentrating it near the receptor on the cell surface.  HSPG core proteins Dally and Dlp in drosophila have been shown to play crucial roles in short- and long-range Wg signaling (Lin and Perrimon, 1999).  In vertebrates, the role for HSPG core proteins in Wnt signaling processes is still poorly understood.  In homozygous uxs1hi3357 and uxs1mow, the antibody against heparan sulfate revealed deletion of HSPGs in the ECM pointing to a plausible investigation into the role HSPGs play in Wnt signaling pathways in zebrafish.  More investigations need to be conducted on Wnt protein localization or genes regulated downstream of Wnt signaling transduction within the cell to address this question.  

A second critical pathway in cartilage and bone development that may require HSPGs is Hedgehog (Hh) signaling (Ingham, 2001; Ingham and McMahon, 2001).  In vertebrates, one signaling protein belonging to the Hh family known as Sonic Hedgehog (Shh) is freely diffusible in the extracellular space and helps regulate dorsal-ventral patterning (Tavella et al., 2004).  In drosophila, the HSPG protein core defined by the mutant dlp, is required for proper Hh signaling (Lum et al., 2003). The models for how HSPGs might regulate Hh signaling are similar to those previously discussed for Wnt signaling.  Thus, we predict HSPGs may act as co-receptors facilitating interaction of Shh with its receptor Patched (Ptc1) in zebrafish.  In uxs1hi3357 and uxs1mow homozygotes, we found no disruption in expression of shh or ptc1; however that does not discount that Shh signaling could be disrupted on the cell surface of differentiating mesenchymal cells.  Thus, the possible disruption of Shh protein localization in uxs1hi3357 and uxs1mow or downstream targets of Shh signaling within cells are still unanswered questions but we predict further tests may reveal PGs to be crucial co-receptors for Shh-dependent pathways aligning with results found in drosophila HSPG mutants. 

In conclusion, studies in drosophila on FGF, Wg, and Hh signaling have demonstrated the importance of HSPGs as possible co-receptors and/or protective nets to prevent extracellular proteolysis of signaling molecules. Further investigations need to be done to elucidate if these mechanisms are conserved across vertebrate lineages.  In mice, a mutant called lazy mesoderm (lzme) has HSPG deficiencies which cause defects in FGF signaling but not Wnt3 signaling during gastrulation (Garcia-Garcia and Anderson, 2003) suggesting that Wnt signaling pathways in vertebrates may not be dependent upon HSPGs to the extent seen in drosophila.  Nevertheless, due to the lack of PGs in uxs1hi3357 and uxs1mow, we predict this is a way to test if the roles of HSPGs in signaling pathways are evolutionarily conserved between the fruit fly and zebrafish.  We hypothesize that further experiments could provide evidence molecular evidence for how defects in PGs derive severe craniofacial defects.  Thus, whether or not a block in PG biosynthesis influences these signaling pathways needs to be investigated to conclusively address these questions.  By looking at Wnt, Shh, and FGF signaling in homozygous uxs1hi3357 and uxs1mow, we may begin to understand the roles of PGs on the surface of cells like chondrocytes for proper signaling cascades – a question that has long evaded scientists.

The evolutionarily conserved role of proteoglycans and uxs1
One of the largest PG aggregates in the ECM of cartilage is called aggrecan which is composed of large groups of keratan sulfate PGs and chondroitin sulfate PGs.  Aggrecan is thought to maintain the functional integrity of the ECM and due to a high charge density may be involved in the sequestering of proteins to the cell surface (Velleman, 2000).  Mice with cartilage matrix deficiency (cmd) have a 7 bp deletion in a gene involved in creating aggrecan (Watanabe et al., 1994).  Homozygous cmd mice are characterized by craniofacial defects and shortened skeletal elements similar to those observed in uxs1hi3357 and uxs1mow.  Although cmd mice present normal type II collagen localization to the ECM, whereas uxs1 mutants do not, this could be due to: (1) disruption of more than just aggrecan PGs caused by a lack of Uxs1 protein function in zebrafish uxs1 mutants or (2) a difference in functional roles of aggrecan in Col2a1 localization to the ECM across mice and zebrafish.  Nevertheless, these findings suggest that across diverging lineages, the function of PGs to modulate skeletogenesis has been evolutionarily conserved for 450 million years.  


Xylose is an important sugar to many different forms of life on Earth.  In fact, plants like barley have four copies of UXS1 co-orthologs that produce xylose because it is one of the major sugars used in cell wall biosynthesis (Zhang et al., 2005).  Xylose-containing macromolecules are also critical components to the polysaccharide capsule that is the major virulence factor of the pathogenic fungus Cryptococcus neoformans (Bar-Peled et al., 2001).  In this study, we present a critical role for uxs1 in development of the zebrafish skeleton.  These findings suggest that the conversion of UDP-glucuronate to UDP-xylose is an essential process to plants, fungi, and animals.  The analysis of conserved syntenies between humans and zebrafish revealed the neighborhood of genes including UXS1 and ECRG4 has been conserved for 450 million years since the divergence of the two lineages (Woods et al., 2005).  Phylogenetic analysis of the coding sequence for uxs1 revealed the amino acids to be 57% conserved between the Proteobacterium Rhodopseudomonas palustris and both human and zebrafish genomic sequences.  Additionally, a previous study on the molecular characterization of Uxs1 revealed that 75-80% of the amino acid sequence identity is conserved between plants and animals (Moriarity et al., 2002).  Thus, we conclude that Uxs1 has been functionally and structurally conserved for nearly 1.6 billion years of evolution suggesting that it is one of the most critical enzymes across all life forms on earth.   
EXPERIMENTAL PROCEDURES
Alcian blue and Alizarin red staining of zebrafish
Alcian blue and alizarin red double staining procedure was followed as in (Kimmel, C. A. and Trammell, 1981; Kimmel, C. B. et al., 1998; Kimmel, C. B. et al., 2003).  Both mow and hi3357 mutant lines were stained at 6 dpf.  Alcian blue binds to mucopolysaccharides present in developing cartilage ECM.  Alizarin red binds to calcium deposits in the developing bone centers. Anesthetized embryos were fixed in 4% paraformaldehyde for 1 hr.  Alcian blue was left to stain overnight and replaced in the morning with a bleaching solution of 1ml 3% H2O2/0.1% KOH to limit background staining for 30 minutes.  Next, 0.01% alizarin red pH 7.5 was applied for 30 minutes.  Excess stain was washed away using 1ml 50% glycerol/ 0.1% KOH.  Pictures were taken using a compound microscope at 10x and 20x magnification. Composites of different focal planes were made using Adobe Photoshop CS.

Mapping, cloning, and identification of mow 
Heterozygous mow fish in the AB background were mated to WIK wild-type fish.  The F1 heterozygotes were crossed to give an F2 population, which was scored for recombination frequency with zmarkers (Knapik et al., 1998; Shimoda et al., 1999).  PCR primers were designed for locations on LG9 and fragments of DNA from the mapping population was amplified with the protocol: 94°C 2 min; 40 cycles of 94°C 20 sec, 64°C 30 sec, 72°C 30 sec, and 72°C 5 min.  A polymorphism 10 cM from zmarker z3124 was found so primers scaff346.117+GCAGCGTGAAAAAGCAAAGAC and scaff346.524-ACCGCCGCCTGTGACGA were designed from zv4_scaffold346 of LG9 to amplify a simple sequence repeat (SSR) located in the intron between exon 7 and 8 of the uxs1 locus. 

To verify the polymorphism in sequences at the uxs1 locus between wild-types and mutants, the coding region and untranslated region (UTR) from 5 dpf cDNA was amplified and isolated for sequencing.   Primer sets were designed from the mRNA transcript sequence, NM_173242.2, to amplify overlapping fragments.  The primer pairs were as follows: Uxs1.114+TGACCGTTGGACAAGGGAGGATTTA, Uxs1.421-CTATTTGAAGAGCGGCTGCACGACTAT; Uxs1.309+AGCCGAAAATAAACTGCCCAGACTACTT, Uxs1.594-CATCCGCATCATCCTCCAGCACAC; Uxs1.394+CATAGTCGTGCAGCCGCTCTTCAAAT, Uxs1.757-GTCCCACTGCCTCATCTATCCTCTGCTC; Uxs1.854+TCACCGGTGGGGCAGGATTC, Uxs1.1397-ACCACTCGCCCGTCGTTCAT; Uxs1.945+CGGCCGCAAGCGCAATGTAGA, Uxs1.1340-ACTCGCACCTCCACTCCTTCCTGTTTC; Uxs1.1251+TGGTCCCCGGGCCTGTTATGATG, Uxs1.1685-AGTTTGGCCCTGCGGATGTCG
Separate overlapping amplified fragments covering the entire transcript from four mutant cDNA libraries and one wild-type were sent to the Institute of Molecular Biology Sequencing Facility at the University of Oregon.  

To genotype uxs1mow fish younger than 5 dpf when mutants are unambiguously identifiable from wild-type, primers MOW.928+CACCCCCAAAATGAGGACTACTG and

MOW.1277-AGAGCTCGCAACGGCATAAGAT were designed from NM_173242.2 to amplify a 349 bp fragment (NEED Nsp1 Recognition site).  Digestion of the resulting amplified fragment with a restriction enzyme, Nsp1, responding only to the specific sequence recognition site of 5’-RCATG^Y-3’/3’-Y^GTACR-5’ (R = A or G; Y = C or T) (New England Bio Labs, R0602S), cut the mow mutant DNA fragment into 274 and 75 bp fragments but left the wild-type fragment intact. To genotype uxs1hi335 7mutants, we used primers uxs1.e1.398+GTCGTGCAGCCGCTCTTCAAAT and

uxs1.e1.597-GCTCATCCGCATCATCCTCCAG, which flank the insertion site.  The fragments yielded a 199 bp fragment from wild type but no fragment from homozygous hi3357 due to the length of the insert. The control primer pair wnt5a+/wnt5a- were used to verify the DNA quality of the negative results from the uxs1hi3357mutants as in (Golling et al., 2002).

RNA extraction assays 
RNA extraction was performed using a Tri Reagent kit (Molecular Research Center, Inc. Catalog # TR-118) according to manufacturer’s instructions.  For each sample, about 50 embryos were homogenized.  Next, phenol-chloroform washes separated DNA, RNA, and protein layers yielding about 10 μg of total RNA from the embryos.  An RNA clean up kit (Zymo Research, R1015) purified the samples and a Retroscript kit (Ambion, 1710) was used to polymerize the RNA into a more stable cDNA library.

RT-PCR protocol for uxs1 message  

Utilizing the 5 dpf cDNA libraries made from RNA, primers uxs1.F1+(GTCCCCGGGCCTGTTATGATG) and uxs1.R1-(TTGGCCCTGCGGATGTCG) were designed from NM_173242.2 to amplify a 430 bp fragment from the cDNA library of wild-type larvae. Success was found with the PCR protocol: 94°C 2 min; 40 cycles of 94°C 20 sec, 55°C 30 sec, 72°C 30 sec, and 72°C 5 min.  PCR products were separated on a 2% agarose gel with TBE buffer and stained with ethidium bromide.
BODIPY®FL C5-ceramide confocal microscopy 
A 10 mM stock solution of BODIPY®FL C5-ceramide (Molecular Probes catalog #D-3521) was made with 250 μg delivered from Molecular Probes and 42 μl DMSO.  Aliquots of the BODIPY dye (5 μl) were placed in vials and 200 ml of HEPES buffer solution and embryo medium (EM) (Westerfield, 2001) were added respectively to give 20 μM BODIPY solutions.  Embryos were collected from separate F1 crosses of identified carriers of the hi3357 and mow allele respectively and dechorinated
 with a 1 mg/ml solution of pronase (Sigma, Catalog #P-5147) at 18 hpf, washed, and placed in wells on 2% agarose plates made with EM in groups of ten in 20 μM BODIPY solution.  The embryos were stored in the dark at 28.5°C.  At 3, 4, and 5 dpf, embryos were anesthetized with 0.2% MESAB and photographs of living animals were taken on a Zeiss confocal microscope (Westerfield Lab). 

Tg(fli1:EGFP)y1 and Alizarin red dual-channel confocal microscopy

Green fluorescent protein (GFP) is a naturally occurring protein synthesized by the Pacific jellyfish, Aequoria victoria.  For our experiments, we used a Tg(fli1:EGFP)y1 line of zebrafish that results in GFP expression in mesenchymal cell precursors of cartilage and bone (Lawson and Weinstein, 2002).  To view the effects of the null allele uxs1hi3357 at the cellular level in live embryos, we crossed Tg(fli1:EGFP)y1 carriers with uxs1hi3357 carriers, raised the offspring to adulthood, identified carriers of both Gfp-fli1 and uxs13357, and crossed them to obtain homozygous uxs1 mutants positive for the Tg(fli1:EGFP)y1 transgene.  We imaged live animals by confocal microscopy at 4 and 6 dpf.  The larvae were grown in 15 mg/L PTU to minimize pigment.  One day prior to the photography, 200 μl of 0.3% alizarin red was added to the fish water.  Larvae were anesthetized with 0.2% MESAB and placed in a 0.2% agarose solution made from embryo medium preheated to 40°C.  A layer of methyl cellulose was applied to a slide and larvae immersed in agarose were placed under a triple-bridged cover slip.  Z-sections at 1.5 μm intervals were taken ventral to dorsal at 20x and 0.25μ at 60x on a Zeiss confocal microscope.

Whole-mount in situ hybridization

Whole-mount in situ hybridization was performed as in (Jowett and Yan, 1996).  A 625 bp antisense probe in the 5’ untranslated region (UTR) of uxs1 was amplified from the 2 dpf cDNA library with forward primer Uxs1.1252+GGTCCCCGGGCCTGTTATGATG and reverse primer Uxs1.1877-AGTGGCTGCCGGATGTCTGAAGTC.  Antisense probes for gli1, fgf10, and ugdh, were made in the same fashion with primers

fgf10.845+GGGGCGGCATGTGCGCAGC, fgf10.1261- GGGGTTGTAGCTACACGATAGGAATGGGG;

gli1.2183+CCCTGCTCTCCAACCGGCGTGTGA, gli1.2537-TGGGAAGCGGGGTAGGGGGTGGAC; ugdh184+AGATTTGTTTTGCGCTGGCTTA, ugdh1978-TAGCGTAAAGTGCCTGCGTGTG respectively.  

PCR fragments were separated on a 1% agarose gel in 1x TAE buffer.  Products were cloned with a TOPO TA Cloning kit with TOP10 One Shot competent cells (Invitrogen; catalog number K4575-J10), and probes were made using MAXIscript Invitro Transcription T3/T7 Kit (catalog #1326).  Additionally, sox9b, sox9a, ptc1, shh, runx2b, dlx2a, col2a1, and runx2a probes were used that were synthesized as described in (Yan et al., 1995; Yan et al., 2002; Yan et al., 2005). Photographs were taken on a compound microscope and composites utilizing multiple focal planes were made using Adobe Photoshop CS. 

Whole-mount and dissections of wheat germ agglutinin staining

Wheat germ agglutinin staining was performed on 5 dpf uxs1hi3357, uxs1mow, WT, and uxs1hi3357/mow larvae.  Biotinylated succinylated Wheat Germ Agglutinin (Vector Laboratories, Catalog #B-1025S) was used at 1μl/10ml PBDT (500 ml PBS, 5 g BSA, 5 ml DMSO, 25 ml 0.1% Triton-X 100).  A VECTASTAIN ABC Reagent kit (Vector Laboratories, Cat. No. PK-4000).  The procedure was carried out as in (Lang et al., 2006).  Dissections were done using needles with a dissecting microscope.  Photographs were taken on a compound microscope and composites made using Adobe Photoshop 8.0.

Whole-mount antibody staining

Whole-mount antibody staining was performed using antibodies for Heparin Sulfate (α-HS) (USBiological, Catalog# H1890) and type II collagen (α-Col2a1) (Polysciences, Inc., Catalog# 23707).  Embryos were fixed in 4% paraformaldehyde and dehydrated with 100% methanol for storage until ready for use.  Embryos were rehydrated with 1x PBST followed by digestion with 0.1% trypsin at 37°C for 2 hr and 30 min for 5 dpf and 3 dpf respectively.  Following two PBST rinses, tubes had 0.5% hyaluronidase (USBiological Catalog # D-H7981-01) in 1x PBST added and were incubated for 37 min at 37° C.  Two 1 ml PBST (8.0 g Sucrose, 0.15 ml 0.2 M CaCl2, 90.0 ml 0.2 M PO4-; pH 7.3, for 100 ml of 2x PBS which is then diluted by half using sterile H2O along with the addition 200 μl 20% Tween 20 to give 1x PBST) rinses were conducted followed by three 5 min 1 ml PBDT washes.  Blocking solution was added to the tubes containing 2% goat serum in PBDT for 2 hr.  Antibodies α-HS and α-Col2a1 were added at 1:200 and 1:100 respectively and tubes were incubated overnight at -4°C.  Five 30 min washes with PBDT were followed by the addition of blocking solution again for 2 hr.  Secondary antibodies goat-α-rabbit-HRP for α-col2a1 and goat-α-mouse-AP for α-HS were used at 1:1000 respectively.  The α-HS embryos were colored with NBT/BCIP and α-Col2a1 with a VECTASTAIN ABC Reagent kit (Vector Laboratories, Cat. No. PK-4000). 
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� A phenotype is the visible appearance of an organism resulting from genetic and environmental factors.


� Cleft palate is a common disorder seen in humans characterized by a malformed upper lip caused from improper jaw formation during development.


� Chondrocytes are the only cells found in cartilage tissue.  Chondrocytes create and maintain the cartilaginous matrix of macromolecules.


� Embryogenesis is a term for the process of embryonic development


� Signaling pathways are the diverse ways cells communicate with each other.  Specifically signaling pathways are the means by which genes in our body are differentially regulated spatially and temporally.  


� This is a term I will be using to reference the proteins and genes that interact together in the process of cartilage and bone development to give rise to the highly complex skeleton in vertebrates.


� Skeletogenesis is a term for the process by which cartilage and bone develop in vertebrates to make the skeleton figure.


� Multipotent is a term for cells that have potential to derive many different kinds of fully differentiated cells.  In this case, multipotent mesenchymal stem cells give rise to all different types of fibroblasts which secrete the connective tissue components of the body, neuronal cells, adipocytes, and pancreatic cells.   


� Neural crest cells are part of the ectoderm which migrates to various areas of the developing organism and differentiates into chondrocytes, osteocytes, peripheral neurons, and muscle. 


� Mesoderm and neural crest are two specialized types of cells in the developing animal.  These cells migrate during different periods of development and become the precursors for many different tissue types in the animal.  In this case, chondrogenic mesenchymal cells are referring to the precursors of chondrocytes – the cells that secrete and maintain cartilage matrix.


� Mesenchyme is the term for condense and organized mesenchymal cells before they begin to differentiate into chondrocytes.


� Regulatory cascades are the means by which cells proliferate in an asynchronous fashion to give rise to the complex end product of a multicellular organism. 


� Chondroblasts are cells that secrete cartilage matrix and are found in developing cartilage tissue.


� Osteoblasts are cells that secrete bone matrix and are found in developing bone.


� Chondrogenesis is a term for the development of cartilage.


� Axon guidance is the process by which neurons – the cells of the nervous system – project their long ‘wire-like’ projection called an axon to targets in the periphery or within the central nervous system.


� Extracellular proteolysis is the process by which proteins outside of cells are broken down in the space between.  This can be for a variety of reasons including the breakdown of signaling cues, foreign proteins, etc.


� Disaccharides are two sugars linked together to form repeating subunits in the case of GAGs. 


� Hyaluronan are large scaffolds coating chondrocytes composed of non-sulfated sugar that attract PGs.


� The term in vivo is referencing the experimental approach of conducting research within an animal or the natural occurring environment PGs are found rather than in an artificial environment or test tube which would be in vitro.


� Perineuronal nets are another term for the extracellular matrix of secreted molecules found in the brain encapsulating the cell body of neurons.  The nets are formed by two forms of proteoglycans, neurocan and brevican and insulate the cells.   


� -Amyloid is a protein that has been found to be at high levels in regions of the brain in patients afflicted by Alzheimer’s disease upon autopsy suggesting that it may be a key component in the onset of the disease.


� Fibroblast growth factors are  for a general class of cells called fibroblasts.  Fibroblasts are cells that create matrices of connective tissues in the body.  There is an entire family of growth factors that are important for spatial and temporal fibroblast activity that helps pattern connective tissue growth.


� Skeletal Dysgenesis is the breakdown of skeletal elements later in adult life.


� Osteoarthritis is characterized by the growth of bone spurs and degeneration of the cartilage tissue in the joints.


� Achondrogenesis is a disease referring to the disruption of the process by which cartilage develops – chondrogenesis.  


� Lethal chondrodysplasias are different than achondrogenesis because the defects are lethal and lead to premature abortion of the fetus or death upon birth.


� COL2A1 is a gene that encodes for type II collagen which is one of the major components of the extracellular matrix of cartilage.


� SLC26A2 is a gene that encodes for an anion transporter protein which brings in sulfur containing compounds into the cell.  Sulfur is necessary for the synthesis of many different macromolecules of the extracellular matrix of cartilage.  


� The endoplasmic reticulum is a central site in a eukaryotic cell where protein synthesis, folding, and transportation occur. 


� The golgi complex is where large molecules consisting of multiple proteins are packaged and constructed. 


� Xylose is a five carbon sugar with properties similar to glucose.


� Ugdh removes a hydrogen atom from glucose to turn it into glucuronate.


� Uxs1 removes a carboxyl group (a carbon, two oxygens, and one hydrogen molecule). 


� As the rate-limiting step this implies that without UDP-xylose accumulation you cannot get the initiation in synthesis of the four-sugar linker.


� Glycosylation is a term for the sequential addition of sugars to form a multi-sugar chain.  In this case, glycosylation occurs by the addition of two sugar repeats by exostosins to make long chains better known as a glycosaminoglycan.  Exostosins are the molecules that sequester these two sugar repeats and add them to the four-sugar linker.


� Somites give rise to the eventual spinal column of the organism.


� The tail bud develops into the posterior tail region of the zebrafish and ?? the lower extremities of the human embryo? 


� Heart edema is characterized by an increase in fluid within the developing heart of the zebrafish.


� Chromosomes are found in all eukaryotic cells and are defined as a large aggregate of DNA.  Typically a single chromosome represents DNA that is also wrapped tightly around scaffolds.


� A pro-viral insertional mutagenesis screen is a technique used to create alleles where fragments of DNA are inserted randomly into the genome of animals by exposing them to viruses carrying elements called transposons. 


� Cellular morphologies refer to the structural and organizational pattern of cells within a developing cartilage shape during development.  ‘Morphology’ in general references the structure of an organ or organism.


� Confocal microscopy is a powerful microscopic technique that instead of using normal light to visualize an animal, takes a powerful laser with a certain wavelength of light and exposes an organism to it at a high intensity.  Then, at micrometer increments using special detection features and software, a 3-dimensional image is projected with a cellular level of detail onto a computer. 


� By using antibodies we were able to tag specific proteins of interest and look for differences in protein levels or localization between mutants and wild-types.


� An in situ hybridization allows the visualization of transcribed DNA known as messenger RNA which is the code integrated by cellular machinery to create proteins.


� The pharyngeal domain of the animal is the ventral area (the chest side) of the animal near the mouth.


� The neurocranium references the various bone that form the skull of the zebrafish. 


� The pharyngeal skeleton is comprised of all the components on the ventral side of the animal including the jaw and gill arches.


� Meckel’s cartilage – fashions the most anterior part of the upper jaw of the fish


� Ceratohyal – will become the lower jaw of the fish


� Palatoquadrate – upper jaw of the fish


� Ceratobranchials – will become parts of the gills of and ribs of the fish later in life.


� Parasphenoid – bone in the base of the skull of the fish in adulthood.


� Cleithrum – shoulder girdle


� Hyosymplectic – the jaw joint between upper and lower jaw bones in adulthood


� Otic Vesicle – epithelial vesicle giving rise to the ear.


� Operculum – bony flap that covers the opening from the gill slits


� Basibranchials – become part of the zebrafish’s gills (equivalent to our sternum)


� Basihyal – becomes part of the throat of the zebrafish


� Mapping plates consist of 96 wells which were used to house 48 mow mutants and 48 wild-type embryos.


� In this case bulk segregant analysis is the preparation of a bulk mutant and wild-type DNA pool from a 96 well plate which is then used with primer pairs distributed throughout the genome to locate polymorphisms before running experiments on individual mutant and wild-type animals.


� Zmarkers are primer pairs that have locations known to be simple sequence repeats of frequent polymorphism.  


� Polymorphism is a term used for a difference in sequence between two organisms, in this case, between mow and wild-type which is visualized on a gel by a discrepancy in size of amplified fragments by the primer pairs.


� Orthologs are genes that are found in both zebrafish and human genomes which share sequence similarities which can be traced back to a common ancestor before  speciation occurred and zebrafish and human lineages split from one another.  


� BLAST searching is a tool used to compare sequences from across organisms.  In this case, knowing ihha sequences in tetrapods, we were able to locate (based upon sequence similarity) a piece of DNA at chunk 4875 that is nearly identical to the ihha sequence suggesting that it is the ortholog found in zebrafish.  


� Simple sequence repeats are sites of two or three nucleotide repeats in the DNA where recombination events were most likely to have occurred to give rise to the mutant allele.  Recombination events are the process of chromosome copies swapping genetic material during cell division.  Thus, by amplifying SSRs we can determine if a recombination event happened near that site. 


� Genetic mapping takes advantage of polymorphisms in SSRs caused by recombination events that occurred during meiosis.  By saying we ‘mapped this SSR polymorphism’ implies that across the 576 larvae, the difference in the sequence amplified was common to all the homozygous mow larvae at 40,790 bp on Zv3_ctg30021 in comparison to the wild-types.


� Pro-viral insertions are used as a tool to generate mutations in model organisms.  In this instance, a screen was performed where chunks of DNA were inserted into zebrafish embryos to generate novel mutants for further research.


� The 5’ (five-prime) untranslated region is a segment of the messenger RNA that although transcribed from DNA, is not translated into protein by the cellular machinery.


� Messenger RNA transcripts are the messages sent to machinery within cells that is used as a template code for the amino acid sequence of a protein.


� A synteny is a conserved sequence of genes on a chromosome that has been preserved across diverging species.


� Phylogenetic analysis is the investigation into the evolutionary relationship of species looking at, in this case, the similarities between gene location, nucleotide sequence, and conservation of neighboring genes.


� Reciprocal BLAST searches are ways to take sequences from one genome (in this case zebrafish) and compare sequences in another genome.  


� Expression is a term used for the transcription of a gene from the DNA template into a messenger RNA transcript.


� The perichondrium is the outer thin layer surrounding the stacking chondrocytes within cartilage elements of the developing zebrafish.


� Dechorination is the process of removing the chorion which is the membranous sac embryos develop in until around 3 dpf.






