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ABSTRACT OF THE DISSERTATION 

 

Chondroitin Proteoglycans 

 

in 

 

Caenorhabditis elegans Development 

 

by 

 

Sara Kathryn Olson 

Doctor of Philosophy in Biomedical Sciences 

University of California, San Diego, 2005 

Professor Jeffrey D. Esko, Chair 

 

 The role of non-sulfated chondroitin in developmental events of the nematode 

Caenorhabditis elegans has been investigated.  This work took advantage of a class of 

mutants defective in glycosaminoglycan biosynthesis that show perturbations in vulval 

invagination and early embryogenesis.  It was demonstrated that all components of the 

mammalian chondroitin biosynthetic machinery are conserved in C. elegans, and that 



 xvi 

the phenotypic defects observed in the mutants result from loss of chondroitin, not 

heparan sulfate.  A biochemical screen identified nine novel chondroitin core proteins 

that carry chondroitin chains, none of them common to mammalian chondroitin sulfate 

core proteins.  Two of these, chondroitin proteoglycans-1 and -2, are functionally 

redundant and required for the same set of early embryonic events affected in mutants 

lacking chondroitin biosynthetic enzymes.  We hypothesize that the chondroitin 

proteoglycans play biophysical or structural roles that direct vulval invagination and 

embryogenesis in the worm. 
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CHAPTER 1 

 

Introduction 

 

 Since its discovery in the late 1800’s, the importance of chondroitin sulfate 

(CS) has been demonstrated in many aspects of mammalian biology.  Historically, 

studies of CS and the core proteins that harbor these sugar chains, called 

proteoglycans (PGs), have centered on biochemical purification and chemical analyses 

of the CSPG components.  A large number of core proteins have been identified, and 

their expression patterns suggest specific sites of action.  Additionally, the structures 

of different sulfated forms of chondroitin have been determined, as have many of the 

enzymes that catalyze biosynthesis of the chains.  The relatively recent advent of 

reverse genetic technology enables us to study specific chondroitin sulfate 

biosynthetic enzymes and protein cores in an in vivo setting.  Gene knockout 

technology provides valuable information about genes that are known to be involved 

in generating CSPGs, but analysis has proven to be complicated at times by apparent 

functional redundancy in the system.  The complexity of vertebrate systems can be 

circumvented by use of model organisms with a more rudimentary system.  

Specifically, the use of Caenorhabditis elegans has afforded insight not only into 

identification of chondroitin biosynthesis machinery, but also into the evolution of 

chondroitin sulfate proteoglycans as a whole. 
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A.  Chondroitin sulfate proteoglycan structure 

 Proteoglycans are a particular class of glycoproteins that are comprised of two 

main structural components - long unbranched sugar chains called 

glycosaminoglycans (GAGs) and the protein cores that serve as their scaffold.  There 

are five main classes of GAGs – chondroitin sulfate (CS), a derivative of CS called 

dermatan sulfate (DS), heparan sulfate (HS), hyaluronan (HA) and keratan sulfate 

(KS).  GAG chains show variable degrees of complexity and modification, resulting in 

heterogeneous molecules that are able to interact with a wide array of ligands (Esko 

and Selleck, 2002).  The chondroitin sulfate proteoglycan (CSPG) family comprises a 

large spectrum of structurally diverse proteins, with the presence of variably modified 

CS chains on the cores being the common thread that links them together. 

 
1.  Chondroitin glycosaminoglycan chains 

 The chondroitin backbone is a linear polysaccharide composed of repeating, 

alternating units of N-acetyl-galactosamine (GalNAc) and glucuronic acid (GlcA).  

Linkage of the sugars is highly structured and invariable, consisting of repeating 

GalNAcβ1-4GlcAβ1-3 disaccharide units.  Various modifications of the chondroitin 

backbone increase the complexity of the molecule, generating variations of the chain 

(Table 1).  Sulfotransferase enzymes catalyze the addition of sulfate groups to either 

the 4-O or 6-O position of GalNAc (chondroitin sulfate A and C, respectively).  

Chondroitin sulfate B (CS-B), more commonly known as dermatan sulfate (DS), is 

characterized by the epimerization of a subset of GlcA units to IdoA.  CS-D is 
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similar to CS-C with the additional modification of sulfate at the 2-O position of 

GlcA.  CS-E is di-sulfated at both the 4-O and 6-O positions of GalNAc, but is a rare 

modification.  Heterogeneous sulfation patterns at these various positions help 

generate binding sites for CS ligands, which include collagen, laminin, and other 

extracellular matrix components, as well as various growth factors.  CS-A through -

E are commonly found in more complex organisms; interestingly, non-sulfated 

chondroitin is rarely, if ever, seen in vertebrates and its biological role is unknown.  

Chapter 3 addresses this question and demonstrates that a non-sulfated form of 

chondroitin plays an essential role in the development of the nematode 

Caenorhabditis elegans. 
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Table 1.  Modification of the chondroitin backbone 

Chondroitin type Disaccharide Unit 

Unmodified GalNAcβ1-4GlcAβ1-3 

A GalNAc4S-GlcA 

B GalNAc4S-IdoA2S 

C GalNAc6S-GlcA 

D GalNAc6S-GlcA2S 

E GalNAc4,6diS-GlcA 
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2.  Protein cores 

 Chondroitin sulfate does not exist as a free polymer, but rather is attached to a 

core protein.  In many instances the CS chain is the source of biological activity and 

the core acts as a passive scaffold, but recent evidence suggests that some 

proteoglycan cores themselves serve functional roles.  The number of GAG chains 

carried by a proteoglycan is highly variable, ranging from a single chain (decorin) to 

more than 100 chains (aggrecan).  Of the potential glycosylation sites, the extent of 

modification is also variable, with any or all glycosylation sites being utilized.  It is 

unknown whether this variability is spatially and temporally regulated.  A loose 

consensus sequence for GAG attachment sites on the core protein has been identified 

in vertebrates (Zhang and Esko, 1994).  GAG chains are initiated at serine (Ser) 

residues that are followed glycine (Gly).  These sites are typically flanked by the 

acidic amino acids aspartate (Asp) and glutamate (Glu).  It is unknown whether this 

consensus sequence is universal or specific to vertebrates.  Chapter 4 demonstrates 

that the amino acid composition of GAG attachment sites is maintained even in the 

more simplistic nematodes. 

 The majority of work on chondroitin proteoglycans has been performed with 

human and mouse samples.  More than 20 chondroitin sulfate proteoglycans 

(CSPGs) have thus far been identified in vertebrate systems and are expressed in a 

wide array of tissues (Table 2).  They can carry solely CS or exist as hybrids 

carrying CS/HS or CS/KS.  CSPGs can be secreted into the extracellular matrix 

(ECM), embedded in the cell membrane, or stored in secretory granules.  Some 
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CSPGs are large globular molecules reaching masses of 400 kD while others have 

tiny masses around 10 kD.  While structurally diverse, the mammalian CSPGs can 

be classified into the following families. 

 
a.  Aggrecan 

 The Aggrecan family of proteoglycans, also known as the Hyalectins, 

includes aggrecan, versican, brevican, and neurocan (Table 2).  All four members 

share the following common features.  The N-terminal domain is able to bind HA, 

another class of GAG that exists in ECM as a free polymer not attached to a 

protein core.  The protein-GAG interaction between aggrecan and HA, modulated 

by the “link protein,” is particularly strong and non-dissociating under 

physiological conditions (Knudson and Knudson, 2001).  The central region of the 

family members contains variable numbers of GAG attachment sites.  Aggrecan 

can carry more than 100 CS chains, while neurocan as few as one.  The C-terminal 

region contains a C-type lectin domain, which is defined as a protein domain able 

to bind carbohydrates in a calcium-dependent manner.  Few binding partners are 

known to interact with the C-type lectin domain, but they include tenascin-C, 

tenascin-R, fibulin-1, and sulfated glycolipids (Aspberg et al., 1999; Aspberg et 

al., 1997; Miura et al., 1999; Rauch et al., 1997).  All members of the Aggrecan 

family are expressed in the central nervous system, though individual members 

have additional distinct localization patterns including cartilage, heart, tendon, 

hepatocytes, and fibroblasts (Table 2). 
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b.  Small Leucine-Rich Proteoglycan (SLRP), or Small Interstitial 

 The SLRP family of secreted proteoglycans includes members that contain 

either CS or KS chains.  The CS family members are listed in Table 2.  The 

hallmark of SLRPs is the presence of leucine-rich repeats (LRRs) in the central 

domain (reviewed in Iozzo, 1999).  The number of LRRs varies between SLRP 

classes.  For example, Class I members decorin and biglycan both contain ten 

LRRs, while Class III epiphycan contains only six.  The N-terminal region of 

SLRPs contains a cluster of four cysteine residues that are able to form disulfide 

bridges.  Spacing of cysteines in characteristic patterns is conserved between 

classes and is one determinant of class assignment.  Many SLRPs are expressed in 

connective tissues and are thought to bind collagen and inhibit fibrillogenesis. 

 
c.  Miscellaneous 

 More than half of the mammalian CSPGs do not belong to the Aggrecan or 

SLRP families and make up a diverse set of glycoproteins (Table 2).  Some of 

these are secreted into the ECM of their respective tissues and may serve structural 

or biophysical roles, while others are membrane bound, likely interacting with 

ligands at the cell surface or promoting cell-cell interactions.  Type IX collagen is 

comprised of three subunits, only one of which (α2) carries a single CS chain.  Its 

expression in cartilage suggests structural functions.  The Syndecan family of 

proteoglycans contains four members that carry long HS chains; only two of these, 

syndecan-1 and syndecan-3, have been shown to contain short CS chains at the 

base of the extracellular domain (reviewed in Bellin et al., 2002).  All four 
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members are transmembrane proteins.  The short cytoplasmic tail contains a PDZ 

binding motif suggesting involvement in signal transduction pathways or 

interaction with cytoskeletal components. 

 NG2, expressed on the surface of immature precursor cells, contains a 

collagen binding site in the extracellular domain, as well as a PDZ binding motif in 

the cytoplasmic domain.  Its CS chains reside in the central region of the protein.  

CD44 is occasionally modified with CS, though its interaction with HA is the 

more dominant feature.  It is expressed by lymphocytes, but also by chondrocytes 

where it interacts with the HA-aggrecan complex.  Serglycin is the main PG 

localized to intracellular secretory granules of hematopoietic and connective tissue 

mast cells.  Upon stimulation, granule contents are released into the blood stream.  

Serglycin is modified with both CS and heparin. 

 
 The structural diversity of the CSPGs is quite amazing.  Such diversity would 

suggest that these molecules play defined roles in different biological systems. 
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B.  Function of chondroitin sulfate proteoglycans 

 The CSPGs outlined in Table 2 represent a diverse set of proteins with a wide 

range of expression patterns.  The advent of targeted gene knockout technology in the 

past decade has made it possible to study the functions of the CSPGs in vivo, rather 

than rely upon localization patterns, cell culture, or in vitro assays to suggest 

biological function.  Several of the knockout mice show more subtle defects than one 

would predict, suggesting functional redundancy between CSPGs expressed in the 

same tissue (Table 3). 

 
1.  Mutations resulting in cartilage defects 

 Aggrecan is a major component of cartilage.  When complexed with HA, the 

high concentration of negative charge (imparted by both GlcA and sulfated GalNAc) 

is balanced by counterions, which help to draw water into cartilage, thereby 

providing the ability to resist compressive forces characteristic of this tissue 

(reviewed in Iozzo, 1998).  Mutations in the aggrecan gene have been identified in 

mouse, chick, and humans (Table 3).  The cartilage matrix deficiency (cmd) mouse 

strain contains a truncated aggrecan protein lacking most of the CS attachment sites 

(Krueger et al., 1999; Watanabe et al., 1994).  cmd-/- mice die perinatally as dwarfed 

animals with shortened limbs and cleft palates (Rittenhouse et al., 1978).  Cartilage 

from these mice contains mostly chondrocytes, with little matrix deposition.  The 

chick nanomelia aggrecan mutant shows a very similar phenotype, with shortened 

limbs and cellularlized cartilage (Li et al., 1993).  The human aggrecan gene has 

been mapped and shown to segregate with a familial form of spondyloepiphyseal 
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dysplasia (Gleghorn et al., 2005).  Human subjects also exhibit shortened limbs and 

trunk, as well as early-onset osteoarthritis.  All of these phenotypes are consistent 

with the role of aggrecan in generating a hydrated, viscoelastic cartilage matrix. 

 While aggrecan has historically been understood to be the major CSPG in 

cartilage, other CSPGs are also expressed in cartilage and exhibit similar mutant 

phenotypes (Table 3).  The SLRP family members decorin and biglycan, as well as 

type IX collagen, are expressed by chondrocytes.  These proteins have been shown 

to associate with cartilage collagen fibrils.  Biglycan and type IX collagen knockout 

mice develop osteoarthritis and osteoporosis, as well as chondrodysplasia 

phenotypes (Ameye et al., 2002; Hagg et al., 1997; Muragaki et al., 1996; Nakata et 

al., 1993; Xu et al., 1998).  A mutation in the human type IX collagen gene results in 

multiple epiphyseal dysplasia, a condition characterized by short stature and limbs, 

as well as painful joints resulting from articular cartilage irregularities (Briggs et al., 

1994; Holden et al., 1999; Spayde et al., 2000).  Mutational analysis has thus shown 

that the presence of CSPGs in cartilage of the joints and bones is essential for proper 

matrix deposition and hydration. 

 
2.  Mutations resulting in connective tissue disorders 

 Decorin and biglycan are the two main CSPGs expressed in connective tissue 

and interact with collagen in the matrix.  Much work to date has concentrated on 

understanding the role of these PGs in stabilizing collagen fiber assembly, likely by 

contributing to the highly ordered orientation of the fibrils.  In the case of decorin, 

this action appears to be dictated by the proteoglycan core since removal of the GAG 



 12 

chains of decorin fails to disrupt fibrillogenesis (Vogel et al., 1987).  Decorin 

knockout mice are viable but show a fragile skin defect (Table 3) (Danielson et al., 

1997).  High magnification studies of decorin mutants revealed that collagen 

formation was disrupted in the skin; fibrils varied in diameter and were irregularly 

spaced.  In addition to defects in loose connective tissue, decorin and biglycan 

knockouts show fibrotic defects in tendon, bone, lung, and heart (Corsi et al., 2002; 

Fust et al., 2005; Robinson et al., 2005; Weis et al., 2005).  These findings 

demonstrate that CSPGs act not only in cartilage, but in other connective tissues as 

well to establish the architecture of the tissue. 

 
3.  Mutations resulting in central nervous system defects 

 Chondroitin sulfate has been known to play a role in development, maturation, 

and remodeling of the central nervous system (CNS) for nearly 15 years.  Quite a 

large number of CSPGs are expressed in components of the CNS, but only recently 

have they been studied in vivo.  All members of the Aggrecan family (Table 2) are 

localized to neural tissue.  No reports of the aggrecan cmd knockout mouse have yet 

addressed CNS phenotypes, and the versican knockout is embryonic lethal 

(Mjaatvedt et al., 1998).  Neurocan and brevican knockout mice show brain-specific 

defects in long-term potentiation (Brakebusch et al., 2002; Zhou et al., 2001).  

Additionally, brevican mutants show a reduction in formation of perineuronal nets, 

structures that arise to restrict plasticity of the maturing brain.  Brevican is also 

thought to inhibit neuronal regeneration following CNS injury (Morgenstern et al., 

2002).  Nurocan mutants show plasticity and remodeling defects, and neurocan is 
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thought to inhibit neurite outgrowth in vitro (Rauch et al., 2001).  Several other 

CSPGs are expressed in the CNS including biglycan, NG2, phosphacan, 

neuroglycan C, and the testicans.  Either phenotypes have not yet been described in 

the CNS for these mutants, or gene knockouts have not yet been generated.  CSPGs 

have thus been found to play inhibitory or barrier roles in the brain in vivo, 

comparable to what was seen in in vitro studies. 

 
4.  The role of hybrid Syndecan family members in development 

 Gene inactivation of the four syndecan hybrid proteoglycans has not lent much 

insight into the in vivo function of these molecules in mouse model systems.  

Potential functional redundancy among the multiple isoforms may explain the lack 

of profound phenotypes.  Mouse syndecan-2 and -4 will not be discussed since they 

carry only HS, and not CS.  The lack of syndecan-1 in mice inhibits Wnt-1 induced 

mammary tumor formation (Alexander et al., 2000).  These animals are resistant to 

Pseudomonas bacterial infection as well (Park et al., 2001).  Syndecan-3 null mice 

show a dampened response to food deprivation, while overexpression of transgenic 

syndecan-1 results in obese mice that feed continuously (Reizes et al., 2001).  The 

precise role CS might be playing remains to be determined.  In Xenopus, inhibition 

of syndecan-2 by morpholinos results in a striking defect in left-right axis formation 

in the early embryo (Kramer and Yost, 2002), though it is not known whether this 

effect is attributable to lack of HS or CS.  Studies of Drosophila and C. elegans 

syndecan homologs suggest that axonal guidance defects are related more to the loss 

of HS, rather than CS, due to their interactions with the heparan sulfate-binding Slit 
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family of guidance molecules (Johnson et al., 2004; Minniti et al., 2004; Rawson et 

al., 2005; Rhiner et al., 2005; Spring et al., 1994; Steigemann et al., 2004).  It has not 

yet been shown that worm and fly syndecans carry chondroitin (sulfate) chains.  In 

all systems studied to date, the precise role, if any, of syndecan CS is unknown. 
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 Chondroitin sulfate proteoglycans are expressed in a number of tissues and 

play distinct roles in several physiological systems in vertebrates.  Many of the sites of 

CSPG action, such as cartilage, tendons, bone, the circulatory system, and the central 

nervous system with a true brain, are lacking in lower animals such as C. elegans, an 

organism known to express a non-sulfated version of chondroitin (Toyoda et al., 2000; 

Yamada et al., 1999).  It is unknown which proteoglycan cores harbor C. elegans 

chondroitin chains, and it is interesting to speculate about whether differences in body 

complexity would necessitate use of a different set of chondroitin core proteins.  

Chapter 4 addresses this question and shows that C. elegans does in fact utilize a 

completely different set of core proteins that are not expressed by mammals. 

 

C.  Chondroitin sulfate biosynthesis 

 Assembly of CS chains is a dynamic process that involves more than ten 

different enzymes.  An overview of vertebrate CS synthesis is provided below to 

demonstrate the complexity of the system. 

 
1.  Nucleotide sugar building blocks 

 Sugars used in CS biosynthesis include xylose (Xyl), galactose (Gal), GlcA, 

and GalNAc.  These sugars are converted into activated donors to be used in chain 

synthesis by conjugation with uridine diphosphate (UDP).  With the exception of 

UDP-Xyl, which is derived from UDP-GlcA in the endoplasmic reticulum, all of the 

other sugar nucleotides are assembled in the cytosol and shuttled into the Golgi 
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apparatus by nucleotide sugar transporters (Figure 1).  UDP-sugar donors are 

utilized in the Golgi by specific glycosyltransferases to initiate and elongate the 

chondroitin backbone. 

 
2.  Linkage region biosynthesis 

 CS is synthesized while attached to a core protein.  The chains initiate through 

β-linkage of Xyl to specific serine (Ser) residues of the protein.  This activity is 

accomplished by the xylosyltransferase, XT-1.  A second enzyme, XT-2, exists but 

its function is unknown (Götting et al., 2000; Kuhn et al., 2000).  Xyl initiation is 

followed by addition of two Gal residues by the β1-4 galactosyltransferase-I (GalT-

I, β4GalTX) and β1-3 GalT-II (β3GalT6).  The linkage tetrasaccharide is completed 

by addition of GlcA by β1-3 glucuronosyltransferase-I (Figure 1).  The resultant 

GlcAβ3Galβ3Galβ4Xylβ-O-Ser precursor can undergo additional modifications, 

including sulfation of the Gal residues and phosphorylation of xylose, which may 

play a regulatory role in the assembly process (Sugahara and Kitagawa, 2002). 
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Figure 1.  Nucleotide sugar transport and linkage tetrasaccharide synthesis 

 Activated UDP-sugar nucleotide donors are transported from the cytosol into 
the endoplasmic reticulum (ER) and Golgi apparatus.  Further modification of UDP-
sugars is possible in the ER.  Separate glycosyltransferases catalyze formation of the 
linkage tetrasaccharide precursor from the UDP-sugar donors.  The boxed legend 
shows symbols representing various sugar moieties. 
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3.  Polymerization of chondroitin sulfate 

 The linkage tetrasaccharide is a common precursor that can generate either CS 

or HS, depending on which sugar is added next (Figure 2).  The growing chain is 

committed to become chondroitin after addition of GalNAcβ1-4 by the initiating 

activity of GalNAcT-I, accomplished by the human gene GalNAcT-1 (Gotoh et al., 

2002; Uyama et al., 2002).  A recently identified family of chondroitin sulfate 

synthases (CSS) polymerize the chondroitin backbone by the stepwise assembly of 

repeating GalNAcβ4GlcAβ3 disaccharide units (Figure 2).  CSS-1, -2, and -3 

possess synthase activity based on the ability of each to processively transfer both 

GalNAc and GlcA onto a synthetic chondroitin acceptor (GalNAcT-II and GlcAT-II 

activity, respectively) (Kitagawa et al., 2001; Yada et al., 2003a; Yada et al., 2003b).  

This dual functionality is accomplished by the presence of two catalytically active 

sites in a single enzyme.  In addition to the synthases, CS-GlcAT and CS-GalNAcT-

2 contain elongation activity that is much greater than their ability to initiate the CS 

chain (Gotoh et al., 2002; Uyama et al., 2003).  More recently, the identification of a 

chondroitin polymerizing factor (ChPF) provided evidence that the CSS enzymes 

require activation for their polyermizing activity (Kitagawa et al., 2003).  On 

average, a chondroitin chain consists of ~40 disaccharides (~20 kDa), but the size 

varies in different tissues and can reach over 100 disaccharide units (~50 kDa) 

(Silbert and Sugumaran, 2002). 
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Figure 2.  Multiple enzymes polymerize the chondroitin backbone  

 The linkage tetrasaccharide is a precursor able to generate both chondroitin 
sulfate and heparan sulfate.  Addition of GalNAc by CS-GalNAcT-1 initiates 
chondroitin biosynthesis.  The chondroitin chain is polymerized by the three CSS 
enzymes, which are activated by ChPF, and add repeating GlcA and GalNAc units.  
CS-GlcAT and CS-GalNAcT-2 also help synthesize the chondroitin chain. 
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4.  Chondroitin sulfate modification 

 Following polymerization, the chondroitin backbone can subsequently be 

modified by sulfation of GalNAc units at the C-4 and/or C-6 positions.  These 

reactions are carried out by distinct sulfotransferases using the phosphoadenosine-

5’phosphosulfate (PAPS) sulfate donor as a substrate.  In DS, a subset of CS D-

GlcA units epimerize to L-IdoA, which can then be sulfated at C-2.  Epimerization 

of GlcA to IdoA occurs by stereochemical inversion at C5 (the proton is axial in D-

GlcA but planar in L-IdoA). 

 
 Each step of the chondroitin biosynthetic pathway is catalyzed by a specific 

enzyme.  Homologs of these enzymes have been identified in mouse, zebrafish, and 

other vertebrate genomes.  However, it is not known whether an organism such as C. 

elegans, which expresses a simplistic non-sulfated chondroitin variation, assembles 

the chain in an identical manner.  Chapters 2 and 3 show that, indeed, the chondroitin 

biosynthetic machinery is completely conserved between humans and worms.  

Enzyme conservation suggests that chondroitin is an ancient molecule that serves a 

fundamental role in animal biology. 

 

D.  C. elegans as a model system to study chondroitin proteoglycans 

1.  Advantages of the C. elegans model 

 C. elegans is an ideal model organism in which to study complex 

systems in a simplistic manner.  Major advantages include, but are not limited 
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to, a transparent body that enables observation of developmental events, a 

fully sequenced genome, an invariant cell lineage that has been fully mapped, 

ease of both forward and reverse genetics, and susceptibility to RNA 

interference (RNAi).  Additionally, families comprised of many members in 

vertebrate systems often have only a single counterpart in the worm.  For 

example, vertebrate signal transduction systems contain more than 20 

fibroblast growth factor (FGF) ligands and four different FGF receptors.  It is 

difficult to study the system by gene inactivation, due to redundancy of 

related family members.  C. elegans, on the other hand, expresses only two 

FGF ligands (EGL-17 and LET-756) and a single receptor (EGL-15).  Lack of 

redundancy enables one to tease out gene function much more easily than in a 

complicated system. 

 As described in the previous sections, vertebrate CSPGs are a complex class of 

molecules.  Not only does assembly of the chondroitin backbone require numerous 

enzymes, some of these with multiple isozymes, but redundancy and overlapping 

expression patterns are also seen with the core proteins.  The study of chondroitin in 

vertebrate systems might prove problematic due to multiple isoforms performing 

similar functions.  It may be necessary to remove multiple proteins before a true 

phenotypic effect can be seen.  A model system with fewer isoforms would simplify 

matters greatly.  The nematode C. elegans is just such a system in which to study the 

role of chondroitin proteoglycans in development. 
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 A genetic screen designed to identify worms with defects in vulval 

morphogenesis identified a class of mutants with a “squashed vulva” phenotype 

(Sqv) (Herman et al., 1999).  The sqv mutants displayed both vulval invagination 

defects and maternal effect lethality.  Analysis of each of the eight identified genes 

demonstrated that they encode components of the chondroitin biosynthetic pathway.  

These studies are described in Chapters 1, 2 and 3. 

 
2.  Genetic screen for squashed vulva (sqv) mutants 

a.  Vulval invagination 

 The worm vulva is a passageway between the uterus and the external 

environment.  It serves to accept sperm from males and expel embryos from the 

body.  Vulval development (Figure 3A-E) (reviewed in Greenwald, 1997) begins 

as early as the first larval stage (L1) with the generation of six ventrally located 

vulval precursor cells (VPCs P3.p through P8.p) that are competent to give rise to 

the vulva.  During the early L3 larval stage the anchor cell, lying just dorsal to the 

VPCs, sends a LIN-3/EGF signal that is received by LET-23/EGFR receptors on 

the VPCs.  The cell closest to the AC, P6.p, receives the highest level of signal and 

becomes a 1O vulval cell.  The P5.p and P7.p cells on each side of the 1O cell 

receive slightly lower amounts of signal and become 2O vulval cells.  The 

remaining three VPCs are not exposed to enough signal and eventually fuse with 

the hypodermis, not contributing to the vulva.  A number of lateral and 

hypodermal signaling events, regulated by the LIN-12/Notch pathway, also occur 

to further establish the identity of the vulval lineage. 
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 The 1O and 2O vulval cells undergo a number of cell divisions and fusions, 

eventually resulting in 22 cells that will form the vulva, 11 on each side of a 

“midline” located near the center of the body (reviewed in Greenwald, 1997).  

Cells on each side of the midline migrate toward it, eventually contacting their 

respective partner and fusing to form a multinucleate torroidal ring.  The seven 

torroids invaginate into the body during the L4 stage.  The hollow space within the 

stack of rings is known as the vulval lumen or extracellular space.  As the worm 

progresses to the young adult stage the invaginated vulva everts to form a mature 

structure that is capable of laying eggs. 

 The majority of the work in the field of vulval morphogenesis has 

concentrated on the early signaling pathways that establish VPC specification and 

identity.  Much less is known about the later steps of vulval invagination and 

eversion.  Herman et al. (1999) performed a genetic screen to identify mutants 

defective in the L4 invagination step.  These mutants exhibited a “squashed vulva” 

(Sqv) phenotype characterized by a reduced lumen where the vulva appears 

collapsed (Figure 3F).  Twenty-five mutants identified in the initial screen fell into 

eight complementation groups and were named sqv-1 through sqv-8.  Strong loss 

of function or null alleles of all genes showed identical vulval phenotypes, 

including an egg-laying defect that resulted in accumulation of eggs in the uterus 

of all homozygous mutant adults, except those of sqv-5(n3039).  The sqv genes are 

thus excellent candidates to use as a model to study the more generalized process 

of epithelial invagination. 
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Figure 3.  Vulval development and the squashed vulva (Sqv) phenotype 

 Vulval development involves a number of cell signaling, division, migration, 
and fusion events.  Figure adapted from (Greenwald, 1997) and (Sharma-Kishore, 
1999).  (A) The anchor cell (AC, dark outlined circle) signals from the somatic gonad 
to the underlying vulval precursor cells, P5.p, P6.p, and P7.p, instructing them to 
become 1O (red/yellow) or 2O (green/blue/purple) vulval cells.  The remaining VPCs 
(grey) eventually fuse with the ventral hypodermis.  (B,C) 1O and 2O cells divide twice 
and begin to invaginate.  (D,E) All cells, except those that will generate VulB2 and 
VulD torroids, divide once more, migrate toward the midline, and fuse with their 
corresponding partners on the other side of the midline.  (E) Fusion creates multi-
nucleate torroidal rings with a hollow luminal center.  Nuclei, small white circles.  (F) 
DIC Nomarski image of L4 staged vulvae from wild-type (top panel) and sqv mutant 
(bottom panel) worms.  Outlined arrowheads indicates the vulval lumen, which is 
reduced in sqv mutants.  Wild-type vulval cells are color coded according to lineages 
described in (A-E). 
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b.  Maternal effect lethality 

 In addition to the vulval phenotype described above, sqv mutants also exhibit 

maternal effect lethality (Herman et al., 1999).  Progeny of homozygous null sqv 

mutants arrested as single-celled embryos, suggesting an early defect in cell 

division.  C. elegans early embryogenesis has been studied in great detail.  Events 

from fertilization leading up to the first division are well characterized and highly 

reproducible (Figure 4) (Cowan and Hyman, 2004; Kemphues, 1997).  As the 

proximal ooctye of the gonad passes through the spermatheca it becomes fertilized 

by sperm stored by the hermaphrodite during the L4 larval stage.  Immediately 

following fertilization, chitin and other extracellular components are secreted to 

form the eggshell that surrounds the embryo throughout embryogenesis.  Also 

following fertilization, the zygote completes both meiosis I and meiosis II by 

extruding two polar bodies from the maternal chromatin. 

 While the paternal centrosome becomes established, the cortex of the embryo 

undergoes rearrangement of polarity determinants, which initially are localized 

throughout the embryonic cortex (reviewed in Cowan and Hyman, 2004).  One 

visible landmark of this rearrangement is cortical membrane ruffling, a 

phenomenon resulting from contraction of the actomyosin network.  Studies have 

shown that ruffling of the membrane is not necessary for establishment of polarity, 

but is a hallmark of it.  Smoothening of the ruffling cortex eventually begins in the 

posterior and spreads to the anterior of the embryo. 
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 As membrane smoothening progresses, the maternal pronucleus migrates 

toward the paternal pronucleus.  The two fuse and move toward the center of the 

embryo, where they rotate 90O so the centromeres align with the anterior-posterior 

long axis of the embryo.  Nuclear division occurs, with the two nuclei separating 

into the anterior and posterior halves.  A cleavage furrow forms between the two 

nuclei, ingresses into the embryo, and the membrane pinches off to form two 

daughter cells. 

 Nomarski DIC images of sqv-7(n3789) mutants suggest that the maternal 

effect defect is a result of cytokinesis failure (Hwang and Horvitz, 2002b).  The 

early events of embryogenesis occur normally: sqv-7(n3789) embryos are 

fertilized, the pronuclei meet and fuse, and nuclear division occurs as expected.  

However, the embryo fails to generate a cleavage furrow and daughter cells never 

form.  Instead, the embryo re-attempts nuclear synthesis and division, resulting in 

a multinucleated, single-celled dead embryo.  It was inferred that the cell division 

defects seen in the other seven sqv mutants is identical in cause to that of sqv-

7(n3789). 
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Figure 4.  C. elegans early embryogenesis 

 (A) Embryogenesis begins with fertilization of the ooctye.  (B) Soon after 
fertilization a chitinous eggshell is secreted around the embryo, forming a perivitelline 
space.  The plasma membrane begins to ruffle, indicating that cortical rearrangement 
is occurring inside the embryo.  (C) As the paternal pronucleus (p) becomes 
established at the posterior cortex, smoothing of the membrane is occurs.  
Pseudocleavage is observed at this time.  (D) As cortex smoothing progresses toward 
the anterior end of the embryo, two polar bodies (black circles) are extruded from the 
maternal nuclear material into the perivitelline space.  (E) The maternal pronucleus 
(m) migrates toward the paternal pronucleus (p).  (F) The nuclei migrate toward the 
center of the embryo and rotate 90O to align with the anterior-posterior axis of the 
embryo.  (G) Spindle microtubules separate sister chromatids at anaphase, and the 
cleavage furrow begins to ingress into the embryo.  (H) Cytokinesis is completed, 
forming two daughter cells.  Anterior is to the right. 
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3.  sqv genes encode components of the GAG biosynthesis pathway 

a.  sqv-3, -7, and -8 are GAG synthesis genes 

 In a manuscript accompanying the original identification of the sqv mutants, 

three of the sqv genes, sqv-3, sqv-7, and sqv-8, were cloned (Herman and Horvitz, 

1999).  sqv-7 showed homology to a Leishmania GDP-mannose transporter, 

suggesting that SQV-7 was a nucleotide sugar transporter that shuttles sugar 

donors from the cytoplasm, where most are synthesized, into the Golgi apparatus, 

where they are utilized by glycosyltransferases.  sqv-3 showed homology to 

vertebrate β1-4 galactosyltransferases, including identity at the “DXD” catalytic 

domain, providing evidence that SQV-3 was likely a glycosyltransferase of some 

variety.  sqv-8 was found to resemble human and rat β1-3 glucuronosyltransferases 

and also included the catalytic DXD domain.  The authors proposed a model in 

which SQV-7 transports an unknown nucleotide sugar donor, possibly UDP-Gal or 

UDP-GlcA, into the Golgi apparatus.  It was additionally hypothesized that SQV-3 

transfers a Gal unit onto a GlcNAc moiety of a glycoprotein, followed by SQV-8 

addition of GlcA onto the recently added Gal.  The authors suggested that SQV-3 

and SQV-8 ultimately help generate an HNK epitope with the structure 

GlcAβ3Galβ4GlcNAc-protein, though the possibility of alternate glycan structures 

was raised. 

 The identification of SQV-3 and SQV-8 as putative Gal and GlcA 

transferases, respectively, raised the possibility that these enzymes could be 

components of the GAG biosynthetic pathway (Figure 5).  A second group showed 



 31 

that this was in fact the case (Bulik et al., 2000).  A combination of in vitro and ex 

vivo approaches demonstrated that SQV-3 contained GalT-I enzymatic activity.   

The ability of a sqv-3+ transgene to correct a Chinese hamster ovary (CHO) cell 

line (pgsB-618) defective in GalT-I activity (Esko et al., 1987) demonstrated the 

functional orthology between sqv-3 and GAG GalT-I. 

 Recombinant SQV-8 was shown to have GAG GlcAT-I activity in an in vitro 

assay (Bulik et al., 2000).  Additionally, Western blots showed that sqv-8(mn63) 

mutants had dramatically reduced levels of chondroitin proteoglycans compared to 

wild-type controls.  Evidence that SQV-7 is a nucleotide sugar transporter was 

lacking, but its role in GAG synthesis was confirmed by chemical analysis.  sqv-

7(n2839) mutants had significantly reduced levels of HS disaccharides compared 

to wild-type controls.  If SQV-7 were to function as a transporter, loss of 

transporting activity in mutants would reduce the pools of nucleotide sugar donors, 

thereby reducing GAG (and other glycan) content in the animal. 

 
b.  SQV-7 is a multi-substrate nucleotide sugar transporter 

 SQV-7 was clearly identified as a nucleotide sugar transporter by a set of 

experiments by Berninsone et al. (Berninsone et al., 2001).  Golgi-enriched 

vesicles of yeast cells transfected with sqv-7+ were tested for the ability to 

transport a set of eight radiolabeled nucleotide sugars in vitro.  Of these sugar 

donors, UDP-GlcA, UDP-Gal, and UDP-GalNAc demonstrated increased 

transport activity over vector control vesicles.  Mutation of the sqv-7 construct 

abrogated its ability to transport all three nucleotide sugars.  Transport is 
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competitive, with increasing concentrations of UDP-GlcA or UDP-GalNAc 

inhibiting transport of UDP-Gal, suggesting that the same active site is used for 

each UDP-sugar.  All three sugars transported by SQV-7 are utilized during GAG 

biosynthesis (Figure 5).  UDP-Gal is a donor for linkage tetrasaccharide formation.  

UDP-GlcA is a component of both the linkage tetrasaccharide and the repeating 

disaccharide units of the HS and CS backbone.  UDP-GalNAc can be used directly 

for the polymerization of the chondroitin backbone; alternatively, it can be 

converted to UDP-GlcNAc by the Gal-4-epimerase and used as a donor in HS 

backbone formation.  The identification of SQV-7 as a multi-substrate transporter 

was only the second instance this phenomenon had been seen in nature, the first 

identification being in Leishmania.  At the time, all evidence in vertebrate systems 

suggested that sugar transporters were specific for a single UDP-sugar.  However, 

since publication of this observation (Berninsone et al., 2001), multi-substrate 

nucleotide sugar transporters have been identified in humans, zebrafish, and 

Drosophila (Goto et al., 2001; Selva et al., 2001; Suda et al., 2004). 

 
c.  SQV-4 is the UDP-glucose dehydrogenase 

 The cloned sqv-4 gene showed high homology to human and Drosophila  

UDP-glucose dehydrogenase (UGDH) enzymes (Hwang and Horvitz, 2002a).  

UGDH converts UDP-glucose to UDP-GlcA by oxidation of C6-OH to a 

carboxylate group, forming a hexuronic acid (Figure 5).  Cell culture lysates 

containing recombinant SQV-4 showed 20-fold more UGDH activity than control 

lysates, and introduction of the sqv-4(nn2827) and sqv-4(2840) missense mutations 
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resulted in loss of catalytically active SQV-4.  Antibodies generated against SQV-

4 showed it to be localized to the cytoplasm of several different cell types, 

including vulval cells, oocytes, and the uterus.  The cytoplasmic localization is 

typical of many nucleotide sugar modification enzymes; the activated sugar donors 

are transported (by SQV-7 in C. elegans) from their site of synthesis in the 

cytoplasm to their site of action in the Golgi.  One would hypothesize that 

reduction of UDP-GlcA by mutation of sqv-4 would impact more glycosylation 

pathways than just CS and HS. 

 
d.  sqv-1 encodes a UDP-GlcA decarboxylase, and co-localizes with sqv-7 

 sqv-1 was cloned next and found to show generic homology to nucleotide 

sugar modifying enzymes (Hwang and Horvitz, 2002b).  Another nucleotide sugar 

modification that occurs prior to GAG synthesis is the decarboxylation of UDP-

GlcA to form UDP-Xyl, the donor transferred to Ser residues of core proteins to 

initiate GAG synthesis (Figure 5).  HPLC and mass spectrometry analysis 

demonstrated that recombinant SQV-1 was able to convert UDP-GlcA to UDP-

Xyl.  A SQV-1 antibody reacted with epitope present in many cell types of the 

worm, including the vulva, uterus, and oocytes.  Comparison to antibody 

localization of SQV-7 was made, and the two proteins were found to co-localize in 

punctate staining patterns in the three most proximal oocytes, suggesting Golgi 

localization. 

 It is interesting that SQV-1 is localized to Golgi, while the other nucleotide 

sugar modifying enzyme SQV-4 is present in the cytosol.  This suggests that UDP-
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GlcA is synthesized in the cytosol and transported into the Golgi, where SQV-1 

then converts a subset of it to UDP-Xyl to be used in GAG initiation (Figure 5).  

Evidence suggests that mammalian UDP-GlcA decarboxylase activity is localized 

to the endoplasmic reticulum in mammals, which is the site of XT initiation 

activity (Hoffmann et al., 1984).  Closer analysis of the maternal effect lethality 

phenotype was also presented in this manuscript (Hwang and Horvitz, 2002b). 

Embryos of sqv-7(3789) homozygous mutants not only fail to initiate cytokinesis, 

as originally reported, but they also show defects in polar body extrusion and 

separation of the embryonic plasma membrane from the eggshell. 

 



 35 

 

 

 

 

 

 

 

 

 

Figure 5.  The sqv genes encode components of the GAG biosynthetic pathway 

 The SQV-1 UDP-Glc dehydrogenase and the SQV-4 UDP-GlcA 
decarboxylase generate sugar nucleotide precursors that are used during GAG 
assembly.  The SQV-7 nucleotide sugar multi-transporter shuttles UDP-GlcA, UDP-
Gal, and UDP-GalNAc from their site of synthesis in the cytosol to their site of action 
in the Golgi.  SQV-3 is galactosyltransferases-I, which adds galactose on to xylose.  
The SQV-8 glucuronosyltransferase also contributes to formation of the linkage 
tetrasaccharide by adding GlcA. 
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E.  Concluding remarks 

 The Sqv genetic screen identified eight genes that were essential for vulva 

morphogenesis and early embryonic cell division.  Three of these genes, sqv-1, -4, and 

-7, are involved in synthesis and transport of nucleotide sugar donors used in synthesis 

of many different classes of glycans, including GAGs.  Two others, sqv-3 and -8, were 

identified as glycosyltransferases that specifically contribute to formation of the GAG 

linkage tetrasaccharide (Figure 5).  At the time I began my dissertation work, it was 

unknown whether the remaining sqv genes were also involved in biosynthesis of 

chondroitin and heparan sulfate.  Chapter 2 shows that this is in fact the case, and that 

sqv-2 and sqv-6 contribute to linkage tetrasaccharide formation.  The GAG 

biosynthetic machinery is conserved between worms and humans.  Seven of the eight 

sqv genes had thus been shown to contribute toward the linkage tetrasaccharide, which 

is competent to generate both CS and HS chains.  Chapter 3 reports the identification 

of the final gene, sqv-5, as the worm ortholog of the chondroitin synthase, the enzyme 

that polymerizes the chondroitin backbone.  This finding demonstrates that 

chondroitin is the essential polymer involved in vulval development and early 

embryogenesis.  Conservation of the chondroitin assembly apparatus in worms 

suggests that chondroitin is an ancient molecule that has been retained by selective 

pressure.  What is unknown is whether the protein scaffolds are concomitantly 

conserved.  It is conceivable that a non-sulfated chondroitin may have different 

functions in a simple organism than a fully sulfated version in a more complex 

organism.  Chapter 4 shows this to be the case.  C. elegans expresses an entirely 



 38 

different repertoire of chondroitin proteoglycans whose sites of action may not be 

relevant in mammals.  The implications of these findings will be discussed in Chapter 

5, as well as future avenues of research. 
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CHAPTER 2 

 

The C. elegans genes sqv-2 and sqv-6, which are required for vulval 

morphogenesis, encode glycosaminoglycan galactosyltransferase II 

and xylosyltransferase 

 

A. Summary 

 In mutants defective in any of eight C. elegans sqv (squashed vulva) genes, the 

vulval extracellular space fails to expand during vulval morphogenesis. Strong sqv 

mutations result in maternal-effect lethality, caused in part by the failure of the 

progeny of homozygous mutants to initiate cytokinesis and associated with the failure 

to form an extracellular space between the egg and the eggshell. Recent studies have 

implicated glycosaminoglycans in these processes. Here we report the cloning and 

characterization of sqv-2 and sqv-6. sqv-6 encodes a protein similar to human 

xylosyltransferases. Transfection of sqv-6 rescued the glycosaminoglycan biosynthesis 

defect of a xylosyltransferase mutant hamster cell line. sqv-2 encodes a protein similar 

to human galactosyltransferase-II. A recombinant SQV-2 fusion protein had 

galactosyltransferase II activity with substrate specificity similar to that of human 

galactosyltransferase-II. We conclude that C. elegans SQV-6 and SQV-2 likely act in 

concert with other SQV proteins to catalyze the step-wise formation of the 
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proteoglycan core protein linkage tetrasaccharide GlcAβ1,3Galβ1,3Galβ1,4Xylβ-O-

(Ser), which is common to the two major types of glycosaminoglycans in vertebrates, 

chondroitin and heparan sulfate. Our results strongly support a model in which C. 

elegans vulval morphogenesis and zygotic cytokinesis depend on the expression of 

glycosaminoglycans. 

 

B. Introduction 

 Glycosaminoglycans (GAGs) are important in animal development, and 

defects in GAGs are responsible for certain human disorders. For example, mutations 

in the Drosophila melanogastger genes tout velu (Bellaiche et al., 1998) and 

sulfateless (Lin and Perrimon, 1999), which encode homologs of heparan sulfate co-

polymerase and heparan sulfate N-deacetylase/N-sulfotransferase, respectively, cause 

zygotic lethality and defects in segmentation. Mutations in the mouse tout-velu 

homolog EXT1 disrupt gastrulation and the generation of mesoderm (Lin et al., 2000), 

while mutations in human EXT1 and EXT2 have been associated with Hereditary 

Multiple Exostoses (reviewed in Zak et al., 2002). Mutations in the human 

galactosyltransferase I have been associated with a progeroid variant of the 

connective-tissue disorder Ehlers-Danlos Syndrome (EDS) (Quentin et al, 1990; 

Almeida et al., 1999; Okajima et al., 1999a). EDS is a group of heritable disorders 

characterized by hyperelasticity of the skin and hypermobile joints. Tout-velu, EXT-1, 

EXT-2 and Sulfateless affect the biosynthesis of heparan sulfate specifically, while 
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galactosyltransferase-I deficiency affects the biosynthesis of both chondroitin and 

heparan sulfate. 

The backbones of chondroitin and heparan sulfate consist of repeating 

disaccharide units: GlcAβ1,3GalNAcβ1,4 for chondroitin and GlcAβ1,4GlcNAcα1,4 

for heparan sulfate (reviewed in Esko and Selleck, 2002). Their polymerization occurs 

on a tetrasaccharide primer (GlcAβ1,3Galβ1,3Galβ1,4Xylβ-) that is linked to the 

protein core of a proteoglycan. The addition of these four sugars is catalyzed stepwise 

in the lumen of the Golgi apparatus and requires three nucleotide sugars, UDP-Xyl, 

UDP-Gal and UDP-GlcA, and four glycosyltransferases.  

 Eight sqv (squashed vulva) genes were genetically identified in a screen for C. 

elegans mutants defective in vulval morphogenesis (Herman et al., 1999). All sqv 

mutants fail to form a large fluid-filled vulval extracellular space and have a reduced 

separation of the anterior and posterior halves of the vulva from the early to middle 

phases of L4 larval development. Strong mutant alleles of all eight sqv genes also 

cause maternal-effect lethality. Most progeny of mothers homozygous for a strong sqv 

mutant allele arrest at the one-cell stage (Herman et al., 1999). The nuclei of the 

arrested progeny divide normally, but the extrusion of the polar bodies and the 

initiation of cytokinesis are impaired (Hwang and Horvitz, 2002a). These mutant eggs 

fail to form the normal fluid-filled extracellular space between the membrane of the 

egg and the eggshell. We have postulated that the sqv genes control the biosynthesis of 

GAGs that are secreted and become hydrated to form fluid-filled extracellular spaces 

(Hwang and Horvitz, 2002a; Herman and Horvitz, 1999). 



 52 

 The molecular identification of five sqv genes has led to a model implicating 

the biosynthesis of chondroitin and/or heparan sulfate in C. elegans development. sqv-

1, -3, -4, -7 and -8 encode UDP-GlcA decarboxylase (Hwang and Horvitz, 2002a), 

galactosyltransferase I (Bulik et al., 2000), UDP-glucose dehydrogenase (Hwang and 

Horvitz, 2002b), UDP-GlcA/UDP-Gal/UDP-GalNAc transporter (Berninsone et al., 

2001), and glucuronosyltransferase I (Bulik et al., 2000), respectively. sqv-3 was used 

to identify the human galactosyltransferase I, which has been implicated in the 

progeroid variant of EDS (Okajima et al., 1999a; Okajima et al., 1999b). In this paper, 

we show that sqv-6 encodes the xylosyltransferase that adds Xyl to the protein core, 

thus initiating GAG biosynthesis. sqv-2 encodes a galactosyltransferase that adds the 

second Gal residue to the linkage tetrasaccharide. 

 

C.  Experimental Procedures 

1.  C. elegans maintenance 

Strains were cultured as described (Brenner, 1974) and were grown at 20 to 

22°C unless indicated otherwise. 

 
2.  Molecular biology 

Standard molecular biology techniques were used (Sambrook et al., 1989). 

The sequences of all PCR-amplified DNAs used for cloning were confirmed to 

exclude unintended mutations. Oligonucleotide sequences used for amplification or 

mutagenesis of DNA are shown in Supplementary Experimental Procedures. 
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3.  Rescue of C. elegans sqv-2 and sqv-6 mutants 

For germline rescue, we injected cosmids carrying genomic DNA into sqv-

2(n2821) and sqv-6(n2845) unc-60(e677)/unc-34(s138) animals with the dominant 

roller marker pRF4, as described by (Mello et al., 1991). Rol lines were established, 

and Rol animals and Unc-60 Rol animals were examined for rescue of the sqv-2 and 

the sqv-6 mutant phenotype, respectively. We injected sqv-2(n2821) hermaphrodites 

with plasmids containing the sqv-2 ORF under the control of the C. elegans heat-

shock promoters (Stringham et al., 1992) and pRF4 as the coinjection marker. We 

injected sqv-6(n2845)/nT1(n754) hermaphrodites with plasmids containing the sqv-6 

ORF under the control of the C. elegans heat-shock promoters (Stringham et al., 

1992) and pRF4. Rol lines were established, and Rol (non-Unc) animals were 

examined for rescue of the sqv-2 and sqv-6 mutant phenotype following induction of 

sqv-2 and sqv-6 expression by 30 minutes of heat-shock treatment at 33°C. 

 
4.  SQV-2 galactosyltransferase II assay 

A sequence encoding amino acids 25 to 330 of SQV-2, thus lacking the 

presumptive transmembrane domain at the amino terminus, was cloned into pDEST-

CMV-protA. This plasmid was designed to express a secreted fusion protein 

containing protein A and SQV-2 amino acids 25-330. COS-7 cells were transiently 

transfected with pDEST-CMV-protA-sqv-2 using LipofectAMINE (Invitrogen, 

Carlsbad, CA) according to the manufacturer’s instructions. After 72 hours of 

incubation, the fusion protein was recovered from the cell culture supernatant by 
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affinity chromatography using IgG-agarose (Wei et al., 1993). Galactosyltransferase 

II activity was assayed as described by Bai et al. (2001). 

 
5.  Rescue of the xylosyltransferase defect in CHO pgsA-745 cells by sqv-6 

The xylosyltransferase-deficient CHO pgsA-745 cells (Esko et al., 1985) 

were transfected with sqv-6 ORF, which was cloned into pcDNA3.1. Stable 

transfectants were selected with 400 µg/ml geneticin (Invitrogen). Several drug-

resistant colonies were isolated and screened by flow cytometry for sqv-6 expression 

based on binding of biotinylated FGF-2 as described (Bai et al., 1999). Incorporation 

of 35SO4 into GAG chains of wild-type CHO or pgsA-745 cells with or without sqv-6 

was assayed essentially as described by Bame and Esko (1989), labeling cells 

overnight at 30°C with 50 µCi/ml 35SO4 (NEN, Boston, MA). 

 
6.  SQV-6 xylosyltransferase assay 

Cell extracts of wild-type CHO, pgsA-745, and sqv-6 or empty vector stable 

transfectants of pgsA-745 were prepared as described (Esko et al., 1985). 

Xylosyltransferase activity was assayed essentially as described (Esko et al., 1985), 

by incubating 25 µg crude cell extract with 50 µg soluble silk acceptor and 6 x 105 

cpm UDP-[1-3H]xylose (NEN, 8.9 Ci/mmol) at 26°C for 5 hours. 
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D. Results and Discussion 

1. Molecular identification of sqv-2. 

 sqv-2 was previously mapped to the left of lin-31 on LGII (Herman and 

Horvitz, 1997). We further mapped sqv-2 to an interval between sup-9 and lin-31. 

We assayed 27 cosmids in this interval for the ability to rescue the sqv-2 mutant 

phenotype, but none rescued (Fig. 1A).  

We examined the DNA sequence corresponding to the gaps between the 

cosmids in this interval and found a predicted gene, Y110A2AL.14, that is weakly 

similar to galactosyltransferases. Because all previously cloned sqv genes to date are 

implicated in the biosynthesis of chondroitin and/or heparan sulfate, we suspected 

that sqv-2 also encodes a protein involved in GAG biosynthesis. Specifically, it 

seemed plausible that Y110A2AL.14 encodes the galactosyltransferase II involved 

in the formation of the protein core linkage tetrasaccharide and that had not been 

identified molecularly in any organism at the time.  

We identified three molecular lesions corresponding to three of the four 

identified alleles of sqv-2 in the open reading frame (ORF) of Y110A2AL.14 (Fig. 

1B). The two stronger alleles of sqv-2, n3037 and n3038, cause a maternal-effect 

lethal phenotype and are an opal nonsense mutation at arginine 225 and a 

methionine-to-isoleucine missense mutation of the predicted start codon, 

respectively. A weak allele, n2826, that results in live progeny is a missense 

mutation causing a glycine-to-arginine substitution at amino acid position 99. The 

molecular lesion of the weakest allele, n2840, has not been identified yet. 



 56 

We determined the sequences of two cDNA clones, yk94e4 and yk292g2, 

that correspond to Y110A2AL.14. The yk292g2 clone contains 990 bases of ORF, 

17 bases of 5’ untranslated region (UTR), and 121 bases of 3’ UTR. The 5’ end 

contains three bases that correspond to the sequence of 5’ SL1 trans-spliced leader, 

which is found at the 5’ end of many C. elegans transcripts (Krause and Hirsh, 

1987). The 3’ end contains a poly-A sequence. The longest ORF in this cDNA is 

identical to Y110A2AL.14 and is predicted to encode a protein of 330 amino acids. 

The yk94e4 clone lacks the 5’ end of Y110A2AL.14. Expression of the longest ORF 

in yk292g2 under the control of the C. elegans heat-shock promoters (Stringham et 

al., 1992) rescued the defect in sqv-2 vulval morphogenesis in all five isolated lines. 

 
2.  sqv-2 encodes a protein similar to galactosyltransferase II. 

 The predicted SQV-2 protein contains a putative transmembrane domain near 

the amino terminus, suggesting it may be a type II transmembrane protein (Fig. 1B). 

All known glycosyltransferases that act in the lumen of the ER and the Golgi 

apparatus are type II transmembrane proteins. Of 330 amino acids of SQV-2, 93 

(28%) and 133 (40%) are identical to the Drosophila and human homologs, 

respectively (Fig. 1B). Recently, the human homolog of SQV-2 was identified as the 

galactosyltransferase II (Bai et al., 2001). 

 
3.  SQV-2 has galatosyltransferase II activity. 

 We assayed recombinant Protein A-SQV-2 fusion protein expressed in COS-7 

cells for galactosyltransferase II activity (see Experimental Procedures). The SQV-2 



 57 

fusion protein specifically catalyzed the addition of galactose to a disaccharide 

acceptor, Galβ1,4Xylβ-O-benzyl, that had been used to demonstrate the acceptor 

substrate specificity of the human galactosyltransferase II (Bai et al., 2001) (Table 

1). 
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Figure 1.  SQV-2 is similar to galactosyltransferase II. 

 (A) Genetic and physical maps showing sqv-2. The dashed horizontal lines 
depicting ccDf11 and ccDf1 indicate the possible extents of the left end points of these 
deletions. Short solid lines represent cosmid clones that were assayed in germline 
transformation experiments. Below is the structure of the sqv-2 gene as deduced from 
genomic and cDNA sequences. Solid boxes indicate exons, and open boxes indicate 
untranslated sequences. The trans-spliced leader SL1 is indicated, and the arrow 
indicates the poly(A) tail. (B) Alignment of SQV-2, the Drosophila homolog, and 
human galactosyltransferase II. Identities between at least two proteins are shaded in 
black. The predicted transmembrane domains are underlined. The three sqv-2 mutant 
alleles are indicated. The numbers on the right indicate amino acid positions. 
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Table 1.   The SQV-2 fusion protein has acceptor specificity consistent with its 
being galactosyltransferase II  

 
Galactosyltransferase activity was assayed in vitro using UDP-[3H]galactose together 
with various acceptor substrates. No substrate controls ranged from 339 to 357 cpm. 
The range for all substrates shown as "0" activity was 137-619 cpm. The range for 
the substrate Gal1,4Xyl-O-Bn was 141,000-142,000 cpm. Bn, benzyl; NM, 
naphthalenemethanol; C10, O-decenyl (CH2)8CHCH2 
 

Acceptor substrates Enzyme activity 
 

Monosaccharides (5 mM) pmol/h/ml medium 
  Xylβ-O-Bn 0 
  Xylβ-O-naphthol 0 
  Galβ-O-NM 0 
  GalNAcα-O-Bn 0 
  GlcNAcβ-O-NM 0 
Disaccharides (5 mM)  
  Galβ1,4Xylβ-O-Bn 2660 
  Galβ1,3GalNAcα-O-NM 1 
  Galβ1,3Galβ-O-NM 3 
  Galβ1,4GlcNAcβ-O-NM 0 
  Galβ1,3GlcNAcβ-O-NM 0 
  GlcNAcβ1,3Galβ-O-NM 6 
  Manα1,6Manα-O-C10 0 
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4.  Molecular identification of sqv-6 

sqv-6 was previously mapped to the left of the polymorphism stP3 on LGV 

(Herman et al., 1999). We further mapped sqv-6 to the left of the cosmid W07B8 

and within about 0.2 map units of unc-34. We assayed 11 cosmids to the right of 

unc-34 for the ability to rescue the sqv-6 mutant phenotype, but none rescued (Fig. 

2A). 

 We examined the DNA sequences in the gaps in the cosmid coverage near the 

cosmid W07B8 and unc-34 and found a gene, Y50D4C.d, that is similar to two 

recently identified human xylosyltransferases (Gotting et al., 2000). In the only 

allele of sqv-6, n2845, we identified in the ORF of Y50D4C.d an amber nonsense 

mutation causing a deletion of the last 42 amino acids of the predicted protein 

product (Fig. 2B). 

 We determined the sequence of PCR-amplified cDNA and 5’-RACE products 

corresponding to Y50D4C.d. We found that this cDNA contains a 5’ SL1 trans-

spliced leader, 23 bases of 5’ UTR and 2418 bases of ORF, including two additional 

5’ exons not in Y50D4C.d. The longest ORF in this cDNA including the additional 

exons is predicted to encode a protein of 806 amino acids. Expression of this ORF 

under the control of the C. elegans heat-shock promoters (Stringham et al., 1992) 

prior to the start of vulval morphogenesis rescued the sqv-6 vulval morphogenesis 

defect in all animals (n=13) and the maternal-effect lethality of the progeny of sqv-6 

homozygotes generated by +/sqv-6 heterozygous parents for three of 13 sqv-6 

homozygotes studied. 
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5.  sqv-6 encodes a protein similar to xylosyltransferases. 

Of the 806 amino acids of the SQV-6 protein, 182 (23%) and 193 (24%) are 

identical to human xylosyltransferases I and II, respectively (Fig. 2B). Both the 

predicted SQV-6 protein and the human xylosyltransferase II contain a putative 

transmembrane domain near the amino terminus and are likely to be type II 

transmembrane proteins. Neither the start codon nor a presumptive transmembrane 

domain has been defined for human xylosyltransferase I (Gotting et al., 2000). 
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Figure 2.  SQV-6 is similar to xylosyltransferases. 

 (A) Genetic and physical maps showing sqv-6. Short solid lines represent 
cosmid clones that were assayed in germline transformation experiments. Below is the 
structure of the sqv-6 gene as deduced from genomic and cDNA sequences. Solid 
boxes indicate exons. The trans-spliced leader SL1 and the start codon (ATG) are 
indicated. (B) Alignment of SQV-6 and two human xylosyltransferases. Identities 
between at least two proteins are shaded in black. The predicted transmembrane 
domains are underlined. The single sqv-6 nonsense allele is indicated. The numbers on 
the right indicate amino acid positions. 
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6.  sqv-6 can correct a xylosyltransferase defect in CHO cells. 

 We tested the ability of sqv-6 to act as a xylosyltransferase by testing its ability 

to complement GAG-deficient Chinese hamster ovary (CHO) mutant cells lacking 

this enzymatic activity (Esko et al., 1985). Mutant pgsA-745 cells were transiently 

transfected with a plasmid containing sqv-6 under the control of a cytomegalovirus 

(CMV) promoter. These cells showed partial rescue of the defect, as assayed by the 

ability to incorporate 35SO4 into GAGs (16-27% that of the wild type) and by binding 

of biotinylated FGF-2 to cell surface heparan sulfate by flow cytometry (data not 

shown). From these transiently transfected cells, we obtained a clonal cell line stably 

expressing sqv-6. This cell line showed full restoration of FGF-2 binding to heparan 

sulfate on the cell surface (Fig. 3A). Stable expression of sqv-6 in pgsA-745 

enhanced the incorporation of 35SO4 into GAGs to approximately 50% of wild-type 

levels, compared to 1% for the untreated mutant or mutant transfected with empty 

vector (Fig. 3B). Of the 35SO4 incorporated into GAGs, 30-40% was released by 

treatment with chondroitinase ABC and 55-65% by a heparin lyase mixture, 

indicating that the composition of chondroitin and heparan sulfate was comparable 

in wild-type CHO cells and pgsA-745 cells transfected with sqv-6. Expression of 

sqv-6 also resulted in restoration of xylosyltransferase activity, as measured by the 

transfer of xylose from UDP-xylose to a soluble silk acceptor, whereas pgsA-745 

cells transfected with empty vector had virtually no activity (Fig. 3C). 
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Figure 3.  sqv-6 rescues a xylosyltransferase-deficient CHO cell line. 

 (A) FGF-2 binding to cell-surface heparan sulfate as assayed by flow 
cytometry (Bai et al., 1999). Light gray shading, wild-type CHO-K1. Dark gray 
shading, mutant pgsA-745. Dashed line, pgsA-745 with empty vector. Solid line, 
pgsA-745 with sqv-6. (B) 35SO4 incorporation into GAGs (see Experimental 
Procedures). Black bars, [35S]heparan sulfate (HS). White bars, [35S]chondroitin sulfate 
(CS). The average values ± standard deviations of means (n=3) are shown. (C) 
Xylosyltransferase activity in crude cell extracts (see Experimental Procedures). 
Average incorporation of [3H]xylose from UDP-[1-3H]xylose into soluble silk 
acceptor ± standard deviations of means (n=3) are shown. 
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7.  The sqv-2 and sqv-6 genes act in the C. elegans chondroitin and heparan 

sulfate biosynthesis pathway. 

Our findings indicate that sqv-2 and sqv-6 encode galactosyltransferase II 

and xylosyltransferase, respectively. With the previously identified sqv-3 

galactosyltransferase I and sqv-8 glucuronosyltransferase I, all four C. elegans genes 

responsible for the biosynthesis of the proteoglycan core protein linkage 

tetrasaccharide of chondroitin and heparan sulfate have now been defined (Fig. 4). 

Three previously identified genes, sqv-4 UDP-glucose dehydrogenase, sqv-1 UDP-

GlcA decarboxylase and sqv-7 UDP-GlcA/UDP-Gal/UDP-GalNAc transporter, act 

in earlier steps of GAG biosynthesis. All sqv genes identified to date affect the 

biosynthesis of both chondroitin and heparan sulfate. Based upon these observations, 

we conclude that in C. elegans early embryonic cytokinesis and epithelial 

invagination during vulval development depend on the expression of GAGs. 
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Figure 4.  Model for the role of seven sqv genes in glycosaminoglycan 
biosynthesis. 

 SQV-4 converts UDP-glucose to UDP-GlcA (Hwang and Horvitz, 2002b). 
SQV-7 transports UDP-GlcA, UDP-Gal and UDP-GalNAc from the cytoplasm to 
lumen of the Golgi apparatus (Berninsone et al., 2001). SQV-1 converts UDP-GlcA to 
UDP-Xyl in the lumen of the Golgi apparatus (Hwang and Horvitz, 2002a). SQV-6 is 
xylosyltransferase (this study). SQV-3 is galactosyltransferase I (Bulik et al., 2000). 
SQV-2 is galactosyltransferase II (this study). SQV-8 is glucuronosyltransferase I 
(Bulik et al., 2000). In other organisms, two additional sets of glycosyltransferases act 
in later steps of the biosynthesis of chondroitin and heparan sulfate (Esko and Selleck, 
2002). 
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CHAPTER 3 

 

C. elegans early embryogenesis and vulval morphogenesis depend on 

chondroitin glycosaminoglycan biosynthesis 

 

A.  Summary 

 Defects in glycosaminoglycan (GAG) biosynthesis disrupt animal 

development and cause human disease. To date, much of the focus on GAGs has been 

on heparan sulfate (HS). Mutations in eight sqv (squashed vulva) genes in C. elegans 

cause defects in cytokinesis during embryogenesis and in vulval morphogenesis 

during postembryonic development. Seven of the eight sqv genes have been shown to 

control the biosynthesis of the GAGs chondroitin and HS. Here we present the 

molecular identification and characterization of the eighth gene, sqv-5. The sqv-5 gene 

encodes a bifunctional glycosyltransferase that probably is localized to the Golgi 

apparatus and is responsible for the biosynthesis of chondroitin but not of HS. This 

finding reveals that chondroitin plays a crucial role in cytokinesis and morphogenesis 

during C. elegans development. 

 

B.  Introduction 

 GAGs or mucopolysaccharides have been of great interest to biologists for 

decades (Comper et al., 1978; Ruoslahti, 1988; Perrimon and Bernfield, 2000; Esko 
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and Selleck, 2002; Schwartz and Domowicz, 2002; Silbert and Sugumaran, 2002; Zak 

et al., 2002). Recent analyses of mutations that cause developmental defects in 

Drosophila melanogaster revealed that GAG biosynthesis, in particular HS synthesis, 

is important for intercellular signaling mediated by the wingless, hedgehog, and FGF 

pathways (Perrimon and Bernfield, 2000). In addition, mutations in GAG biosynthesis 

have been implicated in human diseases, including a progeroid variant of the 

connective tissue disorder Ehlers-Danlos Syndrome (EDS) (Quentin et al., 1990) and 

Hereditary Multiple Exostoses (HME) (Zak et al., 2002), which is characterized by 

inappropriate chondrocyte proliferation and bone growth. Much of the focus on GAGs 

has been on HS, in part because of the many ligands it binds, its action in growth 

factor signaling, and its role in Drosophila development (Perrimon and Bernfield, 

2000; Esko and Selleck, 2002). Studies of chondroitin sulfate (CS), another major 

class of GAGs in vertebrates, have focused on the development of cartilage, tendon 

and bone (Schwartz and Domowicz, 2002). 

 The C. elegans genes sqv-1 to -8 are important for both embryonic 

development and postembryonic vulval morphogenesis (Herman et al., 1999). The 

progeny of mutants homozygous for strong loss-of-function sqv mutations die during 

embryogenesis, with most arresting at the one-cell stage. This arrest is caused by a 

defect in the initiation and completion of cytokinesis, which may be caused by a 

failure to form a fluid-filled extracellular space between the plasma membrane and the 

eggshell (Hwang and Horvitz, 2002a). During the L4 larval stage, sqv-1 to -8 mutants 

fail to expand the extracellular space of the vulva, which is the opening through which 
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sperm and eggs pass in adult hermaphrodites. These mutants form a partially 

functional vulva but are normal in vulval cell proliferation, migration and fusion. We 

proposed that in C. elegans during both embryogenesis and vulval morphogenesis, 

GAGs added to extracellular matrices drive the formation of fluid-filled extracellular 

spaces (Hwang and Horvitz, 2002a). In sea urchin fertilization, the secretion of GAGs 

has long been thought to cause the swelling of a fluid-filled space between the 

vitelline envelope and the plasma membrane (Austin, 1965). 

 The molecular identities of seven of the sqv genes indicate a defect in the 

biosynthesis of two types of GAGs present in C. elegans, HS and a non-sulfated 

chondroitin (Hwang and Horvitz, 2002a; Herman and Horvitz, 1999; Bulik et al., 

2000; Berninsone et al., 2001; Hwang and Horvitz, 2002b; Hwang et al., 2003). SQV-

4 (UDP-glucose dehydrogenase) synthesizes UDP-glucuronic acid (UDP-GlcA) in the 

cytoplasm (Hwang and Horvitz, 2002b), which is translocated into the lumen of the 

Golgi apparatus by the SQV-7 nucleotide-sugar transporter (Berninsone et al., 2001). 

SQV-7 also translocates UDP-galactose and UDP-N-acetylgalactosamine (Berninsone 

et al., 2001). SQV-1 catalyzes the decarboxylation of UDP-GlcA (Hwang and Horvitz, 

2002a), forming the first nucleotide-sugar donor required for GAG biosynthesis, UDP-

xylose. In the lumen of the Golgi apparatus, UDP-xylose, UDP-galactose, and UDP-

GlcA are used as substrates of the SQV-6 xylosyltransferase (Hwang et al., 2003), the 

SQV-3 galactosyltransferase I (Herman and Horvitz, 1999; Bulik et al., 2000), the 

SQV-2 galactosyltransferase II (Hwang et al., 2003) and the SQV-8 

glucuronosyltransferase I (Herman and Horvitz, 1999; Bulik et al., 2000) to build the 



 75 

protein core-GAG linkage tetrasaccharide (GlcAβ1,3Galβ1,3Galβ1,4Xylβ-O-serine) 

on which GAG backbones polymerize. Evidence that four such glycosylation reactions 

are essential for mammalian GAG polymerization has been obtained from studies of 

mutant hamster cell lines (Esko and Selleck, 2002). Mutation in the human homolog 

of the sqv-3 galactosyltransferase I gene has been implicated as the cause of a 

progeroid variant of the connective-tissue disorder Ehlers-Danlos Syndrome (Almeida, 

1999; Okajima et al., 1999), which is characterized by loose skin and hypermobile 

joints. It seems likely that homologs of other sqv genes are involved in similar 

disorders. 

 

C.  Results 

1.  Cloning of sqv-5 

 By physically mapping chromosomal deletions, we localized sqv-5 to a 

roughly 200-kilobase region between fog-3 and the left endpoint of qDf10 (Fig. 1). 

An 18,448 base BamHI-PstI fragment of cosmid K09A8, containing a single 

complete predicted gene, T24D1.1, rescued the sqv-5 mutant phenotype. Introducing 

a nonsense or frameshift mutation in T24D1.1 eliminated this rescuing activity. The 

sqv-5 n3039 allele is a nonsense mutation in the T24D1.1 open reading frame 

(ORF). We isolated a mutation (n3611) that deletes most of the T24D1.1 ORF and 

causes the same Sqv mutant phenotype as that of sqv-5(n3039) animals. We 

conclude that sqv-5 corresponds to T24D1.1. We found three discrepancies between 

our DNA sequencing results and those of the C. elegans Sequencing Consortium, 



 76 

one of which caused us to modify the predicted gene structure of T24D1.1 to that 

depicted in Fig. 1. From the sequences of sqv-5 cDNA clones and 5’ RACE products 

(see Methods), we identified two alternatively spliced forms of sqv-5 cDNAs, which 

encode predicted proteins of 734 and 736 amino acids. We detected a size 3.6 kb 

transcript on a northern blot (data not shown), consistent with the size predicted by 

our cDNA and 5’ RACE results.  
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Figure 1.  Cloning of sqv-5 

 Top, Genetic and physical maps of sqv-5.  The dashed horizontal line depicting 
qDf10 indicates the left deletion end point between cosmids K10C3 and C03C11. 
Cosmid clones assayed in germline transformation experiments are shown. Cosmid 
K09A8, in bold, rescued the sqv-5 mutant phenotype. Middle, Subclones of K09A8 
assayed for rescue are shown. Predicted genes in the minimal rescuing fragment (in 
bold) are shown. Solid boxes indicate exons, open boxes indicate untranslated 
sequences, and the arrow indicates 3’ poly A sequence. Rescue data are shown as the 
number of transformed lines that rescued/total. The caret (^) indicates introduction of 
a four-base (CGCG) addition/frameshift (after A451) and the asterisk (*) indicates the 
introduction of a nonsense codon (W664opal, Y160amber or G21opal) into the sqv-5 
coding sequence. Bottom, The structure of the sqv-5 gene as deduced from genomic 
and cDNA sequences. The trans-spliced leader SL1 is indicated. The extent of the sqv-
5(n3611) deletion is indicated by a horizontal line. 
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2.  SQV-5 is similar to the human chondroitin sulfate synthase 

 Of the 734 amino acids in the short form of the SQV-5 protein, 270 (37%) are 

identical to a recently cloned human CS synthase (Kitagawa et al., 2001) (Fig. 1, 

Table 1). We also identified and determined the sequences of a cDNA from a 

Drosophila melanogaster gene that is predicted to encode an 832 amino acid protein 

with 270 amino acid identities (37%) with SQV-5. SQV-5 is less similar to the 

human CS N-acetylgalactosaminyltransferase I (GalNAcT-I) (Uyama et al., 2002), 

with which it shares 109 amino acid identities (20%). Interestingly, SQV-5 is the 

only protein in the C. elegans genome with extensive similarity to the human CS 

GalNAcT-I. By contrast, the Drosophila genome contains a second gene with strong 

similarity to and that likely encodes the ortholog of the human CS GalNAcT-I (37% 

identity) (Table 1, Fig. 2). All five proteins contain a single predicted 

transmembrane domain near the N-terminus, consistent with a type II 

transmembrane topology. Such N-terminal transmembrane domains are typical of 

glycosyltransferases, which have active sites that face the lumen of the Golgi 

apparatus. 
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Table 1. Amino acid sequence identities 

Percentages of amino acid sequence identities are shown, as calculated by dividing the 
number of identical amino acids (shown in parenthesis) divided by total number of 
amino acids of the smaller protein. The proteins shown are SQV-5, Human CS 
synthase (Hs CS synth), Drosophila CS synthase candidate (Dm CS synth), Human 
GalNAcT I (Hs GalNAcT-I), and Drosophila CS GalNAcT I candidate (Dm 
GalNAcT-I). 
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Figure 2. Sequence alignment of SQV-5 and homologs 

 Human CS synthase (Hs CS Synth), Drosophila melanogaster CS synthase 
homolog (Dm CG9220), human CS GalNAcT-I (Hs GalNAcT-I), and Drosophila CS 
GalNAcT-I homolog (Dm CG12913) are compared to SQV-5. The extent of the sqv-
5(n3611) deletion and the location of the sqv-5(n3039) nonsense allele are indicated. 
Two of the six cloned 5’ RACE products contained six extra bases at the 5’ end of the 
second exon, reflecting an alternatively spliced mRNA; the addition of two amino 
acids (FQ) in the longer alternatively-spliced form of SQV-5 is indicated. 
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3.  SQV-5 has chondroitin synthase activity 

 In vertebrates, CS synthase catalyzes the alternating, stepwise addition of GlcA 

and N-acetylgalactosamine (GalNAc) to the nascent chain, resulting in the 

polymerization of the CS backbone. Protein extracts prepared from whole animals 

that were homozygous for the sqv-5(n3611) null allele, heterozygous for sqv-

5(n3611), or wild-type were assayed for glucuronosyltransferase (GlcAT-II) and N-

acetylgalactosaminyltransferase (GalNAcT-II) activities using chemically desulfated 

CS as the acceptor. Significant enzymatic activities were observed in the extracts of 

the wild-type animals in both assays (Fig. 3a-b). Animals heterozygous for sqv-

5(n3611) contained slightly over one-half the enzymatic activity observed in wild-

type animals, and no significant enzymatic activity above the negative control was 

observed in the extracts of the homozygous mutant animals. About half the 

enzymatic activity was observed in assays consisting of half wild-type and half sqv-5 

null extracts (w.t.=1466±144, sqv-5=105±35, w.t. + sqv-5=809±57, ctl.=68±24 cpm 

(s.d.)), indicating that the mutant animals do not contain an inhibitor of the enzyme. 

These findings establish that sqv-5 controls C. elegans chondroitin synthase activity 

and in combination with our sequence data show that the SQV-5 protein has 

synthase activity. By contrast, we observed no difference in N-

acetylglucosaminyltransferase II (GlcNAcT-II) activity, which is required for HS 

synthesis, in extracts of sqv-5(n3611) mutants (Fig. 3c), suggesting that chondroitin 

but not HS biosynthesis is disrupted in sqv-5 mutants. 
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 The addition of the first GalNAc residue to the linkage tetrasaccharide is 

thought to be catalyzed by an enzyme different from the one involved in CS 

backbone polymerization (Kitagawa et al., 2001; Uyama et al., 2002). This reaction 

can be assayed using glucuronic acidβ1,3galactose-O-naphthalenemethanol as the 

acceptor instead of desulfated CS. Using this assay, we observed significant 

enzymatic activity in extracts of wild-type animals (Fig. 3d). Approximately one-

half of the enzymatic activity above that of the negative control was present in 

extracts of animals heterozygous for sqv-5(n3611), whereas homozygous null 

animals lacked activity. These findings indicate that SQV-5 acts in both the 

initiation and the elongation of chondroitin chains. We find it interesting that SQV-

5, which shares a similar degree of amino acid sequence identity to the human 

GalNAcT-I as to the human CS synthase (Table 1), has this additional GalNAcT-I 

activity. The human CS synthase apparently lacks this activity (Kitagawa et al., 

2001). 
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Figure 3. SQV-5 has chondroitin synthase activity 

 Glycosyltransferase activities were assayed (see Methods) using cell-free 
extracts prepared from wild-type animals (w.t.) and sqv-5(n3611) heterozygotes (sqv-
5/+) and homozygotes (sqv-5). Activities measured without an acceptor (ctl.) are also 
shown. Means and standard errors from representative experiments are shown. a, 
GlcAT-II assay. b, GalNAcT-II assay. c, GlcNAcT-II assay. d, GalNAcT-I assay. e 
and f, Intact proteoglycans were purified from vector (+) or sqv-5 (-) RNAi-treated 
animals and digested with chondroitinase ABC and/or heparin lyase II or buffer. 
Western blot analysis was done using (e) anti-chondroitin or (f) anti-HS mAbs and 
visualized using HRP-conjugated secondary antibodies. 
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4.  sqv-5(n3611) mutants have decreased chondroitin levels 

 To assay changes in chondroitin and HS content in sqv-5 mutants, we isolated 

GAGs from wild-type and sqv-5(n3611) adult hermaphrodites. The amount of 

chondroitin was reduced from 182±52 (s.d.) fmol/worm in wild-type animals to 

24±20 fmol/worm in mutant animals. The level of HS was below the limits of 

detection, because the relative amount of HS is 150- to 250-fold less than 

chondroitin in C. elegans (Yamada et al., 1999; Toyoda et al., 2000). We also 

suppressed sqv-5 function by RNA-mediated interference (RNAi) by ingestion of 

dsRNA (Timmons and Fire, 1998). sqv-5 RNAi-treated L4 larvae had reduced 

vulval extracellular spaces reminiscent of mutants homozygous for a weak loss-of-

function mutation in other sqv genes (data not shown). The sqv-5 RNAi-treated 

adults were reduced in brood size (mean=29±23 (s.d.), n=47) compared to vector 

RNAi-treated adults (mean=264±33 (s.d.), n=31). These observations suggest that 

sqv-5 function was incompletely suppressed in these animals, since animals 

homozygous for either sqv-5 mutant allele have average brood sizes of zero. Intact 

proteoglycans were isolated from L4 larvae that had been treated with sqv-5- or 

vector-RNAi and digested with either chondroitinase ABC or heparin lyase II. These 

enzyme treatments of chondroitin and HS result in a “stub” oligosaccharide 

consisting of the linkage tetrasaccharide and one disaccharide repeat containing a 

terminal 4,5-unsaturated uronic acid, which is recognized by an anti-chondroitin 

monoclonal antibody (mAb) or an anti-HS mAb, respectively. Western blot analysis 

using the anti-chondroitin mAb revealed a major proteoglycan of approximately 120 
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kDa and several minor bands. This major band of 120 kDa was reduced 5-8 fold in 

sqv-5 RNAi-treated animals compared to vector RNAi-treated animals (Fig. 3e-f). 

Western blot analysis using the anti-HS mAb detected three proteoglycans of 24, 30 

and 48 kDa, which did not vary in level between vector and sqv-5 RNAi-treated 

animals. Thus, loss of sqv-5 function selectively reduced chondroitin levels. 

 
5.  SQV-5 localization 

 To study the expression and subcellular localization of the SQV-5 protein, we 

generated affinity-purified rabbit polyclonal antibodies against a SQV-5-GST fusion 

protein. Anti-SQV-5 antibodies stained multiple punctate foci in the cytoplasm of 

the vulva, the uterus and oocytes (Figs. 4a-c). This punctate staining was not seen in 

animals homozygous for the sqv-5(n3611) null allele (data not shown). 

Previously, we observed a similar punctate staining pattern using antibodies specific 

for the SQV-7 nucleotide sugar transporter and the SQV-1 UDP-GlcA 

decarboxylase (Hwang and Horvitz, 2002a). We used anti-SQV-1 rat antibodies and 

anti-SQV-5 rabbit antibodies to show that SQV-1 and SQV-5 proteins co-localize 

and hence appear to be present in the same cytoplasmic compartment (Figs. 4c-e). 

We suggest that the site of nucleotide-sugar biosynthesis by SQV-1, nucleotide-

sugar transport by SQV-7 (Hwang and Horvitz, 2002a) and elongation of the 

disaccharide region of chondroitin by SQV-5 are all catalyzed in the same 

subcellular compartment, presumably the Golgi apparatus. Most 

glycosyltransferases involved in GAG biosynthesis have been shown to localize to 

the Golgi apparatus in vertebrates (Silbert and Sugumaran, 2002). 
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Figure 4.  SQV-5 localization 

 Wild-type animals were stained with anti-SQV-5 antibodies (see Methods) 
and/or anti-SQV-1 antibodies (Hwang and Horvitz, 2002a). a, L4 vulva stained with 
SQV-5 rabbit antibodies. b, Diagram of vulva in (a). c, Adult oocytes stained with 
SQV-5 rabbit antibodies. d, Adult oocytes stained with SQV-1 rat antibodies. Staining 
was visualized using FITC-conjugated and/or Texas Red-conjugated secondary 
antibodies. e, Merged image of panels (c) and (d) showing that the SQV-1 and SQV-5 
proteins colocalize in oocytes. 
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6.  The Sqv phenotype results from loss of chondroitin, not heparan sulfate 

 Our molecular identification of sqv-5 defines the last step in the C. elegans 

biosynthetic pathway for chondroitin and suggests that defects in the biosynthesis of 

chondroitin account for the embryonic and vulval defects caused by mutations in all 

sqv genes (Fig. 5). By contrast, defects in the biosynthesis of HS leading to 

abnormalities in cell signaling pathways, such as the wingless and hedgehog 

pathways, are implicated as the cause of many developmental defects in Drosophila, 

including those defects caused by mutations that are predicted to disrupt both CS 

and HS biosynthesis (Perrimon and Bernfield, 2000). Unlike HS, which is known to 

bind a large number of ligands involved in morphogenesis, wound healing, host 

defense and energy metabolism (Esko and Selleck, 2002), non-sulfated chondroitin 

is not known to bind to specific ligands. In vertebrates, large amounts of CS are 

secreted into the extracellular matrix, where it plays a structural role and binds to 

ligands such as type I collagen (Ruoslahti, 1988). The ability of chondroitin to 

interact with water, cause swelling and generate osmotic pressure on its 

surroundings could be responsible for its biological effects (Comper, 1978), 

including the expansion of the extracellular spaces of the C. elegans embryo and 

vulva. Studies of sea urchin gastrulation have led to the proposal that the secretion of 

CS proteoglycan can result in the hydration of the extracellular matrix and cause 

epithelial invagination (Lane et al., 1993). Our studies provide support for such a 

mechanism. However, we cannot exclude a variety of possible alternatives, e.g, 

mechanisms involving adhesion, cytoskeletal rearrangement or intercellular 
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signaling (Herman et al., 1999; Hwang and Horvitz, 2002a). Whatever the 

mechanism of chondroitin action, our findings demonstrate the importance of 

chondroitin in cytokinesis, early embryogenesis and epithelial morphogenesis in C. 

elegans and support the hypothesis that CS, like HS, has a broad and major role in 

development and disease. 
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Figure 5.  Model 

 The SQV proteins act in the biosynthesis of heparan and chondroitin 
backbones. SQV-4 converts UDP-glucose to UDP-glucuronic acid (Hwang and 
Horvitz, 2002b). SQV-7 transports UDP-glucuronic acid, UDP-galactose and UDP-N-
acetylgalactosamine (UDP-GalNAc) from the cytoplasm to lumen of the Golgi 
apparatus (Berninsone et al., 2001). SQV-1 converts UDP-glucuronic acid to UDP-
xylose in the lumen of the Golgi apparatus (Hwang and Horvitz, 2002a). SQV-6 is the 
GAG xylosyltransferase (Hwang et al, 2003), SQV-3 is the GAG galactosyltransferase 
I (Bulik et al., 2000), SQV-2 is the GAG galactosyltransferase II (Hwang et al., 2003), 
and SQV-8 is the GAG glucuronosyltransferase I (Bulik et al., 2000). SQV-5 is 
required for the synthesis of the repeating disaccharide region of chondroitin (this 
study). 



 90 

D.  Methods 

1.  sqv-5 mapping 

 We obtained Unc non-Vul and Vul non-Unc progeny from unc-29(e1072) lin-

11(n566)/sqv-5(n3039) hermaphrodites. Five of 10 Unc non-Vul progeny carried 

sqv-5(n3039), and three of 10 Vul non-Unc progeny carried sqv-5(n3039), indicating 

sqv-5(n3039) is located between unc-29 and lin-11 and to the left of lin-11. We 

examined the vulval phenotype of animals of the genotype ces-1(n703) Df/sqv-

5(n3039), where the Df’s used were qDf5, qDf7, qDf8, qDf9 and qDf10. All animals 

were Sqv, except for ces-1(n703) qDf5/sqv-5(n3039). Because qDf5, qDf7, qDf8, 

qDf9 and qDf10 delete fog-3 but only qDf5 and qDf7 delete lin-11 (Ellis and 

Kimble, 1995), sqv-5 maps to the left of fog-3. Using single qDf10 eggs, we 

amplified genomic DNA sequence corresponding to the cosmids K10C3 and 

C03C11. A PCR product of expected length was amplified for K10C3 but not for 

C03C11 (n=10), thus placing the left end point of qDf10 between K10C3 and 

C03C11 (Fig. 1). 

 
2.  sqv-5 cDNA 

 We determined the sequences of two cDNA clones, yk20d7 and yk21g9, 

corresponding to T24D1.1, and of six 5'-rapid amplification of cloned ends (RACE) 

products derived from mixed stage RNA. The 5' RACE products contained a 5' SL1 

trans-spliced leader, which is found at the 5' end of many C. elegans transcripts. The 

sqv-5 cDNA contained a 417 base 5' UTR, a 2202 base ORF and a 657 base 3' UTR 

sequence. We identified two alternatively spliced forms of the transcript by 5’ 
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RACE. Two of six cloned 5’ RACE products represented a longer spliced-form 

containing six additional bases at the 5’ end of the second exon.  

 
3.  Deletion allele of sqv-5 

 We isolated the deletion mutation sqv-5(n3611) from a library of animals 

mutagenized with UV illumination and trimethylpsoralen (Jansen et al., 1997). 

Mutant animals containing sqv-5(n3611) were backcrossed to the wild-type strain 

N2 six times. The 1641 bp deletion in sqv-5(n3611) removes bases “6124” to “7767” 

of the cosmid T24D1. The discrepancy of two bases reflects a DNA sequencing 

error by the C. elegans Sequencing Consortium. sqv-5(n3611) is predicted to encode 

a truncated SQV-5 missing 385 amino acids (amino acids 130 to 447) in the middle 

of SQV-5 and an alanine-to-phenylalanine substitution at amino acid 129. 

 
4.  Glycosyltransferase assays 

 sqv-5(n3611), sqv-5(n3611)/hT2, and wild-type N2 hermaphrodites were 

picked as L4 larvae by visual examination of the vulva using a dissecting 

microscope. The worms were allowed to grow for 23 to 27 hours at 22°C, then 

frozen in 50 mM Tris, pH 7.5 and stored at –70°C. Samples were sonicated in 0.05% 

Triton-X-100, 50 mM Tris and centrifuged at 15,000 g for 10 minutes. The protein 

content of the cleared supernatant was assessed by the Bradford assay and portions 

of the extracts were used for the following assays. The chondroitin acceptor was 

prepared by desulfation of shark cartilage chondroitin-4-sulfate (Nagasawa et al., 

1977). N-acetylheparosan was prepared from E. coli K5 (Fritz et al., 1994) and the 
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disaccharide GlcAβ1,3Galβ-O-naphthalenemethanol was synthesized (Fritz et al., 

1994). 

 The GlcAT-II activity of chondroitin synthase was measured by mixing 1.3 x 

105 cpm UDP-[1-3H]glucuronic acid donor (20 Ci/mmol), 6 µg β-glucuronidase-

treated chondroitin acceptor, and 3 µg worm extract in a 25 µl reaction volume 

containing 0.05% Triton X-100, 10 mM MnCl2, 100 µM ATP, and 25 mM MES, pH 

6.5. The GalNAcT-II activity of chondroitin synthase was detected by mixing 3 x 

105 cpm UDP-[1-3H]GalNAc donor (38.5 Ci/mmol), 12 µg chondroitin acceptor, and 

15 µg worm extract in a 25 µl reaction volume containing 0.05% Triton X-100, 10 

mM MnCl2, and 25 mM MES, pH 6.5. The GlcNAcT-II activity of HS polymerase 

was assayed by mixing 5 mCi UDP-[6-3H]GlcNAc, 12 mg N-acetylheparosan 

acceptor, and 10 mg worm extract in 25 µl reaction volume containing 20 mM 

MnCl2, 0.45% Triton X-100, and 25 mM MOPS, pH 6.5. GlcAT-II, GlcNAcT-II and 

GalNAcT-II reactions were incubated 2 hours at 25°C, and products were separated 

from free nucleotide sugars by DEAE-Sephacel (Wei et al., 2000). GalNAcT-I 

activity was assayed as described for GalNAcT-II except that 5x105 cpm UDP-[1-

3H]GalNAc donor and 12 mM GlcAβ1,3Galβ-O-naphthalenemethanol acceptor 

were used. Reactions were incubated 3 hours at 25°C, and products were separated 

from free nucleotide sugars using a Sep-Pak C18 cartridge as described (Fritz et al., 

1994). Reactions were linear with time and amount of protein.  
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5.  Chondroitin and HS characterization    

 Between 220 to 250 sqv-5(n3611) and wild-type animals were collected as 

described for glycosyltransferase assays, except the animals were lyophilized and 

homogenized in acetone. Free GAGs were isolated by alkali extraction as described 

(Esko, 1993), except that they were extracted overnight in 0.5 M NaOH, 1 M NaBH4 

at 4°C, and neutralized with 1 M HCl. Chondroitin was digested with 20 mU 

chondroitinase ABC (Seikagaku) and analysed by HPLC with post-column 

derivatization of the disaccharides (Toyoda et al., 2000). 

 RNAi was performed essentially as described (Timmons and Fire, 1998), 

except L1-stage hermaphrodites were placed onto Petri plates containing bacteria 

and grown for 44-48 hours at 20°C before being collected as L4-stage 

hermaphrodites. Intact proteoglycans were isolated by anion-exchange 

chromatography as described (Esko, 1993), except the animals were sonicated in 

0.5% Triton X-100 and protease inhibitor cocktail (Sigma). For western blots, intact 

proteoglycans were digested with chondroitinase ABC or heparin lyase II and 

incubated with anti-chondroitin mAb (1-B-5, Seikagaku) or anti-HS mAb (F69-

3G10, Seikagaku).  

 
6.  Anti-SQV-5 antibodies 

 The sqv-5 ORF was cloned into vectors pGEX-4T3 and pMAL-c2 to generate 

GST-SQV-5 and MBP-SQV-5 fusion proteins, respectively. The GST-SQV-5 and 

MBP-SQV-5 fusion proteins were purified by isolating insoluble proteins from 

inclusion bodies followed by SDS-PAGE and electro-elution. GST-SQV-5 was 
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injected into two rabbits (Covance). Anti-SQV-5 antibodies were affinity purified by 

binding to and eluting from MBP-SQV-5 fusion protein, as described (Hwang and 

Horvitz, 2002b). 
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CHAPTER 4 

 

Novel chondroitin proteoglycans mediate early embryonic cell 

division in Caenorhabditis elegans 

 

A.  Summary 

 Vertebrates express several types of sulfated chondroitin chains covalently 

bound to the core proteins of proteoglycans.  Lower organisms like C. elegans also 

express chondroitin, but the chains lack sulfate groups and none of the core proteins 

have been identified. In silico analysis of the C. elegans genome did not reveal any 

obvious homologs of mammalian chondroitin sulfate proteoglycans.  Here, we have 

employed a biochemical purification scheme, western blotting, and mass spectrometry 

that led to the identification of nine novel chondroitin proteoglycan core proteins in C. 

elegans, none of which are present in the mammalian genome.  Recombinant protein 

expression in mammalian cells demonstrated that six of the core proteins can carry 

chondroitin sulfate chains.  Single gene RNAi depletion experiments showed no effect 

on embryonic viability or tissue morphogenesis, but simultaneous silencing of two of 

the proteoglycans (cpg-1/cej-1 and cpg-2) resulted in dead multinucleated single-cell 

embryos.  This embryonic lethal phenotype resembles that of squashed vulva (sqv) 

mutants defective in chondroitin assembly, suggesting that the chondroitin chains on 

these two proteoglycans are required for cytokinesis. 
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B.  Introduction 

 Chondroitin sulfate proteoglycans (CSPGs) consist of a protein core and one or 

more covalently attached glycosaminoglycan chains.  The chains assemble step-wise 

while attached to specific serine residues of the protein cores, starting with the 

synthesis of a tetrasaccharide of xylose, galactose and glucuronic acid (-

GlcAβ3Galβ3Galβ4Xylβ-O-Ser) and ending with alternating addition of N-

acetylgalactosamine (GalNAc) and GlcA units ([GlcAβ3GalNAcβ4]n) (Roden et al., 

1972).  In mammals, chondroitin chains undergo further modification, in which sulfate 

residues are added, and in dermatan sulfate, a portion of GlcA residues undergo 

epimerization to L-iduronic acid (IdoA) followed by sulfation.  The presence of sulfate 

groups and charged carboxyl groups of GlcA and IdoA units allows the chains to 

interact with extracellular matrix proteins (e.g. fibrillar collagens) (Iozzo and 

Murdoch, 1996) and growth factors (e.g. FGF) (Sugahara et al., 2003).  Furthermore, 

secreted chondroitin sulfate proteoglycans create a hydrated matrix allowing for tissue 

expansion and the capacity to absorb compressive loading, e.g. in cartilage.  The 

different proteoglycan core proteins help organize the extracellular matrix and 

determine the concentration and distribution of the chondroitin sulfate chains. 

 Vertebrates make more than 20 CSPGs based on the primary sequence of the 

core protein (Olson and Esko, 2004).  Interestingly, very little is known about CPGs 

present in invertebrates, even in the well studied nematode, C. elegans (Schimpf et al., 

1999; Yamada et al., 1999; Bulik et al., 2000; Toyoda et al., 2000; Berninsone et al., 

2001; Beeber and Kieras, 2002).  Nematodes make chondroitin chains in a manner 
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identical to vertebrates (Yamada et al., 2002; Hwang and Horvitz, 2002a; Hwang and 

Horvitz, 2002b; Hwang et al., 2003a; Hwang et al., 2003b; Izumikawa et al., 2004), 

but lack the sulfotransferases that add sulfate to GalNAc and uronic acids and the 

epimerase that converts GlcA to IdoA.  In spite of the simplicity of the chains, genetic 

experiments demonstrate a crucial role for chondroitin in embryonic cell division and 

vulval morphogenesis ( Hwang and Horvitz, 2002a; Hwang and Horvitz, 2002b; 

Hwang et al., 2003a; Hwang et al., 2003b; Izumikawa et al., 2004; Herman et al., 

1999; Bulik and Robbins, 2002; Mizuguchi et al., 2003).  A genetic screen for 

mutations in vulval development (squashed vulva, sqv) led to the discovery that all of 

the components of the chondroitin biosynthetic machinery are completely conserved.  

Additionally, progeny of sqv mutant animals showed maternal effect lethality due to 

defective cytokinesis of single-celled embryos during the first cell division (Hwang 

and Horvtiz, 2002a; Herman et al., 1999; Mizuguchi et al., 2003).  Although all of the 

enzymes required for chondroitin synthesis were identified in the Sqv screen, no 

protein cores that harbor chondroitin chains were found. 

 To identify chondroitin proteoglycans (CPGs) in C. elegans, we conducted 

BLAST searches with known mammalian CSPG core protein sequences but failed to 

identify any obvious homologs.  We therefore pursued a biochemical approach taking 

advantage of the chemical properties of the long, negatively charged chondroitin 

chains.  Western blotting using antibodies that recognize stubs of the chondroitin 

chains (Christner et al., 1980), a tagging method to modify glycosylation sites on the 

proteins (Wells et al., 2002), and mass spectrometry (Washburn et al., 2002) 
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uncovered nine novel CPG proteins, none of which show homology to mammalian 

CSPGs.  Characterization of two of these proteins, CPG-1/CEJ-1 and CPG-2, shows 

that they function redundantly in early embryonic development, like sqv-5 chondroitin 

synthase. 

 

C.  Materials and Methods 

1.  C. elegans maintenance 

 The OD58 strain (a generous gift from Anjon Audhya, University of 

California, San Diego) carries a plextrin-homology (PH) membrane domain of 

phospholipase-C 1α fused in-frame to a GFP reporter (unc119; pAAI pie-1::GFP-

PH (PLC1α PH); unc-119) under the control of the pie-1 promoter.  All other strains 

were obtained from the CGC stock center (St. Paul, MN) and cultivated as described 

(Brenner, 1974).   

 
2.  In silico analysis 

 BLAST searches were performed in the NCBI database 

(http://www.ncbi.nlm.nih.gov) or WormBase (http://wormbase.org) using annotated 

human or mouse CSPG core protein sequences.  The presence of signal peptides was 

confirmed with PSORT II (http://psort.nibb.ac.jp/form2.html) and SignalP 3.0 

Server (http://www.cbs.dtu.dk/services/SignalP). 
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3.  Biochemical Purification 

 Worm extracts were prepared from 20 g batches of a mixed stage N2 (Bristol) 

population by sonication in 50 mM sodium acetate buffer, pH 6.  Material was 

extracted for 48 hr at 4OC in 3 volumes of solution containing 4 M guanidine-HCl, 

0.1 M NaCl, 0.3% 3-[(3-cholamidopropy) dimethylammonio]-1-propanesulfonic 

acid (CHAPS), 50 mM sodium acetate, pH 6, and protease inhibitors (1 µg/ml 

leupeptin, 1 mM PMSF, and 1 µg/ml pepstatin A) (Esko, 1993).  The extract was 

dialyzed against 6 M urea, 0.1 M NaCl, 50 mM sodium acetate, pH 6, with 3 

changes of buffer.  Insoluble material was removed by low speed centrifugation and 

filtration through Whatman No. 1 filter paper.  The concentration of protein was 

assayed by the Bradford method (BioRad). 

 Worm extract (250 mg protein) was purified by anion exchange 

chromatography (DEAE-Sephacel, Pharmacia) and desalted by gel filtration (PD-10, 

Pharmacia) as described (Bame and Esko, 1989).  Partially purified material was 

treated with trypsin (Washburn et al., 2002).  Following proteolysis, glycopeptides 

were further purified either by an additional pass over DEAE-Sephacel as described 

above or by gel filtration HPLC (TSK-2000 column, TOSOH Biosciences) using a 

buffer of 1 M NaCl in 10 mM KH2PO4, pH 6.  Uronic acids in glycosaminoglycans 

were quantitated by the carbazole method (Esko and Manzi, 1996).  Fractions 

containing glycosaminoglycan were pooled and desalted by PD-10 chromatography. 

 Glycosaminoglycan chains were removed by the β-elimination followed by 

Michael addition with dithiothreitol (DTT) method (BEMAD, (Wells et al., 2002)).  
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Briefly, glycopeptides were incubated for 3 hr at 50OC in 20% ethanol, 1% 

triethylamine, 10 mM DTT, 0.1% NaOH.  The reaction was quenched by adjusting 

the sample to 0.1% trifluoroacetic acid (Sigma) and the peptides were purified by 

reverse-phase chromatography on a C18 Sep-Pak cartridge (Waters Corporation) 

using 70% acetonitrile in 0.1% trifluoroacetic acid.  Samples were dried before 

further analysis. 

 
4.  Mass Spectrometry 

 Tagged peptides were identified by a multi-dimensional peptide identification 

technique (MudPIT) (Washburn et al., 2002; Wolters et al., 2001; Washburn et al., 

2001; MacCoss et al., 2002).  Peptides were eluted stepwise from a bi-phasic 

capillary column made of strong cation exchange resin coupled to a reverse phase 

resin directly into a tandem mass spectrometer.  The identities of the DTT-tagged 

peptides were determined by searching the tandem mass spectra against a C. elegans 

proteome database using SEQUEST software and a computer array.  The unique 

mass signature imparted by DTT (+167 Da) and unmodified dehydroalanine 

residues (-18 Da) were used to determine the sites of glycosylation (Wells et al., 

2002). 

 
5.  Recombinant Protein Expression 

 C. elegans cDNA was prepared from total RNA with the SuperScript III First-

Strand kit (Invitrogen).  cpg-1 through cpg-9 were amplified from C. elegans cDNA 

with primers that included the start codon and the penultimate codon and restriction 
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sites to subclone the products in-frame into the pcDNA3.1(-)MycHis B vector 

(Invitrogen).  Expression constructs were transfected into COS-7 cells with 

Lipofectamine (Invitrogen) following the manufacturer’s instructions.  Media was 

harvested 48 hr later and purified over DEAE-Sephacel as described (Bame and 

Esko, 1989).  COS-7 cells were cultured in Dulbecco’s Modified Eagle’s Medium 

(CellGro) supplemented with 10% fetal bovine serum, 100 U/ml penicillin G, and 

100 µg/ml streptomycin sulfate. 

 
6.  RNAi 

 C. elegans cDNA was amplified by PCR with primers engineered to contain 

T7 (forward primer) or T3 (reverse primer) bacterial promoter sequence and base 

pairs 1-169 for cpg-1, and 1-775 and 754-1572 for cpg-2.  dsRNA was generated 

with the Megascript T7 and T3 transcription kits (Ambion) according to the 

manufacturer’s instructions.  OD58 L4 or young adult worms were injected with 

dsRNA and allowed to recover at 16OC or 20OC.  To count brood sizes, worms were 

transferred to individual plates 24 hr post-injection (Maddox et al., 2005).  After 24 

hr, the number of eggs and hatched L1 larvae were counted as a measure of brood 

size.  Viability was measured 24-36 hr later by counting the number of hatched 

larvae and unhatched embryos.  Percent viability was calculated as number of 

hatched progeny divided by total number of eggs laid per 24 hr period. 

 Early embryonic cell division was assessed 24 hr post-injection.  Embryos 

were filmed in utero since cpg-1/cpg-2(RNAi) and sqv-5(RNAi) embryos were 

fragile and osmotically sensitive.  Injected animals were anesthetized with 1 mM 
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levamisole in M9 buffer, mounted on an agarose pad, and filmed as described 

(Maddox et al., 2005).   

 To determine the effect of RNAi on proteoglycan expression, cDNA sequences 

described above for cpg-1 and cpg-2 were subcloned into vector pL4440, which 

carries dual T7 promoter sites (Fire Lab Vector Kit) and drives the formation of 

dsRNA.  The expression vector was transformed into the HT115 bacterial strain, 

which was then fed to the worms as described (Kamath et al., 2001).  After 48-60 hr, 

protein extracts were prepared by sonication of either whole worms or embryos and 

subjected to SDS-PAGE and Western blotting as described below. 

 
7.  Western Blotting 

 Protein was digested with 1 mU chondroitinase ABC (Seikagaku) and/or 1 mU 

heparin lyase II (Sigma) for 3-5 hr at 37OC and analyzed by SDS-PAGE after 

reduction with β-mercaptoethanol and alkylation with iodoacetamide.  Recombinant 

proteins expressed in animal cells were Western blotted with either an anti-Myc 

mAb (1:5000 dilution, Invitrogen) or the 1-B-5 chondroitin stub mAb (1:1000, 

Seikagaku) followed by goat anti-mouse secondary antibody (1:2000, BioRad).  

Blots were visualized with a WestPico Chemilumenescent Kit (Pierce). 

 

D.  Results 

1.  C. elegans expresses multiple novel CPGs 

 To identify CPGs in C. elegans, BLAST and PSI BLAST searches using all 

known mammalian CSPG sequences against the C. elegans genome were performed.  
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No obvious homologs emerged from this analysis, with the exception of 

bamacan/SMC3 (Y47D3A.26).  However, the coding sequence for bamacan lacks a 

signal peptide present in all proteoglycans, consistent with the idea that most of the 

protein is found in the nucleus (Ghiselli and Iozzo, 2000).  To identify C. elegans 

CPGs, worm extracts were digested with chondroitinase ABC, analyzed by SDS-

PAGE after reduction and alkylation, followed by Western blotting using the 1-B-5 

mAb, which recognizes a neo-epitope generated by chondroitinase digestion (Fig. 

1).  Numerous protein bands were detected in whole worm (Lanes 2-3) and embryo 

extracts (Lane 4), and some of the bands in the embryos were unique.  Omission of 

chondroitinase ABC did not yield any of the bands (Lane 1).  Digestion with the 

combination of chondroitinase ABC and heparin lyase II produced an identical 

pattern, suggesting that none of the chondroitin bearing proteoglycans existed as 

hybrid molecules containing both heparan sulfate and chondroitin chains (data not 

shown).  Treatment of samples with PNGase F, which removes Asn-linked glycans, 

also had no effect on the pattern (data not shown).  The mass of the individual 

proteoglycans varied from ~10 kDa to >200 kDa.  

 To identify the individual proteoglycan core proteins, CPGs were purified from 

adult worms by anion exchange chromatography using DEAE-Sephacel (0.2 M – 1 

M NaCl).  Samples were reduced, alkylated, and treated with trypsin.  The 

glycopeptides were repurified by a second round of anion-exchange 

chromatography.  In some experiments, the glycopeptides were further purified by 

gel filtration chromatography, which took advantage of the large hydrodynamic 
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volume imparted by the chondroitin chains to separate the glycopeptides from 

contaminating peptides rich in acidic amino acids.  Treatment of the glycopeptides 

with alkali resulted in β-elimination of the chains.  The resulting free 

polysaccharides eluted from a gel filtration column near the void volume based on 

carbazole reaction (Fig. 2).  This material was entirely sensitive to chondroitinase 

ABC, which digests chondroitin into disaccharides.  Thus, the glycopeptide fraction 

obtained in this way contained very little heparan sulfate or Asn-linked 

oligosaccharides.   
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Figure 1.  C. elegans expresses multiple CPGs 

 Crude extracts from whole worms (lanes 1-3) or embryos (lane 4) were 
digested with chondroitinase ABC (lanes 2-4) and separated by SDS-PAGE.  Western 
blotting was carried out with mAb 1-B-5, which recognizes a neo-epitope generated 
by chondroitinase digestion.  The undigested control (lane 1) demonstrates the 
specificity of the antibody for chondroitin stubs.  Lane 2 and 4, 10 µg protein; lane 1 
and 3, 40 µg protein.  The carats indicate the position of protein bands that arose only 
after chondroitinase ABC digestion. 
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Figure 2.  Material released by BEMAD is ABC-sensitive 

 Material released by b-elimination was analyzed by gel filtration HPLC and 
carbazole reaction to measure uronic acids (Materials and Methods).  Untreated 
sample eluted near the void volume (Vo, elution position of blue dextran) (●).  Sample 
digested with chondroitinase ABC prior to HPLC analysis eluted near the included 
volume (Vt, elution position of [1-3H]glucose) where disaccharides elute (■). 
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 β-elimination results in the formation of dehydroalanine from Ser, which is 

susceptible to Michael addition with a nucleophile like dithiothreitol (DTT) (Wells 

et al., 2002).  This reaction was inefficient, resulting in some peptides containing 

DTT (mass increase of 167 Da) and some containing dehydroalanine (loss of 18 Da).  

Peptides that fit these mass criteria were then used to search the C. elegans proteome 

database using SEQUEST software.  In some cases peptides were found in which 

cleavage had occurred either proximal to or directly at putative Ser attachment sites, 

possibly due to β-elimination or susceptibility of the bonds near the glycosylation 

site to ionization in the mass spectrometer.  Additional selection criteria required 

that the putative proteoglycan contain a hydrophobic signal peptide, which would 

direct the protein into the secretory pathway where glycosylation occurs.  

Additionally, each protein had to contain at least one putative glycosaminoglycan 

attachment consensus sequence, which consists of a Ser residue flanked on its C-

terminal side by Gly and one or more Asp or Glu residues near the glycosylation site 

(Esko and Zhang, 1996).  Nine independent purifications of C. elegans CPGs were 

analyzed in this way, which yielded nine putative CPG core proteins designated 

CPG-1 through CPG-9 (Fig. 3).   

 CPG-1 (C07G2.1a) and CPG-2 (B0280.5) have predicted masses of 62 and 54 

kDa, respectively (Fig. 3).  CPG-1 was identified previously as CEJ-1 based on its 

cross reactivity with an antibody to a mammalian tight junction protein.  It contains 

five putative glycosylation sites (1 confirmed by mass spectrometry), whereas CPG-

2 has as many as 34 sites (4 confirmed by mass spectrometry).  CPG-1 and CPG-2 
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also contain 3 or 6 peritrophin-A chitin-binding motifs, respectively, defined by the 

arrangement of six cysteine residues that can form three disulfide bridges in a 

characteristic pattern (Wright et al., 1991; Beintema, 1994; Venegas et al., 1996; 

Merzendorfer and Zimoch, 2003).  CPG-1 contains two chitin-binding domains in 

the N-terminal half of the protein and one in the C-terminus, whereas in CPG-2 the 

chitin-binding domains lie between sites predicted to be glycosylated.  Additionally, 

the C-terminal half of CPG-1 contained many Thr, Val and Pro residues, resembling 

a segment of Muc-2, a membrane mucin present in vertebrates (Fig. 5A).  CPG-3 

(R06C7.4) has a predicted mass of 30 kDa and potentially carries 15 chondroitin 

chains, but exhibits no other conserved protein folds.  It shows 21% identity to CPG-

2, mainly in the putative glycosylated region.  No glycosylation sites were identified 

by tagging, as the recovered peptides flanked the putative glycosaminoglycan 

attachment sites but did not include them.  This finding suggested that either the 

modified peptide was weakened at these sites during MS/MS fragmentation, or that 

β-elimination resulted in peptide cleavage at the glycosylation sites.  Expression of 

cpg-1, cpg-2, and cpg-3 is enriched in the C. elegans germline, suggesting possible 

activity in germline development and progression, spermatogenesis, oogenesis, or 

embryogenesis (Reinke et al., 2000).   

 CPG-4 (C10F3.1) has the largest predicted mass of the C. elegans CPGs at 84 

kDa and has the majority of its 35 predicted glycosaminoglycan attachment sites in 

the C-terminal half of the protein.  CPG-5 (C25A1.8) and CPG-6 (K10B2.3a) are 

highly related, showing 67% identity and 90% similarity to each other.  CPG-5 and 
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CPG-6 contain only one putative chondroitin site towards the N-terminus and a C-

type lectin domain in the C-terminal half of the protein, like the aggrecan family of 

vertebrate CSPGs (Zelensky and Gready, 2003).  cpg-5 and cpg-6 transcripts are 

also enriched in the germline.   

 CPG-7 and CPG-8 have predicted masses of only ~12 kDa.  CPG-7 contains 

11 putative glycosylation sites, five of which were confirmed by mass spectrometry, 

whereas CPG-8 contained 6 putative glycosylation sites, 5 confirmed by mass 

spectrometry.  Of the multiple peptides identified in CPG-8 samples, some contained 

a single modified site at either residue 61 or 63, while others were modified at both 

positions.  The same was true of residues 81 and 88.  It is not known whether site-

specific glycosylation occurred in a tissue-specific or developmentally regulated 

manner.  CPG-9 was only 7 kDa.  Two of four glycosylation sites were confirmed 

by mass spectrometry.   
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Figure 3.  C. elegans CPGs identified by mass spectrometry 

 CPGs were purified from worm extracts and identified by mass spectrometry 
analysis.  Nine independent purifications resulted in identification of nine CPGs.  The 
predicted sizes are based on amino acid sequence, and the apparent sizes are based on 
SDS-PAGE migration of recombinant proteins expressed in COS-7 cells after 
digestion with chondroitinase ABC and reduction.  Putative glycosylation sites consist 
of Ser-Gly dipeptides flanked by one or more acidic amino acids.  Identified sites are 
serine residues modified with DTT by the BEMAD method (Materials and Methods).  
Genes enriched for germline expression were identified by Reinke et al. (2000).  ND = 
not determined.  Schematic drawings of each CPG are shown.  Gray circles indicate 
signal peptides, black ovals are peritrophin-A chitin binding domains, diagonally 
hatched boxes identify C-type lectin domains, and dotted lines below the protein 
indicate peptide coverage discovered by mass spectrometry.  Short vertical lines 
identify putative Ser-Gly glycosylation sites, whereas the tall vertical lines show Ser-
Gly sites modified with DTT. 
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 To confirm that the C. elegans CPGs identified by mass spectrometry could 

serve as a scaffold for chondroitin synthesis, the cDNA sequences were cloned into a 

mammalian expression vector with a C-terminal Myc-tag and expressed in 

mammalian COS-7 cells.  Conditioned media was harvested 48 hr post-transfection, 

purified by anion exchange chromatography, digested with chondroitinase ABC, 

separated by SDS-PAGE and reacted with an antibody to Myc.  CPG1-6 yielded 

reactive protein bands that were not present when chondroitinase ABC digestion was 

omitted (Fig. 4).  Attempts to express CPG7-9 have thus far been unsuccessful, 

possibly due to the small size of the protein core.  Interestingly, several of the 

proteoglycans did not migrate at the molecular mass predicted by their primary 

sequence, suggesting tertiary or quaternary structures or that the chondroitin stub 

oligosaccharides altered their migration.  Syndecan proteoglycans expressed by 

animal cells also migrate aberrantly, often at twice their predicted size (Bellin et al., 

2002).   
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Figure 4.  CPG-1 through CPG-6 are CPGs 

 CPG-1 through CPG-6 were expressed as myc-tagged recombinant proteins in 
COS-7 cells.  Conditioned media was purified over DEAE-Sephacel.  Bound material 
was digested with chondroitinase ABC (+), or left untreated (-), and separated by 
SDS-PAGE.  Western blotting was performed with an anti-myc mAb. 
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2. CPG-1 and CPG-2 

 Genome-wide RNAi screens have not identified phenotypes for any of the cpg 

genes, suggesting either functional redundancy or subtle phenotypes 

(www.wormbase.org).  However, simultaneous RNAi inhibition of cpg-1/cej-1 and 

cpg-2 resulted in early embryonic lethality, with accumulation of multi-nucleated 

single-cell embryos suggesting a defect in cytokinesis (Lee and Schedl, 2001).  

Because this phenotype resembles sqv-5(n3611) chondroitin synthase mutants or 

wildtype worms treated with sqv-5 RNAi, we decided to analyze these proteoglycans 

in greater detail.    

 To examine whether CPG-1 and CPG-2 behaved as CPGs in vivo, worms were 

fed bacteria expressing dsRNA directed against cpg-1 or cpg-2 mRNA and samples 

were analyzed by Western blotting. Western blotting of cpg-1 depleted extracts did 

not show any differences from extracts of worms fed on empty vector, suggesting 

that CPG-1 may have been expressed at low levels or that additional modifications 

to the chain (e.g., O-linked oligosaccharides in the mucin-like domain) obscured its 

resolution by SDS-PAGE (Fig. 5C). When expressed in COS-7 cells, CPG-1 

migrated as ~150 kDa protein, but worms did not show an obvious band at this Mr.  

In contrast, cpg-2 depleted extracts showed a striking reduction of the major band at 

100-120 kDa, while the other major core protein band at 60 kDa remained unaltered 

(Fig. 5C).  Reduction of the bands at ~50 kDa (the predicted mass of the protein was 

54 kDa, Fig. 3) and at ~85 kDa was also observed, suggesting that most of the 

protein bore multiple chondroitin chains that shifted the Mr to higher values.  Similar 
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results were observed in extracts generated from eggs of dsRNA-fed animals, 

suggesting that embryos also express CPG-2 (data not shown).  Extracts depleted of 

both cpg-1 and cpg-2 resemble those depleted of cpg-2 alone.  These findings 

confirmed that CPG-2 was expressed as a CPG in worms, but left open the question 

as to extent of modification of CPG-1. Both CPG-1 and CPG-2 have the hallmarks 

of a proteoglycan based on the requisite Gly residue C-terminal to each Ser 

attachment site and flanking Asp or Glu residues (Fig. 5A,B).  The observation that 

CPG-1 was tagged by DTT addition and was expressed efficiently as a CSPG in 

COS-7 cells suggest that it most likely contains at least one chondroitin chain in 

vivo. 
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Figure 5.  CPG-1 and CPG-2 protein sequences resemble proteoglycans, and 
CPG-2 acts as a CPG in vivo. 

 Amino acid sequences of CPG-1 (A) and CPG-2 (B) are shown.  The signal 
peptide is indicated by a solid underline.  Peptide sequences identified by mass 
spectrometry are designated by dashed lines.  Putative glycosylation sites are 
identified by an asterisk (*).  Utilized glycosylation sites, as determined by DTT 
addition, are boxed.  Numbers indicate amino acid position. (C) Western blot of 
extract from worms fed with the indicated dsRNA.  Samples were digested with 
chondroitinase ABC and blotted with the 1-B-5 mAb that recognizes the chondroitin 
stub remaining after enzyme digestion.  Numbers on the left side of the gel indicate 
molecular weights (kDa). 
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3.  CPG-1 and CPG-2 are required for cytokinesis and embryonic viability 

 To further understand the role of CPG-1 and CPG-2 in embryonic 

development, we looked more closely at the first cell division where defects have 

been reported in sqv-5 mutants (Hwang et al., 2003b).  The OD58 strain was used in 

these studies since it expresses in the germline a GFP-tagged phospholipase-C 

plextrin homology domain, which binds to PIP3, thus rendering the plasma 

membrane fluorescent green.  L4 larvae or young adults were injected with dsRNA 

targeting cpg-1, cpg-2, cpg-1/cpg-2, or sqv-5 and analyzed by Nomarski DIC 

microscopy (Fig. 6, upper panels) or fluorescence microscopy (Fig. 6, lower panels).  

Depletion of cpg-1 or cpg-2 alone had no effect on fertilization, membrane ruffling, 

pseudocleavage, pronuclear meeting and rotation, karyokinesis, and cytokinesis.  

Initiation of the cleavage furrow was evident (Fig. 6D, bottom panel), and two 

separate daughter cells were routinely seen (Fig. 6E).  The embryo rotated during 

filming in the example, but a four-celled embryo was distinctly seen at the end, 

demonstrating the fidelity of the second round of cell division (Fig. 6G).   

 Simultaneous depletion of cpg-1 and cpg-2 resulted in severe perturbations in 

embryonic development.  Fertilization, pronuclear meeting and rotation occurred 

normally, but polar body extrusion failed and the nuclear content fused with that of 

the pronucleus (Fig. 6I,J).  Additionally, membrane ruffling normally seen in wild-

type embryos was absent, as was the space between the embryonic plasma 

membrane and the eggshell present during normal cell division (compare Fig. 6C, 

bracket and Fig. 6J, solid white lines).  Spindle formation appeared normal and the 
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chromosomes attempted segregation during nuclear division, but the cleavage 

furrow failed to initiate (Fig. 6K,L) and cytokinesis stalled (Fig 6L).  Without the 

barrier of a new cell membrane, the daughter nuclei fused (Fig. 6M) and repeatedly 

attempted cell division without cytokinesis (Fig. 6N).  These data are similar to that 

observed in sqv-5(RNAi) experiments (Fig. 6O-U, also see (Hwang et al., 2003b)).   
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Figure 6.  CPG-1 and CPG-2 are required for embryonic cell division. 

 The first two cell divisions of embryos depleted of cpg-2 (A-G), cpg-1/cpg-2 
(H-N), and sqv-5 (O-U) were analyzed by DIC Nomarski microscopy (upper panels) 
and membrane-GFP fluorescence (lower panels).  (A, H, O) Pseudocleavage initiates 
in the cpg-1 single RNAi (outlined arrowheads), but not in the cpg-1/cpg-2 double or 
sqv-5 RNAi embryos.  The maternal (m) and paternal (p) pronuclei are indicated.  (B, 
I, P) Pronuclear fusion proceeds normally in single, double, and sqv-5 RNAi embryos.  
However, extrusion of the second polar body fails in doubly depleted and sqv-5 
embryos (*).  (C, J, Q) Rotation of the fused nuclei.  (D, K, R) Initiation of the first 
cell division.  The cleavage furrow is seen in cpg-1(RNAi) embryos (black 
arrowheads).  (E, L, S) Cytokinesis is complete in cpg-1(RNAi) embryos, forming two 
daughter cells.  Nuclear division looks normal in cpg-1/cpg-2(RNAi) and sqv-5 
embryos but cytokinesis did not initiate, causing the daughter nuclei and polar body to 
rejoin (M, T).  Cell division is attempted again (N, U) resulting in multiple nuclei in a 
single-celled embryo (white arrowheads).  The second cell division (F, G) proceeds 
normally in cpg-1(RNAi) embryos. 
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 Singly- and doubly-injected animals had brood sizes comparable to uninjected 

worms, as well as worms injected with buffer alone (Table 1).  cpg-2(RNAi) and sqv-

5(RNAi) worms had slightly smaller average brood sizes, but this difference was not 

statistically significant (P > 0.05 by one-way ANOVA).  RNAi depletion of cpg-1 or 

cpg-2 alone also had no effect on viability, since 96-99% of the embryos hatched 

into healthy larvae that grew into normal fertile adult animals (Table 1).  However, 

simultaneous depletion of cpg-1 and cpg-2 had a synergistic effect, resulting in 

failure of all embryos to hatch.  sqv-5(RNAi) treatment also had no effect on egg 

production or laying, but had a similar hatching phenotype to cpg-1/cpg-2(RNAi) 

(95% of progeny failed to hatch).  A few sqv-5(RNAi) escapers hatched and survived 

to the adult stage, but these animals failed to produce viable progeny (data not 

shown).  Heterozygous sqv-5(n3611) +/- animals injected with cpg-1 or cpg-2 

dsRNA had similar brood sizes and embryonic viability as their buffer injected 

counterparts (data not shown), suggesting that chondroitin levels were not reduced 

enough in the heterozygote to see an effect after depletion of a single CPG.  cpg-

1/cpg-2(RNAi) and sqv-5(RNAi) embryos were refractory due to buildup of multiple 

nuclei (data not shown).  Together, these results show that inhibiting expression of 

CPG-1 and CPG-2 has the same biological effect as removing the SQV-5 

chondroitin synthase. 
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Table 1.  24-hour brood size and viability in RNAi-treated animals 

Number of embryos and hatched L1 larvae was assessed 24 hours after placing control 
worms or worms injected with dsRNA on individual plates.  Viability was determined 
24+ hours after the initial brood size was counted, and is calculated as number of 
hatched larvae divided by total number of embryos laid.  n=6-11. 
 

     
RNAi Treatment 24 hr Brood Size* SD Range Viability 

Uninjected 133 43 75-197 98.9% 
Buffer 120 45 65-178 99.6% 
cpg-1 95 34 64-184 95.9% 
cpg-2 144 42 87-202 99.2% 

cpg-1/cpg-2 129 56 62-203 0.0% 
sqv-5 77 22 22-114 4.8% 

 

* One-way ANOVA analysis showed no significant difference between brood sizes.  P > 0.05 
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E.  Discussion 

1.  A proteomic approach for identifying novel proteoglycans 

 We report here the identification of a novel class of CPGs in C. elegans.  The 

identification scheme employed a combination of conventional methods to purify 

proteoglycans and glycopeptides based on the large mass and polyanionic character 

of the chondroitin chains coupled with Western blotting of core proteins after 

chondroitinase digestion.  The additional step of tagging glycosylation sites after β-

elimination, mass spectrometry, and the requirement that all hits had to have 

characteristic sequences flanking the putative sites and a signal peptide provided 

adequate restrictions to ensure that the majority of identified proteins had the 

properties of a proteoglycan.  Although DTT addition was not stoichiometric, the β-

elimination step introduced an alternate method to identify the protein via the 

dehydration of Ser to dehydroalanine (Wells et al., 2002).  Attempts to optimize the 

DTT-addition reaction have not yet yielded higher efficiency, and other methods are 

needed to improve this step so that more detailed information about the sites of 

attachment of the chondroitin chains and relative stoichiometry might emerge.  

Regardless of its limitations, the current protocol led to the identification of at least 

nine proteins that had the hallmarks of CPGs, and six served as substrates for 

chondroitin sulfate assembly when expressed in mammalian cells.  This method 

should be generally applicable to other organisms, tissues, isolated cells, and 

secretions for which little information about the proteoglycan composition exists.   
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 It should also be possible to adapt the current method for the detection of 

heparan sulfate proteoglycans.  Heparan sulfate proteoglycans were not detected in 

this study, probably because worms express ~250 times more chondroitin sulfate 

than heparan sulfate (Yamada et al., 1999; Toyoda et al., 2000).  However, genomic 

analysis of C. elegans using vertebrate heparan sulfate proteoglycan core protein 

sequences revealed homologs of the membrane proteoglycans syndecan and 

glypican, as well as the secreted proteoglycans agrin, perlecan and collagen XVIII.  

Vertebrates also express multiple membrane CSPGs (e.g., NG2, CD44, and 

phosphacan) (Olson and Esko, 2004).  However, all of the C. elegans CPGs detected 

to date appear to be secretory proteoglycans since they lacked any predicted 

membrane spanning segments or consensus sites for the attachment of 

glycosylphosphatidylinositol anchors.   

 The lack of homology between C. elegans CPGs and vertebrate CSPGs raises 

interesting questions about the evolution of these molecules. All core proteins 

regardless of source contain consensus sequence motifs required for initiation of 

glycosaminoglycan biosynthesis (Esko and Zhang, 1996).  Furthermore, C. elegans 

expresses orthologs of all of the vertebrate enzymes required for assembly of the 

linkage region tetrasaccharide (xylosyltransferase, galactosyltransferases I and II, 

and glucuronyltransferase I, (Bulik et al., 2000; Hwang et al., 2003a)) as well as the 

chondroitin polymerizing system (Hwang et al., 2003b; Mizuguchi et al., 2003), 

including the newly discovered chondroitin polymerizing factor (Izumikawa et al., 

2004).  These findings indicate that the mechanism of chain initiation and 
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polymerization evolved early in metazoans and has been maintained by strong 

selection, whereas the proteins on which the chains assemble continue to evolve to 

serve specialized functions.  Thus, CPG-1 and CPG-2 have binding domains that can 

interact with chitin in the nematode eggshell, whereas no vertebrate proteoglycans 

contain this motif.  The presence of chitin in insect exoskeletons and peritrophic 

matrices that line the gut suggests that orthologs might exist in Drosophila 

(Merzendorfer and Zimoch, 2003).  BLAST searches with CPG-2, -3, and -4 protein 

sequences identified CG6048 as a potential homolog in Drosophila, supporting this 

hypothesis.  Interestingly, the evolutionary separation of organisms containing 

exoskeletons (in the protostome lineage) from those containing endoskeletons (in the 

deuterostome lineage) seems to correlate with the disappearance of chitin and 

appearance of hyaluronic acid (a copolymer of GlcNAc β1,4GlcAβ1,3) and sulfated 

forms of chondroitin.  During this period, new chondroitin core proteins evolved 

with hyaluronic acid binding motifs to stabilize the specialized extracellular matrix 

unique to cartilage, bone and tendons (Yamaguchi, 2000).  Simultaneously, CPGs 

with chitin binding motifs disappeared. Current data regarding the distribution of 

different classes of CPGs in species is sparse, and additional studies are needed 

using techniques like the one reported here to identify the proteoglycans in different 

organisms. 

 
2.  CPGs play essential roles in embryonic cell division in C. elegans 

 Our preliminary analysis of RNAi depletion of either cpg-1 or cpg-2 suggested 

no effect on embryogenesis or morphogenesis, but depletion of both genes resulted 
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in a strong embryonic phenotype characterized by failure of the embryo to extrude 

the second polar body following fertilization, loss of membrane ruffling preceding 

pronuclear fusion, and failure to initiate the cleavage furrow prior to cytokinesis.  

All of these phenotypes may be related to loss of the extracellular space between the 

embryo plasma membrane and the eggshell since the various processes might be 

sterically inhibited by their apposition (Fig. 5).  Chondroitin is present both on the 

embryonic cell surface as well as the eggshell, suggesting functions at both locations 

(Sugahara et al., 2003). One of the roles of proteoglycans may be to fill the space 

between the eggshell and the embryo, and the presence of a high concentration of 

polyanions and their counterions causes sufficient hydrostatic pressure to aid in 

formation of the extraembryonic space and subsequent ingress of the cleavage 

furrow.  CPG-1 and CPG-2 could also act as structural elements bridging chitin 

polymers in the eggshell with other components of the embryonic plasma 

membrane.  Regardless of which hypothesis is correct, the presence of the 

proteoglycans is crucial since depletion of both genes resulted in multinucleated 

single cell embryos.  

 Of interest is the finding that less severe inhibition of chondroitin allowed 

furrow formation to initiate and start ingression into the embryo, but completion of 

the furrow did not occur efficiently, resulting in regression of the embryo to a single 

cell.  This phenotype was observed by Mizuguchi et al. (2003) at early time points 

after sqv-5 RNAi treatment, in this study after sqv-5 RNAi treatment and overnight 

recovery at 16oC (data not shown), and in a study by Wang et al. (2005) with partial 
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depletion of sqv-2 and sqv-6, other enzymes involved in chondroitin synthesis.  

These findings suggest that CPGs may participate at more than one stage of cell 

division.  Further studies are needed to determine the identity of CPGs required for 

each of these activities.  

 The original sqv mutants were isolated based on defective larval vulval 

invagination, but interestingly the loss of cpg-1 and cpg-2 by RNAi had no effect on 

vulval morphogenesis (data not shown).  The identity of the relevant CPGs that act 

in vulval morphogenesis is unknown.  CPG-8 represents a candidate gene since it is 

not enriched in the germline like the other CPGs, suggesting a different site of 

action, but the other proteoglycans described here might also play a role in vulval 

morphogenesis.  Since cells may express multiple CPGs, the proteoglycans might 

have redundant properties, making it necessary to perform dual RNAi depletion 

studies and mutagenesis to elicit the squashed vulva phenotype.  Understanding the 

cell-specific expression of individual proteoglycans may provide insights into the 

role these molecules play in early development as well as in the physiology of the 

adult worm. 
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CHAPTER 5 

 

Perspective and Future Directions 

 

A.  Evolution of chondroitin proteoglycan components 

1.  Vertebrate chondroitin synthesis in conserved in C. elegans 

 Vertebrate chondroitin sulfate (CS) is synthesized by several different 

enzymes, starting with a set of four distinct glycosyltransferases that catalyze each 

step of linkage tetrasaccharide assembly.  Chondroitin is then initiated with addition of 

GalNAc by a separate enzyme (Gotoh et al., 2002; Uyama et al., 2002), and chain 

polymerization is carried out by five more (Gotoh et al., 2002; Kitagawa et al., 2001; 

Uyama et al., 2003; Yada et al., 2003a; Yada et al., 2003b).  Activation of the synthase 

enzymes is accomplished by the chondroitin polymerizing factor (Kitagawa et al., 

2003).  In contrast to vertebrate CS, C. elegans chondroitin is a simplified, non-

sulfated version of the vertebrate chain (Toyoda et al., 2000; Yamada et al., 1999).  

While modification by sulfation is absent in the worm, synthesis of the chain occurs in 

a manner identical to vertebrates.  Chapter 2 demonstrated that SQV-6 is the C. 

elegans xylosyltransferase homolog, the enzyme that initiates GAG synthesis on 

protein cores.  SQV-2 was found to have galactosyltransferase-II activity.  These two 

enzymes, in conjunction with the SQV-3 galactosyltransferase-I and SQV-8 

glucuronosyltransferase (Bulik et al., 2000), generate the linkage tetrasaccharide 
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precursor that is common to both chondroitin and heparan sulfate (Figure 1, See also 

Figure 2 of Chapter 1). 

 Chapter 3 demonstrated that SQV-5 is the chondroitin synthase, a dual-

function enzyme that catalyzes polymerization of the chondroitin chain.  SQV-5 also 

possessed chondroitin GalNAcT-I activity, a step catalyzed by a separate enzyme in 

vertebrates (Gotoh et al., 2002; Uyama et al., 2002).  Figure 1 illustrates that each 

enzyme involved in vertebrate chondroitin backbone synthesis has a C. elegans 

counterpart.  Vertebrates have evolved a multigene family for chondroitin 

polymerization, perhaps by gene duplication events, but the essential components of 

the biosynthetic pathway are conserved between vertebrates and C. elegans.  This 

finding suggests that the mechanism of chondroitin assembly arose early during 

metazoan evolution and was maintained by strong selective pressure. 
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Figure 1.  Chondroitin biosynthetic enzymes are conserved in C. elegans 

 C. elegans contains all proteins and enzymes necessary to generate a 
chondroitin chain.  Synthesis of nucleotide sugar donors is performed by the SQV-4 
UDP-Glc dehydrogenase (UGDH) and the SQV-1 UDP-GlcA decarboxylase.  Sugar 
nucleotides are transported from the cytosol into the endoplasmic reticulum (ER) 
and/or Golgi apparatus by the SQV-7 nucleotide sugar transporter.  The linkage 
tetrasaccharide is generated through the actions of the SQV-6 xylosyltransferase 
(XT), SQV-3 galactosyltransferase-I (GalT-I), SQV-2 GalT-II, and SQV-8 
glucuronosyltansferase (GlcAT).  The chondroitin chain is elongated by SQV-5, 
which contains both N-acetylgalactosaminyltransferase-I activity (GalNAcT-I) and 
chondroitin synthase activity (CSS).  The PAR2.4 chondroitin polymerizing factor 
(ChPF) activates the synthase enzyme(s). 
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2.  C. elegans expresses a novel set of chondroitin core proteins 

 While chondroitin biosynthesis is essentially identical in vertebrates and C. 

elegans, the core proteins on which the chains assemble are distinctly different.  In 

silico analysis showed that no known CSPGs were present in the worm genome.  A 

biochemical purification and proteomics approach identified nine novel chondroitin 

proteoglycans (CPGs) in the worm, none of which showed homology to any 

vertebrate proteins.  One notable observation was that even though the main body of 

the protein was not similar to other known CSPGs, the consensus sequence for GAG 

attachment (Ser-Gly flanked by acidic amino acids) was conserved in all CPGs.  

Recognition of the attachment site is likely a function of the highly conserved 

xylosyltransferase, suggesting that GAG attachment sites have been maintained by 

selective pressure while the remainder of the protein scaffold is flexible. 

 It is interesting to speculate that a different set of proteoglycan core proteins 

have evolved to serve functions specific to the need of the organism.  For example, 

C. elegans CPG-1 and CPG-2 are necessary for early cell division, possibly through 

interaction with chitin in the embryonic eggshell (see discussion below).  Higher 

organisms do not synthesize chitin, but they do require chondroitin sulfate in tissues 

not present in the nematode, including cartilage, bone, and the circulatory system 

(See Tables 2 and 3 in Chapter 1).  A more thorough understanding of how core 

protein choice ties to chondroitin (sulfate) function could be addressed by analyzing 

proteoglycans of organisms lying between nematodes and mammals on the 

evolutionary tree.  Potential targets include Drosophila melanogaster, another 
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invertebrate with a chitinous exoskeleton that expresses a partially modified 

chondroitin with sulfate residues at the 4-O position.  D. melanogaster lacks 

dermatan sulfate (DS) (Toyoda et al., 2000); the sea urchin, an invertebrate lacking 

chitin but shown to require chondroitin sulfate for embryogenesis (Lane et al., 1993; 

Lane and Solursh, 1988; Lane and Solursh, 1991; Solursh et al., 1986); and 

zebrafish, another organism with a more complicated body plan that expresses CS 

and DS.  Few CSPG core proteins have been described in zebrafish, and none have 

been characterized in flies or sea urchins.  It would be fascinating to determine 

which evolutionary events coincided with the development of modern mammalian 

CSPGs as core proteins.  One possibility is the transition from an exoskeleton to an 

endoskeleton.  This transition seems to correlate with the loss of chitin and 

expression of hyaluronan (HA) in higher organisms.  One hallmark of vertebrate 

CSPGs is the presence of HA binding domains in the Aggrecan family of 

proteoglycans.  Interaction between HA and CSPGs stabilizes the extracellular 

matrix of cartilage and other tissues not present in lower organisms. 

 

B.  A proteomics approach to proteoglycan identification 

1.  Universal applicability 

 The biochemical purification and proteomic identification of proteoglycan core 

proteins outlined in Chapter 4 can be applied to any system where knowledge of PG 

components is desirable.  One application of this method is to identify novel core 

proteins in model organisms in which PG content is unknown, such as Drosophila 
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and sea urchin as described above.  As evidenced by my work in C. elegans, the 

method is especially useful in identifying novel PGs that do not show sequence 

homology to known PGs, or in organisms whose genomes have not yet been 

sequenced.  This approach can also be used to determine the spatial and temporal 

distribution patterns in order to study functional impact of PGs.  The work described 

here identified CPGs from a mixed stage population of worms, but it should be 

possible to apply the method to determine PG expression at different stages of worm 

development.  For example, comparing the PGs present in eggs versus L4 larvae 

might shed light on which PGs are relevant for embryogenesis versus vulval 

invagination.  A similar approach makes it possible to compare CSPGs expressed in 

various mouse tissues, such as liver or brain. 

 
2.  Advantages 

 The combination of target protein enrichment and BEMAD tagging of 

glycosylation sites makes this method a powerful diagnostic technique.  Historically, 

identification of an unknown protein by MALDI-TOF mass spectrometry 

necessitated purification of the protein of interest to homogeneity, a potentially 

daunting task that could exclude proteins expressed at low levels.  The subproteomic 

approach of partial purification and analysis by the multi-dimensional peptide 

identification technique (MudPIT, a 2-dimensional liquid chromatography 

separation) makes it possible to identify proteins that are present in the sample at 

relative concentrations as low as 1 part in 1000 (Schirmer et al., 2003).  This 

approach proved to be essential for our identification of C. elegans CPGs.  Earlier 
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attempts at purifying CPGs to a point where they were pure and abundant enough to 

be visualized by silver or Coomassie stained gels were highly unsuccessful.  With 

the MudPIT technique, the protein of interest need only be partially purified, 

reducing the effort and time required for identification. 

 The MudPIT subproteomic approach identified nine CPGs present amid 

extensive contamination.  The BEMAD tagging technique excluded all proteins that 

were not modified with DTT at serine residues.  The end result was not only ability 

to screen CPGs from contaminants, but also to identify sites of chondroitin 

attachment to the protein cores.  Most PGs contain multiple putative GAG 

attachment sites.  The BEMAD method makes it possible to identify which of these 

sites are modified in vivo.   

 
3.  Limitations 

 While the methods described above resulted in identification of nine novel C. 

elegans CPGs, the incomplete conditions used for tagging sites might have obscured 

the true number of worm CPGs.  All of the identified CPGs are thought to be 

secreted proteins due to lack of transmembrane domains or consensus sites for the 

attachment of glycosylphosphatidylinositol anchors.  However, many vertebrate 

CSPGs are embedded in the membrane, so it seems possible that C. elegans 

membrane CPGs were missed with this method.  Isolation of C. elegans membrane 

CPGs, if they exist, may necessitate a different extraction procedure.  Heparan 

sulfate proteoglycans also were not identified by this method.  One explanation is 

the low abundance of heparan sulfate compared to chondroitin (Toyoda et al., 2000; 
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Yamada et al., 1999).  Another explanation is that this method did not enrich for 

membrane PGs such as syndecan and glypican. 

 It may also be necessary to refine the BEMAD method to identify all sites of 

chondroitin attachment.  β-elimination of the chain occurs efficiently but DTT 

addition was sub-stoichiometric, evidenced by peptides that included a mass 

consistent with dehydroalanine (-18 Da), the product of serine β-elimination.  

Fortunately it is possible to search the protein database for both gain of DTT (+167 

Da) and loss of water, but it would be more desirable that all GAG attachment sites 

were labeled.  Futher work is needed to optimize the Michael addition reaction. 

 True tryptic peptides were observed less frequently than expected in most 

samples.  Some peptides contained either argenine or lysine at one terminus of the 

peptide, but others ended in an unexpected amino acid.  In some cases the peptide 

terminated in either a Gly or modified Ser, suggesting that the GAG attachment sites 

are susceptible to cleavage either during β-elimination or mass spectrometry 

fragmentation.  In other cases the peptide seemed to have been cleaved at a random 

position.  Analysis of expected tryptic peptides of CPG proteins showed that they 

could be extremely long, sometimes reaching ~100 amino acids.  Optimal peptide 

length for MS/MS analysis is 10-20 amino acids.  To accurately identify 

proteoglycans by this method, it may be necessary to find a combination of different 

proteases to optimally cleave proteins into optimal fragment sizes. 
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C.  Functions of C. elegans chondroitin proteoglycans 

1.  Functional redundancy 

 It may be difficult to determine the role of individual CPGs in C. elegans 

development.  Several genome-wide RNAi screens failed to identify phenotypes for 

any of the nine cpg genes (Gonczy et al., 2000; Hanazawa et al., 2001; Kamath et 

al., 2003; Piano et al., 2002; Rual et al., 2004; Sonnichsen et al., 2005).  The wild-

type phenotype might be explained by functional redundancy of the CPG proteins, 

which would be consistent with the fact that none of the sqv mutants had defects in a 

CPG core protein.  Depletion of cpg-1 and cpg-2 alone had no phenotype, but 

simultaneous depletion of both genes resulted in a dramatic embryonic cell division 

defect (Chapter 4).  Both CPG-1 and CPG-2 are putative chitin-binding proteins, and 

the synergy resulting from removal of both gene products suggests they are 

functionally redundant.  It is possible that RNAi depletion of single cpg transcripts 

results in subtle phenotypes that were not picked up by the genome-wide RNAi 

screens, but chances are that multiple cpg transcripts will need to be depleted to see 

a phenotype. 

 One possible explanation for the apparent functional redundancy of the CPGs 

is similarity of protein structure.  CPG-1 and CPG-2 both contain chitin-binding 

domains.  CPG-3 and CPG-4 contain multiple Ser-Gly GAG attachment sites 

resembling those of CPG-2.  CPG-5 and CPG-6 are 67% identical and 90% similar, 

so they might compensate for each other.  CPG-7, -8, and -9 are all very small 

proteins with several GAG attachment sites.  The fact that the nine C. elegans CPGs 
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seem to fall into “classes” suggests that the various class members may have 

redundant functions. 

 Future experiments will entail depleting the cpgs in combination with each 

other to determine which CPGs are functionally redundant in order to elucidate their 

biological functions.  cpg depletion can initially be accomplished through RNAi 

experiments, but eventually null mutations in each gene will need to be generated 

(no mutants currently exist for any of the cpgs).  Reverse genetic technology in the 

worm has advanced into a relatively routine method.  These mutants can be 

generated either by the C. elegans Gene Knockout Consortium 

(http://celeganskoconsortium.omrf.org) or through an individual effort.  While the 

null allele “sledgehammer” approach will demonstrate the function of the CPGs, it 

will also be interesting to separate chondroitin function from possible roles of the 

protein core itself.  Site-directed mutagenesis can be used to generate a CPG 

construct that is essentially wild-type except for deletion of the chondroitin 

attachment sites.  This will be an interesting experiment to perform with CPG-1 and 

CPG-2 to determine the importance of the chitin binding domains versus the 

chondroitin chains.  It will hopefully also shed light on the relevance of the C-type 

lectin domains of CPG-5 and CPG-6.  These two proteins contain only one putative 

glycosylation site, similar to the mammalian CSPG decorin.  Evidence shows that 

the decorin core protein is the biologically relevant domain of the molecule, as 

removal of the CS chain has no effect on phenotype (Vogel et al., 1987).  Whether 

CPG-5 and CPG-6 function in a similar manner remains to be determined. 
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2.  Temporal and spatial expression 

 C. elegans CPGs were purified from a mixed-stage population of worms, so it 

is not possible to draw any definitive conclusions about their sites of action.  It is 

likely that some, if not all, of the CPGs will function in vulval morphogenesis and 

early embryogenesis based on the phenotype of the sqv-5 mutants (Herman et al., 

1999; Hwang et al., 2003).  Hints as to possible involvement come from a study of 

genes enriched for germline expression.  Transcripts from wild-type and germline-

deficient (glp-1) worms were compared by microarray analysis (Reinke et al., 2000).  

Genes not expressed in glp-1 mutants but abundant in wild-type worms were 

inferred to be enriched for germline expression.  cpg-1, -2, -3, -5, and -6 are enriched 

in the germline, while cpg-8 is not (Figure 2 of Chapter 4).  cpg-4, -7, and -9 were 

not analyzed.  This study gives us candidate genes to test for embryogenesis and 

vulval phenotypes. 

 In addition to the candidate gene approach, it will also be necessary to directly 

establish the localization patterns of each CPG.  The Serial Analysis of Gene 

Expression (SAGE) database (http://tock.bcgsc.bc.ca/cgi-bin/sage140), which 

analyzes mRNA expression at various stages of development, found that cpg-1 

through -6 transcripts are upregulated around the L4 larval stage and persist through 

the adult stage before decreasing during embryogenesis, consistent with their 

expression in the germline.  Expression pattern information is not available for any 

of the cpgs through the Genome Sciences Centre that looks at promoter::GFP 
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constructs (http://elegans.bcgsc.ca/perl/eprofile/index) or the Nematode Expression 

Pattern Database (http://nematode.lab.nig.ac.jp). 

 Expression constructs for cpg-1 and cpg-2 using native genomic DNA 

promoter sequence to drive a translational GFP fusion product are under 

development.  Localization of the GFP-tagged proteins will hopefully shed some 

light on the site(s) of action of each CPG.  In the case of CPG-1 and CPG-2, it will 

be interesting to determine if the proteins are expressed at the embryonic plasma 

membrane, adjacent to the eggshell, and/or within the cleavage furrow (see 

discussion below in section D).  One study found CPG-1/CEJ-1 to be expressed in 

only two cells near the pharynx (Mounsey et al., 2002), but the study by Reinke et 

al. (Reinke et al., 2000) and our RNAi results (Chapter 4) show that it is expressed 

and acts in the germline and embryos.  This suggests cpg-1 is either expressed at low 

levels, or that the 2000 base pairs of upstream promoter used by Mounsey et al. 

(Mounsey et al., 2002) did not contain enough of the endogenous 8000 base pair 

sequence to drive normal expression.  We also plan to generate antibodies against 

each of the CPGs as an alternate method to study protein localization. 

  

D.  Model for CPG function in embryonic cell division 

 Chondroitin was identified as a molecule fundamental for vulval invagination 

and embryogenesis, the loss of which results in the squashed vulva phenotype.  How 

might chondroitin and its associated proteoglycan cores direct these processes? 
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1.  Site of action 

 Expression of cpg-1/cej-1 and cpg-2 is translationally regulated in the C. 

elegans gonad.  Transcripts are present as early as the L4 stage and increase in 

abundance during the adult stage of development (SAGE database 

http://tock.bcgsc.bc.ca/cgi-bin/sage140).  A screen performed by Lee et al. showed 

that cpg-1 and cpg-2 are two targets of the translational inhibitor GLD-1 (Lee and 

Schedl, 2001).  GLD-1 is normally present in the distal gonad and is down-regulated 

at the gonad loop, the point where developing oocytes start to become cellularized 

(Jones et al., 1996).  Loss of GLD-1 inhibition would allow cpg-1/cej-1 and cpg-2 to 

be translated, suggesting that the protein products are required in the oocyte and/or 

early embryo.  sqv-5 was not identified in the GLD-1 target screen, but shows a 

similar pattern of low expression in the distal gonad and increased expression in the 

proximal gonad (Ho-Yon Hwang, personal communication).  It remains to be 

determined whether translation of sqv-5 and cpg-1/cej-1 and cpg-2 are in fact co-

regulated in the distal gonad.  Nevertheless, specific upregulation of the CPG 

proteins at this point in time suggests they are required for early embryogenesis. 

 
2.  Role in embryogenesis 

a.  Creation of a perivitelline space 

 A number of important events occur following oocyte formation.  First, the 

ooctye passes through the spermatheca and is fertilized.  Following fertilization, 

the chitinous eggshell is secreted and surrounds the embryo to protect it from 

environmental challenges.  After the eggshell is formed, the maternal nuclear 
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material divides and extrudes two polar bodies into the perivitelline space that has 

formed between the embryo and eggshell.  Ruffling of the embryonic plasma 

membrane is also observed following fertilization, thought to be directed by the 

rearrangement of the actomyosin network within the embryo (reviewed in Cowan 

and Hyman, 2004).  During ruffling, a pseudocleavage furrow forms, which is a 

transient indentation of the plasma membrane that resembles the early stages of 

furrow formation at the first cell division. 

 While fertilization and eggshell formation appear normal in cpg-1/cpg-

2(RNAi) and sqv-5(RNAi) embryos, membrane ruffling and pseudocleavage do not 

occur, nor does initiation of the cleavage furrow following nuclear division 

(Chapter 4, Figure 6).  One possible explanation for these observations is that 

secreted chondroitin proteoglycans are required to create the perivitelline space 

between the embryo and the eggshell.  Notably, this extracellular space is lacking 

in both sqv-5(RNAi) and cpg-1/cpg-2(RNAi) embryos.  It is possible to imagine 

that juxtaposition of the plasma membrane and eggshell would sterically inhibit all 

the described membrane events that lead up to the first cell division. 

 
b.  Perivitelline spaces in other organisms 

 Components of the eggshell and perivitelline space have not been thoroughly 

characterized in C. elegans, but in other parasitic nematode species these layers are 

comprised of various proteins, lipids, chitin, and mucoproteins (Burgwyn et al., 

2003; Mariano, 1967; Wharton, 1980; Wharton, 1979a; Wharton, 1979b; Wharton, 

1979c).  More thorough analysis of events that follow fertilization has been 
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conducted in sea urchins.  Cortical granules reside in the oocyte near the plasma 

membrane.  Upon fertilization, the granules fuse with the membrane and empty 

their contents, effectively creating a block to polyspermy and forming a 

perivitelline space between the plasma membrane and vitelline layer.  Cortical 

granules have been found to contain proteases which may cleave proteins linking 

the two layers, as well as sulfated mucopolysaccharides (GAGs) that might aid in 

enlarging the perivitelline space (Ishihara, 1968; Schuel et al., 1974; Vacquier et 

al., 1973).  It is possible that similar events occur in C. elegans, and that vesicles 

containing chondroitin proteoglycans might be secreted into the extracellular space 

following fertilization.  One way to address this question is to generate GFP-

tagged CPG-1 and CPG-2, as described in section C of this chapter.  Using time-

lapse microscopy, the proteins can be followed from their point of synthesis to site 

of action, observing whether onset of expression correlates with formation of the 

perivitelline space. 

 
c.  Speculation on the role of CPGs in creating the perivitelline space 

 If the theory is correct about the requirement of CPGs in the perivitelline 

space, how might they result in its formation?  The two distinct features of CPG-1 

and CPG-2 are their chitin binding domains and abundance of glycosylation sites 

(especially true for CPG-2).  At least two possibilities exist, neither of which is 

mutually exclusive.  In vertebrates, highly anionic chondroitin sulfate chains lead 

to formation of a hydrated matrix (See Chapter 1); the same phenomenon may 

occur in C. elegans.  Generation of hydrostatic pressure could maintain the fluid-
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filled space lying between the embryonic membrane and the eggshell.  Another 

possibility is that CPG-1 and CPG-2 interact with chitin polymers in the eggshell 

through their peritrophin-A chitin binding domains.  The functionality of the chitin 

domains has not been established.  If they are functional, it is conceivable that 

these proteins could form a network bridging the chitinous eggshell with 

components at the plasma membrane. 

 
d.  Possible secondary role of chondroitin in completion of cytokinesis 

 Of interest is the finding that less severe inhibition of chondroitin results in 

regression of cytokinesis.  sqv-5(RNAi) experiments conducted at a lower 

temperature allowed cleavage furrow formation to occur.  The furrow ingressed 

approximately halfway into the embryo, did not complete, and regressed back to 

the point of origin resulting in a single celled embryo (data not shown).  This 

phenotype was also observed by Mizuguchi et al. at early time points after sqv-5 

RNAi treatment (Mizuguchi et al., 2003).  The fact that the furrow was able to 

initiate in these studies suggests a second role for chondroitin in completion of 

cytokinesis, rather than initiation. 

 Chondroitin has been localized to both the embryonic cell surface, as well as 

the eggshell, providing circumstantial evidence for this theory of dual sites of 

action (Sugahara et al., 2003).  Other evidence suggesting that chondroitin needs to 

be associated with the embryonic plasma membrane was shown in an experiment 

by Mizuguchi et al. (Mizuguchi et al., 2003).  The eggshell of young embryos was 

removed with chitinase, and the embryonic blastomeres were cultured and treated 
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with chondroitinase ABC.  Blastomeres lacking chondroitin attempted cell 

division, sometimes progressing to the 4- or 8-cell stage, but then regressed back 

to a 2- or 4-cell stage.  It will be necessary to conduct the cpg-1/cpg-2(RNAi) 

experiments at the less stringent 16OC temperature to determine if the regression 

phenotype is present.  It is also possible that other CPGs are involved in 

completion of cytokinesis. 

 
e.  Other possible mechanisms 

 While it is more likely that chondroitin and its associated CPGs are playing a 

biophysical role during embryogenesis, it is also possible that chondroitin may be 

functioning through a signaling pathway.  Heparan sulfate is known to interact 

with a large number of growth factors, morphogens, and extracellular matrix 

components through variably sulfated domains on its chain.  Chondroitin sulfate is 

known to bind a number of matrix components as well, though binding is less 

dependent on specific sulfation patterns.  C. elegans chondroitin is nonsulfated, 

further reducing the likelihood of specific ligand binding.  However, the 

nonsulfated HA polymer is known to bind a number of proteins, so it is possible 

that worm chondroitin may as well (Day and Prestwich, 2002; Day and Sheehan, 

2001; Lee and Spicer, 2000).  Regardless of whether any of these hypotheses are 

correct, it has been demonstrated that chondroitin proteoglycans are essential 

components of early embryogenesis. 
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E.  Model for CPG function in vulval invagination 

1.  Generation of a hydrated matrix by an osmotic gradient 

 The possible biophysical role chondroitin might be playing during 

embryogenesis could also explain the squashed vulva defect seen in the sqv mutants.  

Both the perivitelline space and the vulval lumen are extracellular structures likely 

supported by a hydrated matrix.  It is feasible that vulval epithelial cells could 

secrete CPGs into the lumen.  Similar to aggrecan in cartilage, the negatively 

charged chondroitin chains in the lumen would be neutralized with counterions (e.g. 

Na+), increasing the salt concentration and generating an osmotic gradient that would 

draw water into the space.  It will be necessary to first identify which CPGs are 

involved in vulval invagination, and then either tag them with GFP or generate 

antibodies to determine if they are indeed secreted into the vulval lumen.  It is also 

ultimately possible that CPGs function instead through signaling events, cell-cell 

interactions, or cytoskeletal rearrangement of vulval cells. 

 
2.  Epithelial invagination in sea urchin development 

 The sea urchin provides evidence that chondroitin sulfate can direct the process 

of epithelial invagination.  Lane et al. (Lane et al., 1993) showed that gastrulation-

stage epithelial invagination can be prematurely stimulated by a calcium ionophore.  

It was demonstrated that ionophore-dependent invagination requires sulfation and 

Golgi-mediated secretion, both common to GAG synthesis, and newly deposited 

extracellular matrix.  Using a monoclonal antibody against chondroitin sulfate types 

A and C (Table 1, Chapter 1), they found that both the precocious and natural 
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invagination sites contain CS deposited in the extracellular matrix.  The authors 

propose that the CSPGs cause swelling of the matrix, leading to inward bending of 

the epithelial layer into the gastrulating embryo.   

 

F.  Concluding remarks 

 This thesis has demonstrated the essential and fundamental requirement of 

nonsulfated chondroitin in C. elegans developmental events.  Identification and 

characterization of three sqv genes showed that chondroitin was required for vulval 

invagination and early embryogenesis, and that chondroitin biosynthesis is conserved 

between worms and vertebrates.  Interestingly, identification of nine novel chondroitin 

proteoglycans showed that core protein choice is not conserved, possibly explaining 

the difference in sites of chondroitin action of the two very distantly related 

organisms.  The future of this project is wide open.  One initial goal will be to more 

thoroughly characterize the cpg-1/cpg-2 embryonic defect and hopefully shed light on 

the mechanism of cleavage furrow initiation.  Another short-term goal is to identify 

the functions of the other CPGs by simultaneous RNAi depletion of multiple genes, in 

the hopes of finding the relevant proteins that contribute toward embryogenesis and/or 

vulval invagination.  Understanding how the extracellular matrix regulates these 

fundamental and well-studied developmental events is a new approach not yet 

undertaken by the C. elegans community, suggesting that this will be an exciting and 

promising niche to investigate. 
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APPENDIX A 

 

Cloning, Golgi localization, and enzyme activity of the full-length 

heparin/heparan sulfate-glucuronic acid C5-epimerase 
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Appendix A is a reprint of the material as it appeared in the Journal of Biological 

Chemistry, Crawford, B.E., Olson, S.K., Esko, J.D. and Pinhal, M.A. (2001).  The 

dissertation author was a secondary researcher and author and the co-authors listed in 

this publication directed and supervised the research which forms the basis for this 

chapter. 
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APPENDIX B 

 

Enzyme interactions in heparan sulfate biosynthesis: 

uronosyl 5-epimerase and 2-O-sulfotransferase interact in vivo 
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Appendix B is a reprint of the material as it appeared in the Proceedings of the 

National Academy of Sciences USA, Pinhal, M.A., Smith, B., Olson, S., Aikawa, J., 

Kimata, K. and Esko, J.D. (2001).  The dissertation author was a secondary researcher 

and author and the co-authors listed in this publication directed and supervised the 

research which forms the basis for this chapter. 




