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Abstract 

png-1 encodes the Caenorhabditis elegans homolog of Peptide: N-glycanase, a highly 

conserved cytosolic enzyme that cleaves N-glycans from misfolded glycoproteins, png-1 was 

found to regulate several aspects of neuronal morphology including axon branching. In this 

study, we show that mutations in the NDR kinase pathway genes sax-1 and sctx-2 result in png-1 

like phenotypes, including excessive branching and ectopic neurites. Furthermore, we found that 

png-1; sax-1 and png-1; sax-2 double mutants display enhanced defects compared to single 

mutants, suggesting that png-1 and sax-1/sax-2 act in parallel pathways to restrict axon and 

branch overgrowth. These interactions suggested a sax-1 enhancer screen as a means to identify 

additional genes in the png-1 pathway as enhancer mutants should phenocopy/wg-7 and enhance 

sax-1 branching defects.. This approach recovered at least three sax-1 enhancers (sens) that act 

like png-1 to limit axon growth and branching. The identification of these genes should provide 

new insight into how PNG-1 regulates neuronal morphology. 
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1. Introduction 

1.1 Neuronal Morphology 

The nervous system is a complex network of specialized cells including neurons and glial 

cells. In humans, the nervous system is made up of approximately 100 billion neurons that differ 

in structure, chemistry, and function (Bear et al., 2001). Neuronal cells have complex 

morphologies with distinctive axonal and dendritic processes which are the 'wires' that 

interconnect the nervous system. Proper nervous system structure and function is dependent on 

axons and dendrites establishing appropriate connections to other neurons and target cells. In 

order to establish appropriate connections, post-mitotic neurons undergo a series of distinct 

stages that involve the establishment of neuronal polarity, extension of axons to appropriate 

targets, and finally terminal arborization or branching. Since neuronal function is dependent on 

neuron morphology, it is essential to understand the molecular mechanisms that regulate axonal 

and dendritic outgrowth, guidance, and branching. 

1.2 Neuronal polarization 

1.2.1 Establishment of Neuronal Polarity 

Axons are typically long thin processes that propagate signals, whereas dendrites are 

shorter and highly branched processes that receive and relay these signals. Neuronal polarization 

is defined as the specification of axons and dendrites. The initiation of axon outgrowth is one of 

the earliest events in establishing neuronal morphology (Dotti et al., 1988; Craig and Banker, 

1994). Many of the key regulators of neuronal polarization have been discovered using cultured 

hippocampal neurons as a model system (Barnes and Polleux, 2009). Hippocampal polarization 

is defined by key morphological changes (Dotti et al., 1988). Early on, neurons are symmetrical 
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as they extend multiple short processes called neurites that are equal in length. Eventually, one 

of these neurites extends more rapidly than the others to form a long process that eventually 

becomes the axon. The remaining neurites mature into dendrites. 

1.2.2 Intracellular Mechanisms 

Hippocampal cells have been used to define the intrinsic programs involved in 

establishing neuronal polarity (Shi et al., 2003; Menager et al., 2004; Schwamborn and Puschel, 

2004; Jiang et al., 2005; Nishimura et al., 2005; Yoshimura et al., 2005). Several proteins are 

selectively localized to the tip of the future axon including the lipid and protein kinase 

phosphatidylinositol 3' kinase (P13K) (Shi et al., 2003; Menager et al., 2004). Localized P13K 

activity at the tip of growing axons triggers a kinase signaling cascade which ultimately regulates 

various microtubule binding proteins and axon outgrowth. Active P13K converts 

phosphatidylinositol (4, 5)-triphosphate (PIP2) into phosphatidylinositol (3, 4, 5)-triphosphate 

(PIP3) (Menager et al., 2004). PIP3, a phospholipid second messenger, accumulates at the tip of 

the future axon and recruits proteins that contain the PH (Pleckstrin Homology) domain which 

has a high binding affinity to PIP3 (Menager et al., 2004). A protein kinase AKT (AKT/PKB) is 

recruited and becomes enriched in the growth cone of the future axon (Shi et al., 2003). At the 

tip of this axon, active AKT kinase phosphorylates and locally inactivates glycogen synthase 

kinase p (GSK3P), a constitutively active kinase (Jiang et al., 2005). Normally, active GSK3P 

inhibits axon elongation by phosphorylating proteins like the tubulin-binding protein CRMP-2 

(collapsin response mediator protein-2) (Yoshimura et al., 2005), Tau protein (microtubule-

associated protein) (Sperber et al., 1995; Stoothoff and Johnson, 2005), MAPlb (microtubule 

associated protein-lb) (Goold et al., 1999; Gonzalez-Billault et al., 2004), and APC 

(adenomatous polyposis coli) (Shi et al., 2004; Zhou et al., 2004) which reduces the ability of 
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these proteins to bind microtubules (MTs). However, upon GSKp1 inactivation, 

unphosphorylated CRMP-2 binds tubulin dimers to enhance MT assembly and axon elongation 

(Inagaki et al., 2001; Yoshimura et al., 2005). 

High P13K activity is also thought to recruit the PAR (partitioning-defective) proteins 

PAR3 and PAR6, also key regulators of neuronal polarity, to the growing axon tip (Shi et al., 

2003). The localized activity of polarity proteins, such as the PAR proteins, specifies the axon 

and contributes to axon elongation. These scaffolding proteins interact with one another to form 

a PAR3/PAR6 complex (Shi et al., 2003). Motor proteins like kinesin-H (KIF3A) are important 

in neuronal polarity since they transport important polarity proteins like the PAR complex from 

the cell body to a single neurite (Nishimura et al., 2004). The PAR3/PAR6 is able to interact and 

form multi-protein complexes with other proteins like atypical protein kinase C (aPKC) (Shi et 

al., 2003), the Rho family of GTPases (Rho GTPases) (Schwamborn and Puschel, 2004), and 

Rho GTPase regulators (Nishimura et al., 2005; Zhang and Macara, 2006). The 

PAR3/PAR6/aPKC complex inhibits the kinase activity of microtubule affinity regulating 

kinase-2 (MARK2/PAR1) (Chen et al., 2006) leading to dephosphorylation of microtubule-

associated proteins (MAPs), thereby promoting MT assembly and axon elongation. 

The Rho family of small GTPases including Cdc42, Racl, and RhoA , are molecular 

switches that regulate a variety of cellular processes (Etienne-Manneville and Hall, 2002). 

Guanine nucleotide exchange factors (GEFs) activate Rho GTPases; whereas, GTPase activating 

proteins (GAPs) deactivate Rho GTPases. Active GTP-bound Rho GTPases activate effector 

proteins that regulate actin/MT dynamics which leads to changes in cell morphology. In 

association with Cdc42 and Rac-specific GEFs, the PAR3/PAR6 complex limits Racl activation 
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and actin remodeling to the growing axon tip, thus, promoting outgrowth (Schwambora and 

Puschel, 2004; Nishimura et al., 2005). 

1.2.3 Extracellular Signals 

P13K activity, Rho GTPases, and PAR proteins are central players in axon specification 

and axon outgrowth (Barnes and Polleux, 2009). However, what are the extracellular cues that 

trigger their activity? In vitro studies suggest that cell adhesion molecules like laminin and 

neuron-glia cell adhesion molecule (NgCAM) and neurotrophic factors like brain derived 

neurotrophic factor (BDNF) can specify axons. Studies have shown that the first neurite to come 

into contact with laminin, NgCAM, or BDNF rapidly elongates and eventually become the axon 

(Esch et al., 1999; Menager et al., 2004; Shelly et al., 2007). 

In vivo studies in C. elegans have also revealed extracellular signals that influence 

neuronal polarity. UNC-6/Netrin is a known axon guidance molecule which attracts or repels 

axons. However, UNC-6/Netrin and its receptor UNC-40/DCC have also been shown to orient 

and stimulate the growth of neurites specifically on the ventral side of the hermaphrodite-specific 

motorneuron (HSN) (Adler et al., 2006). Netrin signaling triggers the localized activity of P13K, 

an increase in PIP3, and the subsequent recruitment of the PH domain-containing protein MIG-

10/lamellipodin which stimulates actin polymerization (Adler et al., 2006; Chang et al., 2006). 

Therefore, both in vivo and in vitro studies suggest that the asymmetric localization of proteins 

and their activity is a common mechanism that drives neuronal polarization. 
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1.3 Axon Guidance 

1.3.1 General mechanisms of Axon Guidance 

Axons and dendrites are processes that extend from the neuronal cell body and function 

as wires to interconnect the nervous system. Once dendrites and axons have been specified, 

these processes must grow in the appropriate direction and pathway towards their final target. 

The growth cone at the tip of the growing axons acts as a sensory and motile structure that 

directs axon outgrowth (Lowery and Van Vactor, 2009). The growth cone contains specific cell 

surface receptors that interact with guidance molecules to determine the direction and amount of 

axon growth (Bear et al., 2001). Extracellular molecules, membrane bound or secreted, act as 

guidance molecules that attract or repel growing axons (Tessier-Lavigne and Goodman, 1996). 

Typically, attractive cues cause growth cones to move towards the source; whereas, repulsive 

cues cause growth cones to move away from the source. Many of these receptor-ligand 

complexes initiate intracellular pathways that lead to the reorganization of the cytoskeleton in the 

growth cone (Huber et al., 2003; Bouquet and Nothias, 2007). 

Many guidance signaling systems converge on Rho GTPases to regulate axonal growth 

(Jin and Strittmatter, 1997; Kaufmann et al., 1998; Wahl et al., 2000; Hu et al., 2001; Wong et 

al., 2001; Li et al., 2002; Shekarabi and Kennedy, 2002; Gitai et al., 2003). Guidance receptors 

tend to be directly or indirectly linked to GEFs and GAPs which either activate or deactivate Rho 

GTPase signaling (Bos et al., 2007). Rho GTPase activation of N-WASP (Neural Wiskott-

Aldrich syndrome protein) causes N-WASP to bind the actin related protein (Arp) 2/3 complex 

to promote actin polymerization and filament assembly (Rohatgi et al., 1999). Other 

downstream targets of Rho GTPases include protein kinases like p21 -activated kinases (PAK) 

(Manser et al., 1994; Hing et al., 1999) and Rho kinase (ROCK) (Leung et al., 1995; Ishizaki et 
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al., 1996), which are regulators of the actin cytoskeleton. ROCK phosphorylation of the 

serine/threonine kinase LIM kinase (LIMK) leads to inactivation of an actin depolymerizing 

protein, cofilin, which ultimately inhibits axon outgrowth (Arber et al., 1998; Yang et al., 1998; 

Maekawa et al., 1999; Ohashi et al., 2000). In general, Rho GTPase signaling pathways control 

the movement and morphology of axons by ultimately regulating cytoskeleton dynamics and 

organization. 

1.3.2 Axon Guidance Molecules 

Several conserved classes of guidance molecules direct axon guidance in C. elegans and 

other organisms (Araujo and Tear, 2003). Netrins, slits, semaphorins and ephrins are highly 

conserved families of guidance molecules (Tessier-Lavigne and Goodman, 1996; Dickson, 2002; 

Huber et al., 2003). Netrins (UNC-6) are a family of secreted proteins that are able to attract and 

repel axons both in vitro and in vivo (Hedgecock et al., 1990; Ishii et al., 1992; Harris et al., 

1996; Mitchell et al., 1996; Serafini et al., 1996; Bloch-Gallego et al., 1999). These opposing 

actions are dependent on the specific netrin receptors present on the growth cone membrane and 

the intracellular pathways that are activated. The deleted in colorectal cancer (DCC/UNC-40) 

family of receptors mediate netrin attraction (Keino-Masu et al., 1996; Kolodziej et al., 1996), 

whereas the UNC-5 receptor family mediates netrin repulsion (Rothberg et al., 1990; Leung-

Hagesteijn et al., 1992; Leonardo et al., 1997; Przyborski et al., 1998; Keleman and Dickson, 

2001). Slits are secreted guidance proteins that repel axons. Slit repulsion is mediated through 

the roundabout (Robo) family of receptors (Kidd et al., 1998; Kidd et al., 1999; Hao et al., 2001). 

Netrins and slits are key regulators of axon guidance at the midline in vertebrates, Drosophila, 

and C. elegans (Brose and Tessier-Lavigne, 2000; Kaprielian et al., 2001; Bagri et al., 2002). 

The spinal cord floor plate in vertebrates and the ventral nerve cord (VNC) in Drosophila and C. 
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elegans serve as midline cells that separate the right and left halves of the animal and act as 

intermediary targets for axons (Kaprielian et al., 2001). Netrins are expressed at the midline to 

attract axons, whereas, slits are expressed to repel axons and ensure axons grow away from the 

midline (Kidd et al., 1998; Tear, 1999; Kaprielian et al., 2001; Keleman et al., 2002). 

Semaphorins and their neuropilin and plexin receptors are large diverse families of 

guidance molecules that generally repel axons and have well established roles in neuronal 

development (Raper, 2000). Ephrins, membrane bound proteins, and their receptors, Ephrin 

receptor tyrosine kinases (RTK), are critical for many biological processes including axon 

guidance (Reber et al., 2007). Ephrin/Eph binding initiates signaling pathways in both the ligand 

expressing cells and receptor expressing cells which mostly lead to axon repulsion. Other 

signaling molecules involved in axon guidance include neurotrophic factors like nerve growth 

factors (NGF) and BDNF (Lykissas et al., 2007) and morphogens like the bone morphogenetic 

protein (BMP), hedgehog (Hh), and Wnts (Charron and Tessier-Lavigne, 2007). 

In conjunction with extracellular cues, the internal state of the growth cone can influence 

axon guidance decisions. For example, changes in levels of cAMP (Song et al., 1997) and Ca2+ 

activity (Gomez and Spitzer, 1999; Hong et al., 2000; Ming et al., 2001; Tang et al., 2003; 

Henley and Poo, 2004) can influence axon outgrowth and guidance. Electrical activity can cause 

an influx of Ca2+ which activates Ca2+~dependent signaling kinases, Calmodulin kinases 

(CAMKs), inturn, CAMKs influence axonal and dendritic growth (Redmond et al., 2002; Fink et 

al., 2003; Gaudilliere et al., 2004; Wayman et al., 2004). Localized elevation of intracellular 

Ca2+ concentration can influence growth cone turning in the direction of high Ca2+ concentration 

(Hong et al., 2000; Wen et al., 2004). However, the link between Ca2+ activity and cAMP 

activity and cytoskeleton remodeling remain poorly understood. 
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1.3.3 Regulation of Axon Guidance Molecules 

Axon guidance depends on the coordinated expression of guidance cues and their 

corresponding receptors. Transcriptional, translational, and post-translational controls are in 

place to regulate the spatial and temporal expression of guidance molecules in neurons and the 

environment (O'Donnell et al., 2009). For example, in C. elegans, normal dorso-ventral (DV) 

axon guidance requires the transcriptional repression of a guidance cue in the ventral but not 

dorsal muscles (Nash et al., 2000). In vertebrates, transcripts encoding the Eph2A receptor are 

locally translated in the growth cones which cause an upregulation of this cell surface receptor 

(Brittis et al., 2002). In Drosophila midline crossing, commissureless (Comm) downregulates 

the cell surface expression of Robo receptor and represses Slit/Robo mediated repulsion, thereby 

allowing axons to cross the midline (Keleman et al., 2002). Cell surface expressions of guidance 

receptors like DCC are also regulated by proteolytic cleavage of their extracellular domain by 

metalloproteases; in so doing Netrin/DCC signaling is attenuated (Galko and Tessier-Lavigne, 

2000). It has also been shown that the netrin receptor, DCC, can be down regulated by ubiquitin-

proteasome degradation in Drosophila (Hu et al., 1997). Apart from the guidance molecules 

themselves, the proteins that modulate their activity and localization are critical in regulating 

axonal guidance. The combined actions of many proteins involved in transcriptional regulation 

(Butler and Tear, 2007) , receptor trafficking (Keleman et al., 2005; Levy-Strumpf and Culotti, 

2007; Watari-Goshima et al., 2007), protein synthesis (Campbell and Holt, 2001), ubiquitination 

(Myat et al., 2002) , and proteolysis (Fambrough et al., 1996; Hattori et al., 2000; Hehr et al., 

2005; Chen et al., 2007) all participate in the regulation of guidance signals and their receptors . 
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1.4 Axon and Dendritic Branching 

1.4.1 General Mechanism of Axon Branching 

Branching is an important step in setting up neuronal circuits and contributing to the 

normal structure and function of the nervous system. Axons that don't extend directly onto their 

targets must extend axon branches to establish appropriate connections. Axons can establish 

connections by extending collateral branches laterally from the primary axon shaft (interstitial 

branching) or through the bifurcation of the primary growth cone at the tip (O'Leary and 

Terashima, 1988; O'Leary et al., 1990). Interstitial branching allows neurons to project and 

innervate multiple targets and is the primary mode of branch formation in vertebrates (O'Leary 

and Terashima, 1988; O'Leary et al., 1990; Kuang and Kalil, 1994; Bastmeyer and O'Leary, 

1996; Bastmeyer et al., 1998; Dent et al., 1999; Acebes and Ferrus, 2000). 

Near targets, certain growth cone behaviors and morphologies are observed that are 

associated with axon branching (Szebenyi et al., 1998; Davenport et al., 1999; Kalil et al., 2000; 

Szebenyi et al., 2001; Dent et al., 2003). For example, pausing and enlargement behavior in the 

primary growth cone specifies the future site of an axon branch (Halloran and Kalil, 1994; 

Szebenyi et al., 1998; Dent et al., 2003). After a period of time, as the primary growth cone 

resumes forward movement, it leaves behind cytoskeletal remnants that slowly develop into a 

secondary growth cone that extends to form an interstitial branch (Szebenyi et al., 1998; Kalil et 

al., 2000; Dent and Kalil, 2001). While the primary growth cones are paused, MTs spread out 

and undergo localized fragmentation (Tanaka and Kirschner, 1991; Lin et al., 1994; Tanaka and 

Sabry, 1995; Dent et al., 1999; Kalil et al., 2000; Dent and Kalil, 2001). Fragmented MTs are 

able to invade, elongate, and stabilize nascent branches. Growth cone collapse, caused by actin 

depolymerization, is also associated with axon branching (Davenport et al., 1999). After the 
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initial collapse, growth cones recover and display filipodia and lamellipodia-like expansions 

which give rise to interstitial branches (Davenport et al., 1999). 

Similar to axon guidance, intracellular responses to axon branching cues are mediated by 

Rho GTPases. Rho GTPases transduce extracellular signals to control various aspects of 

neuronal morphogenesis including axon growth, guidance, and branching through their action on 

cytoskeleton dynamics (Ruchhoeft et al., 1999; Luo, 2000; Nakayama et al., 2000; Ng et al., 

2002). In Drosophila, axon growth, guidance, and branching seem to be regulated by different 

levels of Rac GTPase activity (Ng et al., 2002). The progressive loss of three Rac GTPases, 

Racl, Rac2, and Mtl, in mushroom body neurons in Drosophila leads first to axon branching 

defects, followed by guidance defects and finally growth defects (Ng et al., 2002). The Rho 

GTPase signaling pathways and their downstream effectors that control branch formation are not 

well characterized; but likely involve a large number of effectors that are linked to regulation of 

the actin and MT cytoskeleton as previously described in axon guidance (Bishop and Hall, 2000; 

Kuhn et al., 2000; Fujita et al., 2002; Neumann et al., 2002). Similar to axon guidance, activity 

induced increase in Ca2+ activity and CAMKII can influence axon branching (Zou and Cline, 

1996; Tang and Kalil, 2005; Uesaka et al., 2005). 

1.4.2 Axon Branching Molecules 

Although branching is important for proper neuronal structure and function, the 

molecular mechanisms that control branch formation remain poorly understood. However, 

studies suggest that axon guidance and axon branching share common mechanisms (Kalil et al., 

2000; Dent et al., 2003). For example, guidance molecules that usually guide axons towards or 

away their targets have also been implicated in promoting or inhibiting axon branching. Slit and 
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semaphorin, which usually act as chemorepellants, and netrin, a chemoattractant, have been 

shown to promote branching (Szebenyi et al., 1998; Wang et al., 1999; Brose and Tessier-

Lavigne, 2000; Dent et al., 2004; Lebrand et al., 2004). In contrast, guidance cues like ephfins 

which normally repel axons have been found to suppress branching of retinal axons to control 

retinotectal map formation (Yates et al., 2001). 

In both axon guidance and axon branching, guidance molecules elicit the reorganization 

of the actin and microtubule cytoskeleton in primary growth cones and branch points (Kalil et 

al., 2000; Dent et al., 2003). For instance, semaphorin 3A (Sema3A) reduces actin dynamics in 

growth cones which leads to growth cone collapse (Campbell et al., 2001). Interestingly, in 

Xenopus laevis, Sema3A induced growth cone collapse in retinal ganglion cell (RGC) axons 

promotes branching (Campbell et al., 2001), whereas, Sema3A induced growth cone collapse in 

mammalian cortical neurons reduces axon branching (Dent et al., 2004). Conversely, Netrin-1 

induces the rapid formation of filopodia in cortical neurons which develop into branches (Dent et 

al., 2004; Tang and Kalil, 2005). Growth factors like NGF, FGF-2, BDNF, which have 

established roles in axon outgrowth and guidance have also been shown to promote axon 

branching (Cohen-Cory and Fraser, 1995; Gallo and Letourneau, 1998; Szebenyi et al., 2001). 

FGF-2 can regulate cortical branching by inducing growth cone pausing and enlargement 

(Szebenyi et al., 2001). Although guidance molecules seem to regulate branch formation and 

growth cone extension, evidence suggests that these two events are independently regulated. In 

vivo and in vitro studies have shown that interstitial branches develop only after the primary 

axons have stopped growing (Bagri et al., 2003; Dent et al., 2004). Overall, these extracellular 

guidance cues influence cytoskeleton dynamics and organization in growth cones and axon 

shafts to promote or inhibit branching. 
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1.4.3 Intrinsic Regulation of Dendritic Branching 

Apart from external molecules, branching can be regulated by intrinsic mechanisms. 

Although many studies focus on axon branching, dendrites are extensively branched in fruit flies 

(Drosophila) and vertebrates (Bodmer and Jan, 1987; Grueber et al., 2002; Masland, 2004). 

Many studies have found that transcriptional programs in specific neurons regulate dendritic 

morphology in flies and mammals (Moore et al., 2002; Aizawa et al., 2004; Hand et al., 2005; 

Kim et al., 2006b; Parrish et al., 2006; Gao, 2007; Corty et al., 2009). The differential 

expression of two transcription factors, Knot and Cut, define the dendritic arborization (da) 

sensory neurons (I-IV) in Drosophila (Grueber et al., 2003; Hattori et al., 2007; Jinushi-Nakao et 

al., 2007). Furthermore, the expression of the zinc finger TFs, Abrupt and Hamlet, represses 

dendritic branching in Drosophila in some neurons (Moore et al., 2002; Li et al., 2004; Sugimura 

et al., 2004). Similar to external cues, internal transcription factors influence cytoskeleton 

dynamics and reorganization by regulating of expression of cytoskeleton interacting proteins like 

spastin, a microtubule severing protein (Jinushi-Nakao et al., 2007; Yu et al., 2008). For 

example, Knot TF promotes branching by increasing the expression of spastin that fragments 

MTs which are able to invade and form new branches. 

1.4 Nervous System and Genetic Screens in C. elegans 

Extensive studies have determined that neuronal structure is largely defined by external 

factors and interactions between neurons and their neighboring cells. As previously described, 

environmental factors that are secreted by target tissues and cells regulate several aspects of 

neuronal structure including polarization, guidance and branching. Therefore it is critical to 

examine neuron morphology in vivo in the context of other cells that influence neuronal growth 
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and morphology. The nematode C. elegans is an excellent in vivo model to study nervous system 

development as worms possess a relatively simple nervous system that contains only 302 

neurons (Wood, 1988). The C. elegans nervous system is diverse and is composed of sensory 

neurons, interneurons, and motor neurons that contribute to simple behaviors like feeding, 

locomotion, defecation, copulation, and egg-laying (White et al., 1986). Furthermore, the 

position and connectivity of each of these neurons has been completely determined and many of 

these individual neurons can be visualized in vivo and followed throughout development using 

neuron specific GFP reporter transgenes. Neuronal morphology is relatively simple since 

individual neurons typically extend unbranched axons and dendrites. The simple and structurally 

defined nervous system of C. elegans makes it ideal to study neuronal development in vivo. 

To identify the genes and genetic pathways that function in nervous system development, 

geneticists have traditionally performed genetic screens (Jorgensen and Mango, 2002). In typical 

forward genetic screens, the genome is randomly mutagenized using a mutagen. The isolation of 

mutants with the desired phenotype leads to the identification and characterization of genes 

involved in the specific process of interest. Several factors make C. elegans an ideal organism to 

perform genetic screens including, easy manipulation and growth within the lab, short generation 

and life cycles, easy generation of mutants through chemical mutagenesis, in vivo imaging of 

neurons using fluorescent markers, and a sequenced genome to facilitate the identification of 

genes of interest (Jorgensen and Mango, 2002). Previously, genetic screens in C. elegans have 

been instrumental in identifying molecules and mechanisms involved in nervous system 

development (Zallen et al., 1999; Araujo and Tear, 2003; Mehta et al., 2004). For example, the 

guidance molecule Netrin-1, its corresponding receptors and downstream signaling components 

were elucidated in part through the analysis of mutants with locomotion defects and misguided 
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axons in C. elegans (Hedgecock et al., 1990). Similar to Netrins, other guidance molecules and 

their downstream effectors have been shown to have similar functions in invertebrates and 

vertebrates (Kaprielian et al., 2001; Araujo and Tear, 2003). In general, the identification of 

molecular mechanisms in C. elegans has advanced our understanding of neuronal outgrowth, 

guidance and branching in vertebrates. 

1.5 VC4 and VC5, A Model System to Study Neuronal Morphology 

The egg-laying organ, the vulva, is located on the ventral surface of hermaphrodite 

worms (Figure 1). The motor neuron circuit that regulates egg-laying behavior consists of six 

VC (VC1-VC6) and two HSN motor neurons (White et al., 1986). Both the HSN and VC-class 

of motor neurons form synapses with egg-laying vulval muscles to stimulate egg-laying and with 

each other to modulate their activity (Schafer, 2006). The VC-class of motor neurons can be 

divided into two classes based on their morphologies. The vulval distal neurons, VC1-3 and 

VC6, are oriented anteroposteriorly and send processes along the ventral nerve cord, whereas the 

vulval proximal neurons, VC4 and VC5 (VC4/5), are oriented left-right and send processes 

mediolaterally along the vulval epithelium. The VC4 and VC5 motor neurons are among the 

most branched in C. elegans. 

Using the neuron specific GFP reporter transgene (cat-l::gfp), we are able to visualize 

the VC4 and VC5 and follow their development using fluorescence microscopy. VC4 and VC5 

are born during the first larval stage (LI), extend axons ventrally during the third larval stage 

(L3), and finally branch dorsally during the fourth larval stage (L4) (Lints and Hall, 2008). 

Based on their stereotypical morphologies and the ability to follow their development in vivo, 

VC4 and VC5 are an excellent model to study neuronal morphology. In addition, the vulva is a 
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known source of branch inducing signals since HSN and VC neurons lack branches in vulva-less 

mutants (Li and Chalfie, 1990; Garriga et al., 1993). Thus, by studying neuronal development in 

VC4 and VC5, we have the opportunity to identify extrinsic signals and pathways that direct 

proper axon branching in C. elegans. Previously, genes that affect VC4 andVC5 axon branching 

were identified through genetic screens for VC axon branch morphology defects (Colavita and 

Tessier-Layigne, 2003). For example, BAM-2, a neurexin-related transmembrane protein 

expressed in vulval cells was found to direct proper branch termination across the midline in 

VC4 and VC5 (Colavita and Tessier-Lavigne, 2003). 
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Figure 1. The VC motor neurons. (A) A schematic diagram of the C. elegans hermaphrodite 

showing the position of the six VC motor neurons and the vulva. The vulval distal neurons, 

VC1-3 and VC6, are oriented anteroposteriorly and send processes along the ventral nerve cord, 

whereas the vulval proximal neurons, VC4 and VC5 (VC4/5), are oriented left-right and send 

processes mediolaterally along the vulval epithelium. Anterior to the left. (B) Normal VC4/5 

motor neuron morphology, ventral view, in a live wild type animal visualized using the neuron 

specific GFP reporter transgene cyls4[cat-l::gfp]. VC4/5 axons and branches are indicated by 

arrowheads and asterisks respectively. Scale bar, 20|um 
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1.6/wg-i/PNGase Pathway regulates Several Aspects of Neuronal Morphology 

1.6.1 Neuron Morphological Defects in png-1 Mutants 

From a genetic screen for VC axon branch morphology defects in C. elegans, png-1 

mutants were characterized with excessive branching phenotypes at the distal end of VC4 and 

VC5 axons (Habibi-Babadi et al., in press). These mutants also display branching defects in 

other neurons, such as DVB and AVL that extend axons near or adjacent to the vulva epithelium. 

In addition to branching defects, DVB axons in png-1 mutants extend past their normal 

termination points. Behavioral assays in png-1 mutants revealed egg-laying defects including a 

decrease in the number of eggs laid and a mild egg retention phenotype. The expression pattern 

of png-1 is spatially broad as transcriptional activity was detected in many tissues including 

neurons, vulval epithelial cells, pharynx, intestine, body wall muscles, and gonads. Interestingly, 

png-1 promoter activity was detected in vulval cells throughout early larval stages and into 

adulthood. Consistent with expression in vulval epithelial cells, cell specific rescue studies 

determined that png-1 acts cell-non autonomously from vulval epithelial cells to regulate VC 

axon branching. These results suggest that png-1 functions extrinsically to limit axon branching 

and axon growth. 

1.6.2 Protein Structure of PNG-1 

png-1 encodes a Peptide :N-glycanase (PNGase), a member of the transglutaminase 

(TGase) super family of enzymes that are highly conserved in eukaryotes (Suzuki, 2007). PNG-

1 is a cytosolic enzyme that removes N-linked sugar moieties from glycoproteins or 

glycopeptides by cleaving the amide bond between the sugar glycan and the linker asparagine 

residue (Suzuki et al., 2002). The primary structure consists of a thioredoxin-like domain at the 
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N-terminal, a central PNGase domain which contains the catalytic triad (Cys-251, His-278, and 

Asp-295) required for enzymatic activity, and a conserved C-terminal domain predicted to be a 

mannose binding domain (Suzuki et al., 2002; Zhou et al., 2006) (Figure 2). C. elegans PNG-1 

is unique among other PNGases since it contains a thioredoxin-like domain in the N-terminal 

region, whereas higher eukaryotes like flies and vertebrates contain a PUB/PUG (Peptide: N-

glycanase/UBA or UBX-containing proteins) domain instead (Suzuki et al., 2001b). The 

PUB/PUG domain is important for protein-protein interactions, specifically with proteins in 

ubiquitin/proteasome protein degradation pathways (Park et al., 2001; Suzuki et al., 2001b). 

Despite these differences the core PNGase domain is highly conserved in all homologs from 

yeast to humans (Suzuki et al., 2002). 

1.6.3 Biological Functions of PNGases 

In vitro studies have revealed that worm PNGase has two enzymatic functions: an N-

glycanase and a thioreductase (Kato et al., 2007; Suzuki et al., 2007). In vivo, the N-terminal 

thioredoxin domain and central PNGase domains are critical for regulating axon branching in C. 

elegans, although their exact function is currently unknown. The exact function of the 

thioredoxin domain of PNG-1 is not known although it may regulate PNGase activity as the 

catalytic site of PNGase contains redox sensitive residues (Suzuki et al., 1994; Suzuki et al., 

1997; Suzuki et al., 1998). Alternatively, the reduction of disulphide bonds could unwind 

glycoproteins and prepare them for deglycosylation (Kato et al., 2007; Suzuki et al., 2007). 

Interestingly, PNGases are able to distinguish between native and denatured glycoproteins as 

they only act to remove N-glycans from denatured glycoproteins (Hirsch et al., 2004; Joshi et al., 

2005; Kato et al., 2007). Structural-based studies suggest that this specificity is due to the active 
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site (catalytic triad) being located in a deep cleft that is spatially restrictive to folded but not 

denatured glycoproteins (Lee et al., 2005; Suzuki, 2007). 

Prior to the C. elegans work showing a role in axon branching, PNGases were first 

implicated in the endoplasmic reticulum associated protein degradation (ERAD) quality control 

system that prevents the accumulation and aggregation of misfolded proteins (Park et al., 2001). 

ERAD is a cellular process that senses misfolded proteins, retrotranslocates them from the ER to 

the cytosol where they are ubiquitinated and subsequently degraded by the proteasome complex 

(Meusser et al., 2005). PNGase contributes to this process by removing bulky oligosaccharides 

from misfolded glycoproteins in order to facilitate degradation by the proteasome (Hirsch et al., 

2003; Blom et al., 2004; Kim et al., 2006a). Yeast and mouse PNGases indirectly bind the 

proteasome via their interaction with RAD23 (Radiation sensitive)/mHR23, a DNA repair 

protein known to associate with the 26S proteasome and ubiquitin moieties (Park et al., 2001; 

Suzuki et al., 2001a; Biswas et al., 2004; Katiyar et al., 2004). Consistent with a role in ERAD, 

PNGase mutants in yeast display a decrease in the rate of degradation of misfolded protein 

(Suzuki et al., 2000); however, unlike C. elegans, no visible defects were detected. Interestingly, 

in C. elegans, rad-23 mutants displayed ectopic branching and axon overextension defects 

similar to png-1 mutants. Double mutant analysis showed that png-1 and rad-23 act in the same 

genetic pathway to limit axon growth and ectopic branching (Habibi-Babadi et al., 2010). 

Collectively, this data is consistent with PNG-1 and RAD-23 functioning in a proteolysis-

dependent pathway to regulate axon outgrowth and branching; however, the molecular 

mechanism has not been elucidated. 

Vertebrate PNGases physically interact with proteins involved in the ubiquitin-

proteasome pathway via their N-terminal PUB domains (Katiyar et al., 2004; Li et al., 2005). 
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These PNGase interacting proteins include a retrotranslocation protein (Derlin-1), an E3 ligase 

associated with the ER membrane (AMFR), an AAA ATPase (p97), and a cytosolic UBA/UBX 

containing protein with unknown function (Y33K) (Park et al., 2001; Katiyar et al., 2004; Li et 

al., 2005; Li et al., 2006). In mammalian cells, PNGase was found to be associated with the ER 

membrane and part of a multi-protein complex that processes misfolded proteins that are 

expelled from the ER to the cytosol for degradation (Katiyar et al., 2004; Katiyar et al., 2005; Li 

et al., 2005; Li et al., 2006). This large degradation complex links all the steps in ERAD 

including retrotranslocation through Derlin-1, ubiquitination by AMFR, deglycosylation by 

PNGase, and subsequent proteolysis by the proteasome. 

1.7 sensory axon guidance (sax) Genes Regulate Morphology in Various Cells 

1.7.1 Biological Functions ofSAX-1 cmdSAX-2 Orthologs 

In C. elegans, mutations in sax-1 and sax-2 genes resulted in cell shape defects and axon 

outgrowth defects in a subset of neurons (Zallen et al., 1999; Zallen et al., 2000; Gallegos and 

Bargmann, 2004). Several genetic studies have implicated orthologs of SAX-1 and SAX-2 in the 

development and maintenance of various cellular outgrowths like hypha, epidermal hairs, 

sensory bristles, and dendrites (Geng et al., 2000; Cong et al., 2001; Emoto et al., 2004; He et al., 

2005a). In Saccharomyces cereviase (S. cereviase), the NDR kinase Cbk-1 and scaffold protein 

Tao3 are required for appropriate apical growth, mating projection formation, cell separation and 

bud site selection in diploid cells (Bidlingmaier et al., 2001; Du and Novick, 2002). In the 

filamentous fungi, Neurospora crassa (N.crassa), Cot-1/NDR kinase mutants display increased 

hyphal branching (Yarden et al., 1992; Seiler et al., 2006; Maerz et al., 2008). Mutations in 

tricornered (trc) and furry (fry), the fly homologs of sax-1 and sax-2 respectively, result in the 

branching and splitting of several cellular outgrowths like epidermal hairs, bristles, and antennas 
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(Geng et al., 2000; Cong et al., 2001; He et al., 2005a). In the nervous system, Trc and Fry 

regulate the dendritic tiling and branching of sensory neurons (Emoto et al., 2004). Combined, 

studies of NDR kinases in a variety of organisms have revealed roles in regulating mitosis, cell 

growth, cell shape, cell proliferation, apoptosis, neurite outgrowth, dendritic tiling and branching 

(Yarden et al., 1992; Zallen et al., 1999; Geng et al., 2000; Zallen et al., 2000; Bidlingmaier et 

al., 2001; Cong et al., 2001; Yang et al , 2001; Du and Novick, 2002; Nelson et al., 2003; Emoto 

et al., 2004; Gallegos and Bargmann, 2004; Emoto et al., 2006; Jia and Emmons, 2006). 

Although their physiological roles are well characterized, the targets and mechanism by which 

NDR kinases regulate cell morphology and other processes remain largely unknown. 

1.7.2 Protein Structure ofSAX-1 and SAX-2 

The NDR (nuclear Dbf2-related) kinase family is a subgroup of the highly conserved 

serine/threonine AGC group of protein kinases that includes NDR1, NDR2, LATS1 (large 

tumour suppressor-1) and LATS2 in mammals, Trc (tricornered), and Lats/Warts in Drosophila, 

SAX-land LATS in C. elegans, Dbf2, Dbf20, and Cbkl in S.cerevisiae, Orb6, and Sid2 in S. 

pombe and Cotl in N. crassa (Hergovich et al., 2006). NDR kinases are typically defined by an 

N-terminal regulatory (NTR) domain, a central kinase catalytic domain which is divided into 11 

subdomains, a putative auto-inhibitory sequence (AIS) between subdomain VII and VIII, an 

activation segment (AS) that carries a regulatory phosphorylation site (Ser281 of human NDR1) 

and a hydrophobic motif (HM) located at the C-terminus which also carries a regulatory 

phosphorylation site (Thr444 of human NDR1) (Hanks and Hunter, 1995; Millward et al., 1995). 

In vitro studies have shown that human NDR kinase activity is controlled through multisite 

phosphorylation (Tamaskovic et al., 2003; Bichsel et al., 2004; Stegert et al., 2004; Stegert et al., 

2005). In mammals, the phosphorylation of the threonine residue in the HM by upstream 
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STE20-like protein kinases is followed by the autophosphorylation of the serine residue in the 

AS (Mah et al., 2001; Stegert et al., 2005). The functional importance of these two regulatory 

sites was confirmed in vivo in yeast and Drosophila (Mah et al., 2001; Emoto et al., 2004; He et 

al., 2005a). For example, Trc/NDR kinase function in dendritic branching is regulated by 

phosphorylation of these key regulatory sites (Emoto et al., 2004). Genetic and biochemical 

studies indicate that another group of proteins called MOB (Mps-one binder) proteins also 

regulate NDR activity in yeast, flies and mammals (Luca et al., 2001; Bichsel et al., 2004; 

Devroe et al., 2004; He et al., 2005b; Hergovich et al., 2005; Mohl et al., 2009). MOB binding 

to the conserved NTR domain is required for the activity and localization of NDR kinases in 

budding and fission yeast. MOB binding is postulated to release NDR kinases from auto 

inhibition caused by the putative AIS (Tamaskovic et al., 2003; Stegert et al., 2004). 

sax-2 encodes a member of a conserved protein family that includes Tao3 and Nudl in S. 

cerevisiae, Mor2 and Sid4 in Schizosaccharomyces pombe (S. pombe), Sav (Salvador) and Fry in 

Drosophila, and hWW45, hFURRYl, and hFURRY2 in humans (Hergovich et al., 2006). SAX-

2 and its orthologs are considered scaffolding proteins and contain HEAT/Armadillo repeats, 

which consist of a-helices with hydrophobic cores (Gallegos and Bargmann, 2004). In yeast, 

flies, and mammalian cells, SAX-2 orthologs have been shown to physically and genetically 

interact with NDR kinases (Du and Novick, 2002; Emoto et al, 2004; Chan et al., 2005; He et 

al., 2005a). The interaction between SAX-2 orthologs and NDR kinases is essential for NDR 

kinase activity and localization (Emoto et al., 2004; He et al., 2005a). Evidence suggests that 

SAX-2 and its orthologs function as scaffolding proteins that recruit and localize NDR kinases 

and facilitate their interaction with substrates (Chiba et al., 2009). In C. elegans, SAX-2 has 
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been shown to function in the same genetic pathway as SAX-1/NDR kinase to regulate neuronal 

morphology (Zallen et al., 2000; Gallegos and Bargmann, 2004). 

1.7.3 Mechanisms of Action: NDR Kinases 

In yeast and Drosophila, NDR kinases function as transcriptional regulators. In budding 

yeast, Cbkl kinase activity regulates the activation and localization of Ace2, a transcription 

factor, by blocking its interaction with the nuclear export machinery (Colman-Lerner et al., 2001; 

Weiss et al., 2002; Mazanka et al., 2008) . Similar to Cbkl, Warts/Lats, a Drosophila NDR 

kinase, has been shown to phosphorylate and inactivate the transcription factor Yorkie (Yki) to 

control cell proliferation and cell death (Huang et al., 2005). 

Many studies in yeast and animals have linked NDR kinases and Rho GTPases. In 

budding yeast, Cbkl/NDR kinase phosphorylates Sec2 (GEF); inturn Sec2 regulates the Rab 

GTPase exocytosis pathway which directs vesicle delivery and docking to the plasma membrane. 

Apart from regulating secretion, Cbkl was found to affect Golgi dynamics through an unknown 

mechanism (Kurischko et al., 2008). In fission yeast, loss of Orb6/NDR kinase disrupted the 

restricted localization of Cdc42 GTPase resulting in its displacement from the cell tips to the cell 

sides thereby causing a loss of cell polarity (Das et al., 2009). In flies, Trc/NDR kinase 

negatively regulates Rac GTPase to control dendritic branching (Emoto et al., 2004). In general, 

NDR kinases have been shown to directly influence the activity and localization of Rho GTPases 

in a variety of organisms. 

Recently, the first functions of human NDR1 kinase were reported in centrosome 

duplication and chromosome alignment on the metaphase plate (Hergovich et al., 2007; Chiba et 

al., 2009). Mammalian Fry/SAX-2 is hypothesized to act as a scaffolding protein that localizes 
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NDR1 and its co-activator onto mitotic MT spindles (Chiba et al., 2009). Fry is thought to 

directly or indirectly regulate MT dynamics by localizing and activating NDR1 kinase onto the 

microtubule spindle. Yeast SAX-2 homologs have also been shown to directly bind MTs 

(Gonzalez-Novo et al., 2009). Therefore, NDR kinases and their regulators may have a direct 

role in regulating the outgrowth of polarized structures by interacting with the microtubule 

cytoskeleton. 
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1.8 Summary & Rationale 

png-1 mutants suggest that PNGases play a previously unknown role in neuronal 

development, primarily axon branching. However, the upstream and downstream components 

and the mechanism by which PNG-1 limits axon extension and branching are unknown. 

Recently, in a genetic modifier screen for enhancers or suppressors of png-1 VC4/ VC5 axon 

branching defects, sax-2 was identified as an enhancer mutation. Therefore sax-2 and sax-1 are 

candidate genes in the png-1 genetic pathway. This study presents the phenotypic 

characterization of png-1, sax-1, and sax-2 single and double mutants to determine their genetic 

interaction. Furthermore, a genetic screen was conducted to identify new components in the 

png-1 pathway. 

1.9 Objectives 

Define the genetic relationship between png-1, sax-1 and sax-2 in regulating neuronal 

morphology and identify new genes in the png-1 pathway. 

1.10 Hypothesis 

png-1 and sax-l/sax-2 act in parallel pathways to regulate neuronal morphology in C. 

elegans. 
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2. Material and Methods 

2.1 Strains 

All C. elegans strains were maintained on nematode growth medium (NGM) agar plates 

at 20°C and manipulated using standard methods as described by Brenner (1974). The wild-type 

animals used in this study were of the Bristol variety, N2 strain. The following mutant strains 

were used in this study: LG1: png-l(cy9) (Habibi-Babadi et al., 2010); LGIII sax-2(otl0) (Altun-

Gultekin et al., 2001); LGX: sax-l(ky491) (Zallen et al., 2000). To visualize and score 

neuroanatomy, we used green fluorescent protein (GFP) reporter transgenes to label specific 

neurons. These transgenes include: LGV: cyIs4[cat-l::GFP + pRF4(rol-6gf)] to label VC4 and 

VC5 and otIs92[flp-10::GFP] LGV to label DVB; Extrachromosomal array: otExl495[sul-

1::GFP + pRF4(rol-6gf)] to label the AVL motor neuron. 

2.2 Construction of Transgenic Lines and Double Mutants 

Neuron-specific GFP reporter lines were crossed into png-l(cy9), sax-2(otl0), and sax-

l(ky491) mutants using standard genetic methods (Brenner, 1974) to score for morphological 

defects in neurons. For example, the sax-2(otl0); otIs92 strain was constructed by crossing 

otIs92/+ heterozygous males with homozygous sax-2(otl0) hermaphrodites. From the Fl 

progeny, sax-2(otl0)/+; otIs92/+ trans-heterozygotes were isolated (positive for GFP) and 

allowed to self-fertilize. Following self-fertilization, potential double homozygous sax-2(otl0); 

otIs92 animals were isolated from F2 progeny and allowed to self-fertilize. Double homozygous 

animals were verified using polymerase chain reaction (PCR) and restriction fragment length 

polymorphism (RFLP) genotyping. 
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png-l(cy9) and sax-2(otl0) are both point mutations that alter restriction enzyme sites 

thereby generating a RFLP that can be used for genotyping purposes. The png-l(cy9) allele 

specific primers 5'CGATAATTTTACCGAATTTTCCAC and 5'TGTACCAATTTTTTGGAA 

TCCC were used to amplify a 250 bp fragment that was digested with Maelll RE to detect wt 

(250 bp) and mutant (200 bp, 50 bp) DNA bands. sax-2(otl0) allele specific primers 

5'TGCCTACATTCCTCCAAAGC and 5'CAAGGTGCTCCATCAACATC were used to 

generate a 692 bp fragment that was digested with Hyp 1881 RE to detect wt (405 bp, 186 bp, 70 

bp, 31 bp) and mutant (475 bp, 186 bp, 31 bp) DNA bands. The sax-l(ky491) allele was 

followed by PCR that detects the presence of genomic deletion (866 bp). The PCR primers used 

for ky491 are 5'TCAGGGATG AACGACTGTTC, 5'GAGCATACGCCATGTCAGAT, and 5' 

GTTCGCGCTGAAAGAG ACAT. 

DNA template was obtained by lysing worms in lysis buffer (50 mM KC1, 10 mM Tris-

HC1 pH8.3, 2.5 mM MgC12, 0.45% NP-40, 0.45% Tween-20, 0.01% gelatin, and 50 ng/mL 

proteinase K) at 65°C 1 hour and 95°C for 30 min. Crude lysate was used as PCR template in the 

PCR reaction (10X PCR buffer (10X: 100 mM Tris-HCL pH 8.3, 500 mM KC1, 20 mM MgCl2), 

2 mM dNTP, PCR primers (10 uM), Taq DNA polymerase (5 units/uL), and dH20) using allele-

specific primers as previously stated. The png-1 and sax-1 PCR products were amplified using 

the following cycling conditions: 95°C, 2min followed by 30 cycles of (94°C, 30s; 60°C, 30s; 

72°C, 40s), and 72°C, 5min. The sax-2 PCR product was amplified using the following cycling 

conditions: 95°C, 2min followed by 7 cycles of (95°C, 30s; 64°C -l°C/cycle, 30s; 72°C, 1:20 

min), 28 cycles of (94°C, 30s; 57°C, 30s; 72°C, 1:20 min), and 72°C, 5 min. After amplification, 

PCR products were digested with appropriate enzyme as mentioned and incubated at least 3hrs at 

27 



the appropriate temperature. Digested PCR fragments were loaded and resolved on 2.5% 

agarose gel. 

Double mutants were generated by crossing single mutants using standard genetic 

techniques (Brenner, 1974). For example, sax-2 double mutants were constructed by crossing 

sax-2 (otlO)/+ heterozygous males with homozygous mutant {mut) hermaphrodites to generate 

sax-2(ot10)/+; mut/+ transheterozygote. The Fl trans-heterozygotes were then allowed to self-

fertilize to generate homozygous sax-2 (ot 10); mut animals in the F2/F3 generation. Double 

homozygous mutants were verified using PCR-RFLP genotyping as described above. 

2.3 Phenotypic Analysis of Neuron Morphology 

VC4 and VC5 neurons extend two axons that circumnavigate the vulva and extend 

dorsally-directed branches on either side of the vulval opening. VC4 and VC5 axons typically 

contain approximately 3-5 branches each on the left and right sides of the vulva. VC4 and VC5 

motor neurons were scored for various morphological defects including branching, axon 

outgrowth, and branch termination defects. Since VC4 and VC5 axons fasciculate, individual 

branches could not be unambiguously identified and therefore were pooled for scoring purposes. 

Worms were scored as having VC branching defects if they displayed an increase in branch 

number and/or branch length. To simplify quantification, branching defects were binned into 

mild, moderate, or severe categories. Animals were scored as mild, moderate, or severe if they 

displayed 1-3, 4-20, or greater than 20 extra branches respectively. Axon outgrowth defects 

were scored if either VC cell body displayed at least one ectopic process emanating at any point 

on the cell body. Worms were scored as having branch termination defects if at least one branch 

was shown to overshoot its normal termination point and cross the vulval midline. 
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DVB is a GABAergic motor neuron that innervates enteric muscles involved in 

defection. The DVB motor neuron cell body is located in the tail and extends an axon ventrally 

along the ventral cord and then anteriorly towards the head, terminating just posterior to the 

vulva. A termination defect was scored as any DVB process that extended either too far 

anteriorly or dorsally past the vulva. The AVL cell body is located in the head and extends an 

unbranched axon posteriorly towards the tail. DVB and AVL branching defects were scored if 

animals displayed ectopic branches, defined as a distinct axonal protrusion at least 3-5um in 

length (approximately one neuronal cell body diameter). For DVB neurons, ectopic branches 

found on the vulva epithelium were categorized as "vulval branching" while branching outside 

the vulval epithelium was categorized as "non-vulval branching". . 

To score morphological defects, young adult worms grown at 20°C were mounted on a 

2% agarose pads in M9 buffer solution. Transgenic worms containing GFP reporter arrays were 

scored under 40X and 63X objectives using epifluorescence on a Zeiss Axioplan2 microscope. 

Confocal images were acquired using a Zeiss LSM510 Meta Confocal Microscope. Statistical 

analysis was performed using Student's two-tailed t-test and Z-tests as stated. 

2.4 DVB Measurements 

Overextension defects were scored if the DVB axon terminated either anteriorly or 

dorsally past the vulva. To rule out the possibility that the DVB overextension defect is due to 

an anterior displacement of the DVB cell body or a decrease in body length or a combination of 

several of these factors, we measured body length, DVB cell body position, and DVB axon 

length in young adult wt and mutant animals. Worm cultures were synchronized by allowing 

several gravid hermaphrodites to lay eggs for one hour. After the adult worm was removed, the 
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remaining eggs were incubated for 3 days at 20°C until they reached the young adult stage. The 

worms were mounted on 2% agarose pads and immobilized in M9 buffer containing 10 mM 

levamisole. The entire animal was photographed using 20X objective using the Zeiss LSM510 

Meta Confocal Microscope. Images of animals were analyzed and measured using LSM510 

Meta software. Body length was measured along the ventral length of the animal from the tip of 

the head to the tip of the tail. DVB cell body position was measured relative to the position of 

the vulva. DVB axon length was measured by tracing the entire length of the axon from the 

point it emerged from the cell body. 

2.5 Isolation of sax-1 Enhancer Mutations 

Homozygous sax-l(ky241); cyls4 worms were mutagenized with 50 mM 

ethylmethanesulfonate (EMS) for 4 hrs at room temperature. The parental generation (Po) of 

mutagenized worms was then allowed to recover and produce self-progeny (Fl generation). On 

average, 10 Fl worms were picked and transferred to individual worm plates to produce the F2 

progeny. After two to three days of growth at 20°C, approximately 100 F2 worms from each Fl 

plate (~200 plates) were randomly picked and mounted on slides. F2 worms were visually 

screened for enhanced VC4/5 branching defects using epifluorescence on a Zeiss Axioplan2 

microscope. Putative sax-1 enhancer mutants that displayed an increase in axon branches similar 

to the png-1; sax-1 double mutants were recovered from the slide and transferred to a new plate 

and allowed to self-propagate. The self-progeny were then re-examined to confirm sax-1 

enhancement. Mutant strains were backcrossed once to the N2 wild-type strain to remove the 

sax-1 mutant background and once to cyls4 to replace the mutagenized cyls4 transgene. 
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2.6 Complementation Tests 

Complementation tests were performed using standard methods (Brenner, 1974). 

Complementation tests are a genetic tool used to assign mutations to genetic loci. Firstly, sax-1 

enhancers (sens) mutations were tested for complementation against the cy9 allele of png-1, a 

known enhancer of the sax-1 axon phenotype. 17 independent complementation tests were 

conducted by crossing heterozygous sens males with homozygous png-1 (cy9) hermaphrodites. 

The Fi cross progeny (trans-heterozygous) were examined for axon branching phenotype. If all 

the hermaphrodites in the cross progeny displayed a wild-type branching phenotype, then the 

mutations complemented each other (ie. the mutations are located within different genes). In 

contrast, if the cross progeny displayed an axon branching phenotype, then the mutations failed 

to complement (ie. the mutations are located within the same gene). The remaining 10 sens 

mutants were tested for complementation against each other through pair-wise combinations. 

sens mutants were placed into a complementation group based on failure to complement each 

other for VC branching defects. 

2.7 Genetic Mapping 

For mapping sens mutations to chromosomes, a single nucleotide polymorphism (SNP) 

based method was used as previously described (Wicks et al., 2001). SNPs are DNA 

polymorphisms distributed throughout the genome that act as genetic markers between two wild-

type isolates of C. elegans: Bristol (England) (N2) and Hawaiian (CB4856). Briefly, the idea 

behind linkage mapping is to link SNPs to the particular mutation of interest since mutations and 

SNPs that lie in close proximity to one another will rarely be separated by a recombination event 

during meiosis. As a result, SNP linkage to a mutation will result in a high ratio of Bristol SNP 
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to Hawaiian SNP alleles if the mutation is carried on a Bristol background (Fay and Bender, 

2006). Bristol and Hawaiian SNPs that alter restriction sites are referred to as snip-SNPs 

(RFLPs) and can be detected and distinguished based on their distinct restriction digestion 

patterns. 

For mapping synthetic mutations like sens mutations, we first constructed a Hawaiian 

strain that harbors sax-1 (N2 background). We mated sax-l(ky491) animals with the Hawaiian 

strain and assayed their F2/F3 progeny for the presence of sax-1 and Hawaiian SNP markers. 

The line that carried Hawaiian markers along the entire length of chromosomes except 

chromosome VI {sax-1 location) was selected and named sax-1 Hw. Initially, Hawaiian males 

were crossed with sax-1 Hw hermaphrodites, the resulting male progeny were mated with sens; 

sax-l(ky491) cyh4 hermaphrodites (N2 background) to produce Fl heterozygous animals. The 

Fl cross progeny was allowed to self-fertilize to regenerate sens; sax-1 (ky491) cyls4 double 

homozygous animals. F2 sens; sax-1 (ky491) cyls4 recombinants were then isolated based on 

their enhanced axon branching defects, cloned onto individual plates, and tested for linkage to 

SNPs across chromosomes I-IV (Appendix 1). Worms from each recombinant plate were lysed 

in 10 uL lysis buffer at 65°C lhour and 95°C for 30 min. 1 uL of the crude lysate was used as 

PCR template in the PCR reaction (luL 10X PCR buffer, luL 2 mM dNTP, luL of each PCR 

primer (10 uM), 0.2uL DNA polymerase (5 units/uL), and 4.8 luL dH20) using SNP-specific 

primers that flank SNP regions as listed in Table 2. All PCR products were amplified using the 

following cycling conditions: 95°C, 2 min followed by 30 cycles of (94°C, 30s; 60°C, 30s; 72°C, 

40s), and 72°C, 5 min. After amplification, PCR products were digested with appropriate enzyme 

as indicated in Table 1 in a final volume of 20uL (lOuL PCR product, 7.5uL H2O, 2uL 10X 

buffer, 0.5uL enzyme) and incubated at least 3 hrs at the appropriate temperature. Digested PCR 
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fragments were loaded and resolved on 2.5% agarose gel. SNP linkage to sens (N2 background) 

mutation was deduced based on the proportion of N2 DNA bands compared to Hw DNA bands. 

3. Results 

3.1 Neuronal Morphology Phenotypes in png-1, sax-1, and sax-2 Mutants 

3.1.1 VC4/VC5 Axon Branching Defects 

A previous genetic screen for enhancers of the png-1 VC4/5 axon branch overgrowth 

phenotype identified an allele of sax-2 as an enhancer mutant (N. Habibi-Babadi and A. 

Colavita, unpublished), sax-2 encodes a scaffolding protein that has been shown to interact with 

NDR kinases and facilitate their activity (Emoto et al., 2004; He et al., 2005a). sax-2 and sax-1 

(encoding a NDR kinase) have been shown to function in the same genetic pathway in a variety 

of species to regulate cell morphology (Bidlingmaier et al., 2001; Cong et al., 2001; Du and 

Novick, 2002; Emoto et al., 2004). To further characterize the role of sax-1 and sax-2 genes in 

neuronal morphology, we examined several neurons including VC4/5, DVB, and AVL in single 

and double mutants with png-1 (Figure 2). All of the mutant alleles used for this study were 

predicted to strongly compromise protein function based on their molecular lesions (Figure 3). 

sax-1 (ky491) is a candidate null allele as the 1.3kb deletion results in an early frame shift that 

truncates the protein and eliminates essential kinase domains (Zallen et al., 2000). png-1 (cy9) 

is also a candidate null allele that introduces a stop within the PNGase domain; thereby 

abolishing PNGase activity (Habibi-Babadi et al., 2010). sax-2(ot 10) is a loss-of-function allele 

that truncates the protein prematurely yet may retain some function since the HEAT repeat motif 

is intact (Gallegos and Bargmann, 2004). 
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VC4/VC5 Motorneurons 
cat-1::gfp 
(cyls4) 

DVB GABAergic neuron 
flp-10::gfp 
(otls92) 

AVL GABAergic neuron 
sul-1::GFP + pRF4(rol-6(su1006) 
(otEx1495) 

© 

_A_ 

-A_ 

Figure 2. Schematic of neurons examined for morphological defects. VC4 and VC5 motor 

neurons are visualized using the cyls4[cat-l::gfp] reporter gene. VC4/5 extend two axons to 

form a circular tract around the vulva and branch dorsally on each side of the vulval opening. 

The DVB motor neuron in adult hermaphrodites is visualized with a otls92[flp-10::gfp] reporter 

gene. The DVB cell body is located in the tail and extends one axon ventrally and then 

anteriorly towards the head, terminating posterior to the vulva. AVL motor neuron is visualized 

using the otExl495[sul-l::gfp] reporter gene. The AVL cell body that is located in the head 

extends a long axon posteriorly towards the tail. 
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Figure 3. Genomic and protein organization of png-1, sax-1, and sax-2. (A) png-1 encodes a 

PNGase with an N-terminal thioredoxin domain, a central PNGase domain, and a C-terminal 

mannose binding domain. (B) sax-1 encodes an NDR kinase with an N-terminal regulatory 

(NTR) domain, a central kinase catalytic domain (subdomains I-IX), a putative auto-inhibitory 

sequence (AIS), an activation segment (AS), and a hydrophobic motif (HM) located at the C-

terminus. AS and HM carry regulatory phosphorylation sites. (C) sax-2 encodes a large 

scaffolding protein with mostly unknown domains except for the HEAT/Armadillo repeats at the 

N-terminal. Genomic structure is shown on the left. Solid black boxes represent exons. The 

location of point mutations and deletions are indicated by asterisks or lines respectively. Protein 

structure is shown on the right. Protein domains are depicted as colored boxes. 
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To determine if sax-1 and sax-2 single mutants display png-1 -like VC4/5 branching 

defects, we used the VC4/5 specific cyls4[cat-lp::gfp] reporter line to visualize VC4/5 in these 

mutants. In wild type (wt) worms, VC4/5 axons extend to form a circular tract around the vulva 

and project dorsally-directed branches on the left and right sides of the vulva. In wt young 

adults, VC4/5 axons typically contain 3-5 branches that fasciculate with each other. The natural 

overlap of VC4/5 axons and branches complicates phenotypic characterization as an 

unambiguous count of branch number or length could not be made. Branching defects in sax-1 

and sax-2 mutants were found to be highly variable and characterized by an increase in branch 

number and branch length. To simplify quantification, branching defects were binned into mild, 

moderate, and severe categories (Figure 4). VC4/5 defects were assigned to mild, moderate, and 

severe categories if VC4 or VC5 displayed 1-3, >4-20, or >20 supernumerary or longer branches 

respectively. According to these criteria, 9% of wt animals displayed some branching defects 

(6% 'mild'; 3% 'moderate', n=176) (Figure 5A and 5H). In contrast, 91% of VC4/5 axons 

displayed branching defects mpng-l(cy9) mutant animals (24% 'mild'; 66% 'moderate'; 1% 

'severe', n=176) (Figure 5B and FH). The penetrance of branching defects in sax-1 and sax-2 

were significantly lower compared to png-1 (P<0.01; t-test). In sax-1 (ky491) mutants, 60% 

exhibited branching defects (36% 'mild'; 24% 'moderate', n=187) while 45% ofsax-2(otl0) 

mutants displayed branching defects (29% 'mild'; 16% 'moderate', n=180) (Figure 5C,5D, and 

5H). Qualitatively, branching defects in sax-land sax-2 were milder than png-1 mutants. In 

summary, the phenotypic penetrance and severity of axon branching defects was lower in sax-1 

and sax-2 mutants when compared with png-1 animals. 
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Figure 4. Phenotypic classification of VC4 and VC5 axon branching defects. Ventral view 

of VC motor neurons visualized using the cyls4[cat-l::gfp] reporter trans gene. Fluorescence 

micrographs and diagrams of wild-type and mutant axon morphologies are shown. (A) Wild type 

VC4/5 axons typically contain 3-5 branches on the left and right sides of the vulva. (B) Mild, 

(C) moderate, and (D) severe phenotypes are defined as animals displaying <3, 4-20, or >20 

excess or longer branches on either the left or right sides of the vulva respectively. Examples of 

branch length (asterisk) and branch number (arrowhead) defects are shown. 

37 



Figure 5. VC4/VC5 axon branching defects in png-1, sax-1, and sax-2 single and double 

mutants. Compared to wild type (A), png-1, sax-1, and sax-2 single and double mutants display 

an increase in branch number and branch length (B-G). (B-D) Moderate branching defects are 

found in png-1, sax-1, and sax-2 single mutants. (E) Branching defects in sax-2; sax-1 double 

mutants are indistinguishable from sax-1 and sax-2 single mutants. (F-G) Branching defects in 

png-1; sax-1 and png-1; sax-2 double mutants are more severe compared to single mutants. (A-

G) Arrowheads mark VC branching defects. Neurons were visualized with the cyls4[cat-l::gjp] 

transgene. All images, ventral views with anterior to the left. Scale bars, lOum. (H) The 

percentage of young adult animals with mild (<3), moderate (>4-20), and severe (>20) branching 

defects for single and double mutants. The enhancement of branching defects in png-1; sax-1 

and png-1; sax-2 double mutants is highly significant when compared with either single mutant 

alone (***P<0.0001, t-tests). Error bars represent SEM of three independent counts with an 

n=50-60 for each set. 
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Double mutant analysis is a test used to determine whether two genes function in the 

same pathway or in parallel pathways to regulate a biological process of interest (Huang and 

Sternberg, 2006). If two genes function in the same pathway, a combined deficiency would 

result in defects similar to the single mutants because both genes are essential to the process. If 

two genes function in parallel pathways, a combined deficiency would result in enhanced 

(synthetic) defects relative to single mutants because each gene functions independently of one 

another to regulate a process. These genes may act redundantly with respect to one another or 

they may have independent functions that affect a biological process redundantly. By analyzing 

the double mutant phenotypes for png-1, sax-1, and sax-2 mutants we can gain insight into the 

functional relationship between these genes. 

To determine whether these genes are act in the same pathway or parallel pathways to 

limit axon branching in the VC4/5 motor neurons, we generated double mutants and examined 

neuronal phenotypes in VC4/5 motor neurons. In both png-1; sax-1 and png-1; sax-2 double 

mutants, 100% (n=180) of animals displayed branching defects (Figure 5H). In addition, a 

strong synergistic phenotype was observed in these double mutants (Figure 5F and 5G). 62% of 

png-1; sax-1 animals displayed 'severe' branching defects compared to 1% (n=176) and 0% 

(n=180) in png-1 and sax-1 single mutants, respectively (Figure 5H). Similarly, 42% of png-1; 

sax-2 animals displayed 'severe' branching defects compared to 1% and 0% inpng-1 and sax-2 

single mutants respectively (Figure 5H). In both cases, double mutants with png-1 displayed 

significant enhancement of severe branching defects in VC4/5 compared to the single mutants 

(PO.0001, t-test). This finding suggests that png-1 and sax-1/sax-2 may act in parallel pathways 

to inhibit VC4/5 branching as the png-1; sax-1/2 double mutants displayed more severe 

phenotype than either single mutant. 
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In contrast, sax-1 and sax-2 homologs in flies are known to act in the same genetic 

pathway to inhibit dendritic branching (Emoto et al., 2004). To determine whether sax-1 and 

sax-2 are working in the same pathway to control branching in VC4/5, the double mutant was 

generated and characterized. In sax-2; sax-/double mutants, 45% of animals displayed 

branching defects (33% "mild"; 12% "moderate", n=180) compared to 60% and 45% of sax-1 

and sax-2 single mutants respectively (Figure 5E and 5H). The penetrance of branching defects 

in sax-1 and sax-2 were not significantly different when compared with the sax-2; sax-1 double 

mutant; therefore, sax-2 and sax-1 function in the same pathway to inhibit VC axon branching. 

3.1.2 VC4/VC5 Ectopic Neurite Outgrowth and Branch Termination Defects 

In addition to an axon branch overgrowth defect, VC4/5 neurons also displayed other 

morphological defects. VC4 and VC5 normally send out two processes that extend laterally 

along the vulval epithelium to form a circular tract around the vulva, hi png-1 mutants, in 

addition to the two normal axons, VC4/5 display ectopic neurites that extend from multiple sites 

on the cell body and are variable in length. The penetrance of ectopic neurites in png-1 and sax-

2 animals, 18% (n=175) and 23% (n=180), were significantly different from wt animals (9%, 

n=177) (P<0.05; t-test) (Figure 6A, 6C and 6G). Qualitatively, we found that the majority of 

png-1 and sax-2 single mutants display one ectopic neurite (Figure 7C). We observed no 

difference in ectopic neurite formation in sax-1 mutants (9%, n=187) compared to wt (Figure 

6G). Previously, in a set of sensory neuron cell bodies, sax-1 and sax-2 mutants were shown to 

function in the same pathway to prevent ectopic neurites from sprouting in older animals (Zallen 

et al., 2000). As expected the ectopic neurite defects in sax-2; sax-/double mutants were not 

significantly different from single mutants, suggesting that these genes act in the same genetic 

pathway to limit neurite outgrowth in VC neurons (Figure 6G). 
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Figure 6. Ectopic VC4/VC5 neurite outgrowth defects in png-1, sax-1, sax-2 single and 

double mutants. (A-F) In addition to the two axons that normally encircle the vulva, ectopic 

neurites sprout from the cell bodies of VC4/5 neurons in png-1, sax-1, and sax-2 single and 

double mutants. Arrows point to ectopic neurites. Neurons were visualized with the cyls4[cat-

Ir.gfp] transgene. All images, ventral views with anterior to the left. Scale bars, lOum. (G) 

Neurite outgrowth defects are significantly more severe in png-1; sax-1 and png-1; sax-2 double 

mutants compared to single mutants (**P<0.01, t-tests). Ectopic neurites were scored if either 

VC cell body displayed at least one ectopic process. Error bars represent SEM of three 

independent counts with an n=50-60 for each set. 
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Figure 7. Quantification of ectopic VC4/VC5 neurites in png-1, sax-1, sax-2 single and 

double mutants, png-1; sax-1 (A) and png-1; sax-2 (B) double mutants display ectopic neurites 

of various lengths from VC cell bodies. Normal VC4/5 axons are indicated by arrowheads and 

ectopic neurites are indicated by asterisks. Images on the right are high magnifications of the 

boxed region in the left panels. Neurons were visualized with the cyls4[cat-l::gfp] transgene. 

All images, ventral views with anterior to the left. Scale bars, lOum. (C) Quantification of VC4 

and VC5 cells in single and double mutants with 1 neurite, 2 neurites, and >3 neurites. png-1; 

sax double mutants display significantly more ectopic neurites when compared with either single 

mutant (*P<0.05, t-tests). Error bars represent SEM of three independent counts with an n=50-

60 for each set. 
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In contrast, sax-1 and sax-2 double mutant analysis with png-1 revealed severe neurite 

outgrowth defects. 66% (n=180) of png-1; sax-1 and 68% (n=T64) of png-1; sax-2 animals 

extend ectopic neurites (Figure 6E-G). The enhancement of ectopic neurite formation in these 

double mutants is highly significant relative to single mutants (PO.01; t-test). A significant 

percentage of VC4/5 neurons in png-1; sax animals were characterized as having two or more 

ectopic neurites compared with png-1, sax-1 and sax-2 single mutants (PO.05; t-test) (Figure 

7A-C). 21% of VC4 and 13% of VC5 neurons displayed two or more neurites in png-1; sax-1; 

whereas, 19% of VC4 and 10% of VC5 neurons displayed two or more neurites in png-1; sax-2 

(Figure 7C). The strong synergistic phenotypes seen in png-1; sax-1 and png-1; sax-2 double 

mutants suggest that png-1 and sax-1'/sax-2 function in separate pathways to limit ectopic neurite 

outgrowth. 

Further characterization of neuronal phenotypes revealed an axon branch termination 

defect that was previously described in bam-2 mutants where VC axon branches were shown to 

overshoot their termination point and cross the midline of the vulva (Colavita and Tessier-

Lavigne, 2003). bam-2 was shown to encode a neurexin-related cell-surface protein that acts as 

an external branch terminating cue for VC branches. The overlap of VC4/5 branches precluded 

the ability to distinguish individual branches; therefore branch termination defects were scored if 

at least one branch or two branches crossed the midline. In png-1, sax-1, and sax-2 mutants, 

23% (n=176), 18% (n=188) and 15% (n=180) of animals displayed significant branch 

termination defects compared with wt animals (3%, n=176) where at least one VC axon branch 

passed its termination point and extended past the midline (PO.01; t-test) (Figure 8A-C and 8G). 

In sax-2; sax-1 double mutant the branch termination defects (25%, n=180) were no more severe 

than those in the single mutants (Figure 8D and 8G). In contrast, the penetrance of at least two 
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Figure 8. VC4/VC5 branch termination defects in png-1, sax-1, and sax-2 single and 

double mutants. (A-F) In png-1, sax-1, and sax-2 single and double mutants, VC branches 

extend past their termination point and cross the midline of the vulva. Overextended branches 

are indicated by asterisks. Arrowhead in (C) marks an axon branch that has terminated at a 

normal location. Neurons were visualized with the cyls4[cat-l::gfp] transgene. All images, 

ventral views with anterior to the left. Scale bars, lOum. (G) Quantification of branch 

termination defects in single and double mutants. Axon branch termination defects were scored 

if at least one or two branches crossed the midline, png-1; sax-1 and png-1; sax-2 double 

mutants display significantly more VC branches extending beyond their normal termination 

points compared to single mutants (*P<0.05, t-tests). Error bars represent SEM of three 

independent counts with an n=50-60 for each set. 
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VC branches overextending past the midline was enhanced in png-1; sax-1 md png-1; sax-2 

double mutants relative to single mutants (P<0.05; t-test). 17% (n=175) and 10% (n=166) of at 

least two VC branches overextended past the midline compared to 2% (n=176-188) mpng-1, 

sax-1, and sax-2 single mutants (Figure 8E-G). These results suggest that png-1 works in a 

parallel pathway with a sax-1/sax-2 pathway to control branch termination. 

We have shown that VC4/5 motor neurons display significantly enhanced morphological 

defects in the png-1; sax-1 and png-1; sax-2 double mutant combinations compared with single 

mutants. Both the severity and penetrance of defects increased in these double mutants (Figure 

9A-C). The synergy observed betweenpng-l and sax-1/sax-2 mutants is consistent with these 

genes acting in parallel pathways to control or maintain neuronal morphology by restricting 

neurite/branch growth. 

3.1.3 DVB Axon Overextension and Branching Defects 

DVB is a GABAergic motor neuron that innervates enteric muscles involved in 

defection. The DVB cell body, located in the tail, extends an anteriorly-directed axon along the 

ventral nerve cord terminating just posterior to the vulva (Figure 10A). DVB mpng-1 mutants 

display overextension and branching defects (Habibi-Babadi et al., 2010). lnpng-1 mutants, 

28% (n=156) of DVB neurons displayed an overextension defect where axons either grew past 

the vulva or dorsally along the vulval epithelium compared to 0% in wt (n=180) (Figure 10B-C; 

Table 1). png-1 mutants also display ectopic branches at the distal end of the DVB axon, located 

either directly adjacent to the vulva (8%, n=156) or near the vulva (3%, n=156) (Figure 11C-D; 

Table 1). Branching adjacent to the vulva was categorized as "vulval branching" while 

branching near the vulva was categorized as "non-vulval branching". 
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Figure 9. Neuronal morphology in png-1; sax-1 and png-1; sax-2 double mutants. Overall, 

png-1; sax-1 (A) and png-1; sax-2 (B) double mutants exhibit far more severe morphological 

defects compared to single mutants. VC morphology defects include excessive branching 

(arrowheads), ectopic neurites (arrows), and overextended branches (asterisks). Neurons were 

visualized with the cyls4[cat-l::gfp] transgene. All images, ventral views with anterior to the 

left. Scale bars, lOum. (C) Quantification of VC morphological defects in single and double 

mutants, png-1 and sax double mutants displayed significantly more morphological defects than 

either single mutant (*P<0.05, t-tests). Error bars represent SEM of three independent counts 

with an n=50-60 for each set. 
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Figure 10. DVB axon overextension defects in png-1, sax-1, and sax-2 single and double 

mutants. (A) Schematic diagram of the DVB motor neuron in wild-type hermaphrodites. (B-F) 

(B) In wild-type animals, the DVB cell body in the tail extends an axon anteriorly towards the 

head, terminating posterior to the vulva. (C-F) In png-1 single and png-1; sax double mutants, 

the DVB axon overextends past its termination point and grows past the vulva, either dorsally 

(C, E-F) or anteriorly (D). DVB neuron visualized with the otls92[flp-10::gfp] transgene. Left 

images are magnifications of the boxed regions indicated in the right panels. The vulva is 

indicated by an asterisk. All images, anterior is to the left and dorsal at top. Scale bars, 20 um. 
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Table 1. DVB morphology defects in png-1, sax-1, and sax-2 single and double mutants 

..WMb&l*.. Oyerexiension Vulval._Btanch|ng_ No^Vulyai Btawhing 

Strain J> 1^J> lr^J> 
J J) 

N 

wild-type 

Single mutants 

png-I(cy9) 

sax-1 (ky491) 

sax-2 (allO) 

Double mutants 

sax-2(otI0); sax-l(ty491) 

png-1 (cy9); sax-1 (ky491) 

png-1 (cy9); sax-2(ot!0) 

100±0 0±0 0±0 0±0 

69±2 

100±0 

97 ±3 

93 ±4 

11±4 

8±4 

27±3 

0±0 

1±1 

3±1 

88 ± 6 -

91 ±2*** 

8±1 

0±0 

0±0 

0±0 

31±5* 

53 ± 1 "* 

3±1 

0±0 

3±1 

5±0 

1 ±1 

2±0 

180 

156 

180 

174 

180 

156 

168 

*Young animals were scored for axon overgrowth and axon branching defects using the otIs92[flp-
10::gfp] transgene. Axon overgrowth defects were scored if the DVB axon failed to terminate and extend 
past the vulva, either dorsally or anteriorly. Axon branching defects were scored if at least one ectopic 
branch was observed at the distal tip of the axon, either adjacent to the vulva or near the vulva. Schematic 
drawings show the posterior end of the animal with the vulva represented by a triangle. Animals with 
more than one defect were scored in multiple categories; therefore percentages do not always add up to 
100%. 

'Values represent the mean ± SEM of three independent counts with an n=50-60 for each set. N= total 
number of animals scored. Asterisks represent significant differences between single and double mutants 
(*P<0.05, **P<0.01, ***P<0.0001; t-test). 
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Figure 11. DVB axon branching defects in png-1, sax-1, and sax-2 single and double 

mutants. (A) Schematic diagram of the DVB motor neuron in wild-type hermaphrodites. (B) In 

wild-type animals, an unbranched DVB axon terminates posterior to the vulva. (C-D) In png-1 

mutants, DVB axons exhibit ectopic branches at the distal tip, either directly adjacent to the 

vulva (C) or near the vulva (D). (E, G) sax-2 and sax-2; sax-1 mutants exhibit short branches 

near the vulva, while sax-1 animals do not (F). (H-K) png-1; sax double mutants exhibit 

severely overextended DVB axons with ectopic branches in the vulval region. The vulva is 

indicated by an asterisk and ectopic branches are indicated by arrowheads. All images in B-K 

correspond to the boxed region in A. DVB neuron visualized with the otls92[flp-10::gfp] 

transgene. All images, anterior is to the left and dorsal at top. Scale bars, 20 um. 
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To determine whether sax-1 and sax-2 mutants had similar neuronal defects, DVB axon 

tracts were visualized in young adult worms using an otls92[flp-10p::gfp] reporter line. We 

found that neither sax-1 nor sax-2 displayed significant DVB overextension and branching 

defects (Table 1). An examination of sax-2; sax-1 double mutants, revealed a small non vulval 

branching defect (5%, n=180) that was not significantly different than single mutants (Figure 

11G; Table 1). 

To determine if png-1 and sax-l/sax-2 interact genetically in DVB neurons, I made and 

examined double mutants, lnpng-1; sax-1 andpng-1; sax-2 doubles, 88% (n=156) and 91% 

(n=168) of DVB axons overextended past the vulva (Figure 10F-G; Table 1). png-1; sax-1 and 

png-1; sax-2 doubles also displayed enhanced branching defects at the distal end of the DVB 

axon directly adjacent to the vulva, 31% (n=156) and 53% (n =168), respectively (Figure 11H-K; 

Table 1). Overall, png-1; sax-1/2 double mutants displayed significantly enhanced DVB 

overextension and branching phenotypes compared to single mutants suggesting that these genes 

act in parallel pathways to control axonal morphology in DVB neurons. 

3.1.4 DVB Axon Measurements 

To rule out the possibility that the DVB overextension defect is due to an anterior 

displacement of the DVB cell body, a decrease in body length or a combination of several of 

these factors, measurements of DVB axon length, DVB cell body position from the vulva, and 

body length were obtained in wt and mutant young adults. Body length in png-1 (1056± 21um, 

n=28),png-1; sax-1 (1065± 18 urn, n=25) andpng-1; sax-2 (1053± 19 um, n=25) were 

significantly smaller compared to wt animals (1156± 18 um, n=21) (P<0.05; t-test) (Figure 12B). 

To control for the difference in body lengths, DVB axon length and the length from the DVB cell 
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Figure 12. DVB axon measurements in png-1, sax-1, and sax-2 single and double mutants. 

To control for the possibility that DVB overextension defects could be caused by differences in 

body length and/or a displacement of the DVB cell body and not an increase in DVB axon 

length, we measured the body length, DVB axon length, and DVB cell body position from 

confocal images as shown in panel (A). The DVB neuron visualized with the otls92[flp-10::gfp] 

transgene. Scale bar, 50um. (B) The body lengths (um) of png-1 single and double mutants 

were significantly smaller compared to wt animals (*P<0.05, **P<0.001; t-test). (C) The 

average ratio of the DVB cell position from vulva to body length in single and double mutants 

were not significantly different from wt animals, thus, the overextension defect is not caused by 

an anterior displacement of the DVB cell body. (D) Instead the apparent overextension defect of 

DVB axons is due to an increase in axon length since the average ratio of DVB axon length to 

body length were significantly greater in png-1 single and double mutants when compared to wt 

animals (**P<0.01, ***P<0.0001; t-test). 
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body position to the vulva were expressed as ratios with respect to body length. The DVB cell 

body position/body length ratio of png-1 (0.34, n=28), png-1; sax-1 (0.35, n=25), and/wg-7; 

sax-2 (0.35, n=22) were not significantly different from wt animals (0.33, n=21) (Figure 12C). 

These findings suggest that the overextension defect in png-1 mutants and png-1; sax-1/2 double 

mutants were not due to an anterior displacement of the DVB cell body. On the contrary, the 

DVB axon length/body length ratio of png-1 (0.34, n=28), png-1; sax-1 (0.37, n=25), and png-1; 

sax-2 (0.36, n=22) were significantly greater than wt animals (0.29, n=21) (PO.0001; t-test) 

(Figure 12D). Therefore, the DVB overextension defect in these mutant backgrounds is due to 

an increase in axon length. On average, DVB axons in png-1, sax-1, and sax-2 single mutants, 

terminated 13 ± 3 urn, 55± 6 urn, and 60± 7 urn posterior to the vulva, respectively (Figure 13). 

In comparison, png-1; sax-1 and png-1; sax-2 terminated 22 ± 7 urn (n=25) and 16± 3 urn 

(n=22) anteriorly or dorsally past the vulva, respectively (Figure 13). 

3.1.5 AVL Axon Branching Defects 

Like DVB, AVL is a GABAergic motor neuron that controls defecation. The AVL cell 

body, located in the head, extends a posteriorly-directed unbranched axon to the tail (Figure 14 

A-B). png-1 mutants display AVL branching defects (Habibi-Babadi et al., 2010) (Figure 14C). 

To determine whether sax-1 and sax-2 mutants display similar neuronal defects, AVL axon tracts 

were visualized in young adult worms using an otExl495[sul-l::gfp] reporter line. otExl495 is 

on an extrachromosomal array that was not consistently expressed in AVL neurons. 

Nevertheless, otExl495 animals displayed wild-type neuronal morphology. In sax-1 and sax-2 

mutants, the percentage of animals that display ectopic branches (25%, n=l 19 and 26% n=120) 

was significantly greater than/wg-7 mutants (12%, n=122) (P<0.01; z-test) (Figure 14C-E and 

141). Double mutants were examined to determine whether these genes are acting in the same or 
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Figure 13. DVB axon termination sites in png-1, sax-1, and sax-2 single and double 

mutants. Schematic diagram represents the central part of the animal. In wild-type animals, the 

DVB axon terminates posterior to the vulva (gray arrow). The distribution of DVB axon 

termination sites relative to the vulva (x-axis) is shown for wild-type, png-1, sax-1, and sax-2 

single and double mutants. The percentage (%) of DVB axons (y-axis) that terminate within each 

interval (10|im) is indicated. Termination sites posterior to the vulva are positive; termination 

sites anterior or dorsal to the vulva are negative. The % of DVB axons that terminate past the 

vulva in png-1; sax double mutants is significantly greater relative to single mutants (PO.0001; 

t-test). n=number of DVB axons scored 
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Figure 14. AVL axon branching defects in png-1, sax-1, and sax-2 single and double 

mutants. (A) Schematic diagram of the AVL motor neuron in wild-type hermaphrodites. (B) In 

wild type, AVL neurons extend an unbranched axon to the tail. (C-H) In png-1, sax-1, sax-2 

single and double mutants, AVL axons display ectopic branches in the vulva region. Images in 

B-H correspond to the boxed region in A. AVL is visualized using the otExl495[sul-l::gfp] 

transgene. The vulva is indicated by an asterisk and ectopic branches are indicated by 

arrowheads. Anterior is to the left, dorsal at top. Scale bars, 20 urn. (I) Quantification of 

animals that exhibit ectopic branches in single and double mutants. The enhancement of ectopic 

branching in png-1; sax double mutants is significant when compared to single mutants (z-test; 

**P<0.01, ***P<0.0001). Error bars represent SE of proportion, n=l 13-122. 
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parallel pathways to inhibit axon branching in AVL. The percentage of animals with ectopic 

branches in sax-2; sax-1 mutants (27%, n=l 19) did not significantly differ compared to single 

mutants (Figure 14F and 141). This implies that sax-1 and sax-2 act in the same genetic pathway 

to inhibit AVL branching, hx png-1; sax-1 andpng-1; sax-2 double mutants, 46% (n=l 15) and 

50% (n=l 13) of animals displayed ectopic branching, respectively (Figure 14G-I). Thus, png-1; 

sax-land png-1; sax-2 double mutants resulted in significantly enhanced AVL branching 

phenotypes relative to single mutants (P<0.01; t-test) which implies that png-1 and sax genes 

function independently in parallel pathways to limit AVL branching. 

3.2 Identification and Mapping of sax-1 Enhancer Genes 

3.2.1 Genetic Screen for sax-1 Enhancer Genes 

The phenotypic analysis of png-1 and sax-1/2 single and double mutants indicates that 

these genes act in parallel pathways to inhibit axon overgrowth and branching in a subset of 

neurons including VC4/5, DVB and AVL. These findings suggest that new components of the 

png-1 pathway could be identified by screening for enhancers of sax-1/2 axon branching defects 

in VC4/5 neurons. We therefore mutagenized sax-1 (ky491); cyls4 hermaphrodites with EMS 

and performed a visual screen for severe branching defects (Figure 15A). In a pilot screen, 120 

Fl plates with 10 worms each, in other words 1200 haploid genomes (120 xlO haploid genomes) 

were screened for enhancer mutants yet none were recovered. In the subsequent two screens of 

4,560 haploid genomes, we isolated 17 sax-1 enhancers (sens) mutants that enhanced sax-i 

branching defects (Figure 15B and 16). All the isolated mutant strains were viable and recessive. 
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A 
sax-1 Enhancer Screen 

PO: EMS mutagenesis of sax-1(ky491);cyls4[cat-l::gfp] worms 

I 
F1: Clone F1 worms 

F2: Visual screen of F2 worms for enhanced axon branching defects 

f 
F3: Secondary visual screen to confirm mutant phenotypes 

B 
Screen 9 e n e r a t i o n # of genomes # of enhancer enhancer mutants 

screened scored mutants 

1 F2 2400 0 

2 F2 3520 8 Zy26,zy27,zy28,zy29,zy30,zy31,zy32,zy33 

3 F2 5600 9 Zy34,zy35,zy36,zy37,zy38,zy39,zy40,zy41,zy42 

Figure 15. The sax-1 enhancer screen. (A) sax-l(ky491); cyls4 worms, which mostly display 

mild VC branching defects were mutagenized with EMS and the F2 progeny were visually 

screened for severe VC4/5 branching defects. (B) Three independent screens using the sax-1 

enhancer strategy yielded 17 mutations which enhance VC branching defects. 
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Figure 16. Axon branching phenotypes in sax-1 enhancer mutants. (A) sax-l(ky491) 

mutants. (B-L) Representative images of mutants recovered from the sax-1 enhancer screen. 

sax-1 enhancers (sens) mutants display an increase in the number of VC4/5 axon branches 

compared to sax-1 single mutants. All enhancers are in the genetic background containing sax-

l(ky491); cyls4. Arrowheads point towards branching defects. 
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3.2.2 Identification of Three Complementation Groups: sens-1, sens-2, and sens-3 

The sax-1 enhancer screen yielded several mutants with similar branching defects. 

Complementation tests allow us to determine whether these mutant phenotypes are caused by 

mutations in a single gene or in different genes. Our first step was to determine whether any of 

the newly isolated mutants were new alleles of png-1. We performed pair-wise complementation 

tests with png-1 and all 17 sens mutants. If the png-1/sens trans-heterozygotes examined 

displayed VC4/5 axon branching defects the two lines failed to complement and the sens allele 

most likely represents a new png-1 allele. We found that four of my 17 sax-1 enhancer mutants 

identified new alleles of png-1 validating the screen as a tool to identify png-1 pathway 

components (Table 2). The second step was to perform a series of pair-wise complementation 

tests with 10 mutants that displayed similar phenotypes in order to assign them to 

complementation groups (CGs). Two strains were said to complement if the trans-heterozygote 

displayed wt branching; whereas two strains failed to complement when branching defects were 

observed. These mutants mapped to at least three complementation groups and were therefore 

named sax-1 enhancer-/ (sens-1), sens-2 and sens-3 (Table 3). 

Two of the original sens mutants, zy32 and zy33, displayed multiple VC4/5 cell bodies 

and consequently an enhancement in axon branching was due to supernumerary axons. This 

phenotype resembled the supernumerary neurons found in pattern of reporter gene expression 

abnormal (pag-3) mutants (Cameron et al., 2002). Complementation tests revealed that these 

mutants did indeed represent new alleles of pag-3. Another mutant, zy42, displayed an 

uncoordinated movement phenotype. This mutant was mapped by Bobby Lanthier, a lab 

technician, to chromosome X, near a gene called sensory axon guidance-3 (sax-3). SAX-3 is the 

C. elegans orthologue of Robo, a member of the immunoglobulin superfamily that has been 
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Table 2. Complementation analysis of png-l(cy9) and sens alleles 

Line name zy26* zy27' zy34' zy35a zy28b zy29b zy30b zy31b zy32b zy33b zy36b zy37b zy38b zy39b zy40b zy41b zy42b 

png-1(cy9) - - - - + + + + + + + + + + + + + 

*The results of complementation tests between png-1 and sens mutants are shown, png-1 and sens trans-
heterozygote animals were assayed for VC4/5 axon branching defects. Crosses that complement are 
indicated by "+" and crosses that fail to complement are indicated by "-" 
a sens alleles that fail to complement with png-1 and are likely to represent new alleles of png-1 
b sens alleles that complement with png-1 and are likely to represent new genes 
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Table 3. Complementation analysis of sens alleles 

Line name 

zy31 

zy37 

zy39 

zy29 

zy30 

zy36 

zy38 

zy40 

zy41 

zy28 

_i 

_! 

_1 

+ 

+ 

+ 

+ 

-

-

zy31 

-j 

.1 

NO 

ND 

ND 

+ 

ND 

NO 

zy37 

.t 

+ 

+ 

+ 

+ 

+ 

-

zy39 

+ 

+ 

+ 

+ 

+ 

-

zy29 

_2 

_ 2 

. 2 

+ 

-

zy30 

_ j 

.2 

+ 

NO 

zy36 

_2 

ND 

+ 

zy38 

+ 

+ 

zy40 

.3 

*The results of complementation tests between sens mutants are shown, sens trans-heterozygote animals 
were assayed for VC4/5 axon branching defects. Crosses that complement are indicated by "+" and 
crosses that fail to complement are indicated by "-". ND not determined. 

'CG I named sens-2 
2 CG II named sens-1 
3 CG III named sens-3 
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shown to play a phylogenetically conserved role in axon guidance (Brose and Tessier-Lavigne, 

2000). A complementation test revealed that zy42 represents a new allele of sax-3. sax-3 was 

previously identified as a mutant with VC4/5 morphology defects on its own (A. Colavita, 

unpublished) and therefore does not represent an enhancer of sax-1 and therefore was not 

characterized further. Overall, the sax-1 enhancer screen identified at least three sens mutants 

that act like png-1 mutants to enhance the sax-1 VC4/5 axon branching defects. Enhancer 

mutants were backcrossed once to the N2 wild-type strain to remove the sax-1 mutant 

background and once to cyls4 to replace the mutagenized cyls4 transgene before further 

phenotypic characterization. 

3.2.3 Genetic map positions ofsens-1 and sens-2 

To assign sens mutations to chromosomes we performed linkage mapping using single 

nucleotide polymorphisms as previously described (see Material and Methods). Mapping was 

done to first assign the 10 sens mutants that were not allelic to png-1 to a chromosome, sax-1 

Hw males were crossed with sens; sax-1 hermaphrodites to generate a heterozygous cross 

progeny that were allowed to self-fertilize to generate sens; sax-1 cyls4 recombinant mutants. 

For several sens mutant, approximately 15-30 recombinants were collected and tested for SNP 

linkage across all chromosomes except chromosome V and VI, where the cyls4 GFP marker and 

sax-1 mutation (both within an N2 background) were located. SNP linkage to sens mutation was 

detected as a high ratio of N2 to Hw SNP alleles. The first round of mapping allowed us to map 

sens-1 alleles (zy29, zy30, zy36) to chromosome IV and sens-2 alleles (zy31, zy37) to 

chromosome II. zy40 and zy41 (sens-3) mutations did not map to chromosomes I to IV and may 

therefore be located on chromosome V or VI. 
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Further mapping was done to map sens-1 and sens-2 alleles to smaller genetic intervals 

within chromosomes IV and II respectively. Subsequent analysis of SNPs spaced over the entire 

length of chromosome IV allowed us to map sens-1 alleles (zy29, zy30) to a 7.4Mb interval on 

chromosome IV between the SNPs D2096 and F42A6 (Figure 17). sens-2 alleles (zy31, zy37j 

were mapped to an 8Mb interval on chromosome II between the SNPs Y51B9 and F39E9 

(Figure 17). The mapping of several sens-1 alleles to the same region in chromosome IV and 

mapping several sens-2 alleles to the same chromosome in II validated our complementation 

tests that initially defined these groups to the same genetic loci. 
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Figure 17. Chromosome mapping for sens-1 and sens-2 genes. A SNP-based mapping 

strategy was used to map sens-1 and sens-2 alleles to chromosomes. The position and names of 

SNPs used in this study are shown along the length of the chromosomes, sens-1 alleles mapped 

to a large interval (red) on LGIV between SNPs D2096 and F42A6. sens-2 alleles mapped to a 

large interval (red) on LGII between SNPs Y51B9 and F39E9. Note. All sens mutants were 

mapped in the sax-l(ky491); cyls4 genetic background. 
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3.3 VC4/VC5 and DVB Morphological Defects in sens-1 and sens-2 Mutants 

To determine whether sens-land sens-2 single mutants displayedpng-1 like 

morphological defects, we analyzed VC4/5 and DVB for neuronal defects. When compared with 

wild-type animals, sens-1 mutants, zy29 and zy30, displayed significant mild branching defects, 

32% (n=179) and 43% (n=166), when compared with wt animals (P<0.05 (wt vs. zy29)\ P<0.01 

(wt vs. zy30); t-tests) (Figure 18A-D and 18G). sens-2(zy28) mutants displayed significant mild 

and moderate branching defects (49% "mild"; 23% "moderate", n=176) compared with wt 

animals (P<0.01; t-test) (Figure 18E-G). sens mutants also displayed other morphological 

defects including neurite outgrowth defects and branch termination defects. 24% (n=180) and 

22% (n=165) of VC4/5 neurons in sens-1 (zy29) and sens-1 (zy30) displayed ectopic neurite 

outgrowths compared to wt (P<0.05; t-test) (Figure 19A-B and 19D). However, we observed no 

significant difference in ectopic neurite formation in sens-2(zy28) mutants (16%, n=173) 

compared to wt (Figure 19D). In wild type, 3% of animals display branch termination defects. 

In contrast, 13% and 17% of VC4/5 branches extend beyond the normal termination point to 

cross the midline in sens-1 (zy29) and sens-2(zy28) mutant animals (Figure 19E-H). 

To determine whether sens-1 and sens-2 mutants displayedpng-l-\ike defects in DVB 

neurons, DVB axon tracts were examined in young adult worms using the otIs92 reporter line. 

In evaluating the DVB axon tract in sens-l(zy29), sens-1 (zy30), and sens-2(zy28) single mutants, 

no overextension defects were observed (n=120-180). However, non-vulval branching was 

observed. 17% (n=168) and 7% (n=180) of DVB axons in sens-1 (zy29) and sens-1 (zy30) 

respectively displayed non-vulval DVB branching compared to 0% in wt animals. However, we 

observed no significant difference in ectopic branches in sens-2(zy28) mutants (3%, n=173) 
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compared to wt. Overall, sens-1 and sens-2 mutants displayed a variety of defects in VC and 

DVB neuronal morphology that resemble defects in png-1 mutants. 
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Figure 18. VC4/VC5 axon branching morphologies in sens mutants. (A-F) sens-1 and sens-

2 mutants display mild branching defects (arrowheads). Neurons were visualized with the 

cyls4[cat-l::gfp] transgene. All images, ventral views with anterior to the left. Scale bars, 

lOum. (G) sens mutants were classified as having mild (<3 supernumerary branches), moderate 

(>4-20 supernumerary branches), or severe (>20 supernumerary branches) phenotypes. sens 

mutants display predominately mild branching phenotypes. Asterisks indicate values that are 

significantly different from wild type (*P<0.05, **P<0.01; t-tests). Error bars represent SEM of 

three independent counts with an n=50-60 for each set. 
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Figure 19. VC4/VC5 axon branch termination and neurite outgrowth defects in sens 

mutants. (A-G) sens-1 and sens-2 mutants display branch termination defects (A-C) and 

ectopic neurites (E-F). Open arrowheads point to overextended VC branches and closed 

arrowheads point to ectopic neurites. Scale bars, lOum (D, H) Quantification of branch 

termination defects (D) and ectopic neurites (H) in sens mutants. Asterisks indicate values that 

are significantly different from wild type animals (*P<0.05, **P<0.01; t-tests). Error bars 

represent SEM of three independent counts with an n=50-60 for each set. 
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Figure 20. DVB axon branching defects in sens mutants. (A-C) In sens mutants, DVB axons 

display short ectopic branches at their distal tips. The vulva is indicated by an asterisk. Insets in 

the upper left corner correspond to the boxed distal tips of DVB axon. DVB neuron visualized 

with the otls92[flp-10::gfp] transgene. Scale bars, 20 um. (D) Quantification of DVB axon 

defects in sens mutants. Error bars represent SEM of three independent counts with an n=50-60 

for each set. 
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4. Discussion 

4.1 png-1 and sax-l/sax-2 Act in Parallel Pathways to Restrict Axon Branching and 
Outgrowth 

In this study, we focused on the neuronal roles played by the SAX-1/NDR kinase and 

SAX-2 and their interactions with the PNG-1/N-glycanase. Qualitatively, sax-1 and sax-2 

mutants displayed neuronal defects that were similar to png-1 mutants, including excessive 

branching, ectopic neurite outgrowth and axon overgrowth. Axon and dendrite overbranching 

was the principle phenotype observed in the subset of neurons examined. In these mutants, the 

normally unbranched AVL and DVB neurons displayed ectopic branches; whereas, the 

normally branched VC4/5 neurons displayed an increase in axon branches. Notably, the axons 

and dendrites of these neurons were guided along their normal trajectories. In contrast, in the 

case of the VC4/5 neurons, mutations in the well-conserved axon guidance molecules, UNC-

6/Netrin and its receptor UNC-40/DCC result in highly penetrant axon guidance defects (A. 

Colavita, unpublished). This suggests that png-1, sax-1, and sax-2 play specific roles in limiting 

neurite outgrowth and branching, while other genes mediate the initial guidance of axons and 

dendrites towards their appropriate target area. 

It was previously shown in C. elegans that sax-1 and sax-2 limit the primary growth of 

dendrites and prevents the outgrowth of ectopic neurites in adult animals (Zallen et al., 1999; 

Zallen et al., 2000; Gallegos and Bargmann, 2004; Jia and Emmons, 2006). In this study, we 

found that sax-1 and sax-2 also regulate axonal branching in C. elegans. This branching 

phenotype is consistent with what is known in other model organisms. Mutations in the fly 

homologs of sax-1 and sax-2, tricornered (trc) and furry (fry) respectively, result in the 

formation of overly branched dendrites which are reminiscent of the VC overbranching 

phenotypes (Emoto et al., 2004). Thus it appears that these highly conserved proteins mediate 
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similar functions in fly and worm neurons. In addition, mutations in trc and^ry result in the 

formation of branched epidermal hairs, sensory bristles, and antennas and in multi-hair 

phenotypes which are comparable to the overbranched and overgrown fly and worm neuronal 

morphologies. In filamentous fungi, mutations in the SAX-1 homolog Cot-1/NDR kinase result 

in hyper branched hypha (Yarden et al., 1992). Overall, these diverse but related phenotypes 

suggest that sax-1 and sax-2 homologs have conserved roles in regulating outgrowth and 

branching of cellular processes. 

Conversely, developmental roles for PNG-1/N-glycanase homologs remain elusive. 

Apart from neuronal defects in C. elegans, an N-glycanase mutant in filamentous fungi exhibits 

a hyphal morphology defect, consisting of round and swollen hyphal tips (Seiler and Plamann, 

2003). Thus it appears that N-glycanases may also have conserved roles in regulating cellular 

morphology in several organisms. 

Our finding thatpng-i, sax-1, and sax-2 mutants share similar phenotypes suggests two 

possibilities; these genes either function in the same pathway or in parallel pathways to regulate 

neuronal morphology. Since analysis of the png-1; sax-1 and png-1; sax-2 double mutants 

showed enhanced neuronal defects compared to either of the single mutants, png-1 functions in a 

parallel pathway to sax-1 and sax-2. Double mutants also displayed qualitatively much more 

complex morphologies including severe branching phenotypes, multiple ectopic neurites, and 

severely overextended axons. In contrast, analysis of sax-2; sax-1 double mutants displayed a 

phenotypic penetrance that was indistinguishable from either single mutant, suggesting that sax-2 

and sax-1 function in the same pathway. These results are comparable to Drosophila studies 

which have shown that trc and fry act in the same genetic pathway to regulate dendritic 

morphology (Emoto et al., 2004). Furthermore, biochemical studies in both yeast and 
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Drosophila have shown that SAX-1 and SAX-2 orthologs physically interact (Du and Novick, 

2002; He et al., 2005a; Seiler et al., 2006). These findings suggest that an interaction between 

sax-1 and sax-2 and their homologs is conserved over a wide range of organisms. The exact 

nature of this interaction is not known; although it is hypothesized that scaffolding proteins like 

SAX-2 facilitate SAX-1/NDR kinase activation, substrate targeting, or localization (Hergovich et 

al., 2006). 

Our study suggest that at least two parallel pathways, the PNG-1 and SAX-1/NDR kinase 

pathways, regulate axon/dendrite branching and outgrowth in a subset of C. elegans neurons. 

The similar phenotypes displayed when these pathways are disrupted suggest that they may have 

overlapping functions. Genetic redundancy is commonly cited among members of gene families 

which are related in structure and perform similar, if not identical, functions. For example, one 

study found that the three C. elegans Rac GTPase-like genes, ced-10, mig-2, and rac-2 act 

redundantly to regulate axon guidance (Lundquist et al., 2001). As well, several genes of the 

IgCAM superfamily which encode adhesion molecules display functional overlap during axon 

migration (Schwarz. et al, 2009). Although homologous genes are often cited in genetic 

redundancy; various functions can also be provided redundantly by non-homologous genes 

(Kadyk and Kimble, 1998; Harrington et al., 2002; Hansen et al., 2004)). For example, attractant 

guidance cues provided by the Netrin/DCC pathway and repellent guidance cues provided by the 

Slit/Robo pathway which collectively act to control ventrally-directed axon guidance in a subset 

of mechanosensory neurons in C. elegans (Hao et al., 2001). In this model, ventral axon 

guidance is achieved by the joint action of ventrally expressed Netrin protein attracting axons 

and dorsally expressed Slit protein repelling axons. In this case, parallel pathways perform 

different functions that collectively control a common cellular process. 
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Previous studies have shown that PNG-1/N-glycanase acts from vulval epithelium cells 

to regulate VC branching (Habibi-Babadi et al., 2010). Conversely, the SAX-1/NDR kinase 

pathway functions intrinsically within neurons to limit neurite outgrowth in C. elegans and 

dendritic branching in Drosophila (Zallen et al., 2000; Emoto et al., 2004; Gallegos and 

Bargmann, 2004). The cell-non autonomous and cell autonomous activities of PNG-1 and the 

SAX-l/SAX-2 pathway respectively, suggest these pathways engage different targets and work 

through different mechanisms. Based on differences in their biochemical functions and their site 

of action, we propose that the PNG-1 and SAX-1/NDR kinase pathways perform independent yet 

equally necessary functions that collectively control a common cellular process involved in 

establishing or maintaining proper neuronal morphology. Given that cytoskeleton remodeling is 

a common process that promotes outgrowth, extension, and branching, we propose that these 

parallel pathways influence cytoskeleton dynamics via independent mechanisms. Indeed, the 

coordinated regulation of the actin and microtubule cytoskeleton has been well established as the 

ultimate determinant of cellular morphology including axons/dendrite morphology (Rodriguez et 

al., 2003; Bouquet and Nothias, 2007; Georges et al., 2008; Li and Gundersen, 2008; Quinn and 

Wadsworth, 2008; Witte and Bradke, 2008). Consistent with this idea, studies in budding yeast 

and Drosophila have shown that disruption of the SAX-1/NDR kinase pathway results in a 

disorganized actin and/or microtubule structure (He and Adler, 2002; Gonzalez-Novo et al., 

2009). 
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4.2 Possible Mechanisms to Explain PNG-1 and SAX-1/NDR Kinase Pathways in Axon 
Branching and Outgrowth 

Worms in which the vulva has been genetically or physically ablated display axon 

guidance defects and the loss of axon branches; indicating that the vulval epithelium is a source 

of axon guidance and branching factors (Li and Chalfie, 1990; Garriga et al., 1993). When the 

PNG-1 and SAX-1/NDR kinase pathways are disrupted, the majority of neuronal defects were 

observed in the vicinity of the vulva. For example, unbranched neurons like AVL and DVB 

display ectopic axon branches at the vulva; whereas, the normally branched VC4/5 neurons 

display an increase in branches. The ectopic axon branches observed in DVB and AVL suggest 

that these neurons are responsive to a branching cue; yet are usually prevented from doing so. 

What is preventing these axons from branching at the vulva? One possibility is that, just 

as the vulva emits branch promoting factors; the vulva may also provide branch inhibitory 

factors that prevent unnecessary or over-branching. Alternatively, the receptors that promote 

axon branching may be normally down regulated to prevent inappropriate branching or those that 

mediate branch inhibition may normally be up regulated in wild-type animals to prevent too 

much branching. Rho-family GTPases control various aspects of neuronal morphogenesis 

including axon outgrowth and branching (Ng et al., 2002). Since both PNG-1 and SAX-1/NDR 

pathway mutants display various neuronal morphology defects, we propose that Rho GTPases 

very likely lie downstream of these pathways. 

Cell rescue studies suggest PNG-1 acts through a cell-non autonomous mechanism to 

limit VC4/5 neuronal branching suggesting PNG-1 may regulate the cell surface expression or 

secretion of an axon branch promoting molecule from the vulval epithelial cells (Habibi-Babadi 

et al., 2010). For example, an excess of a branch promoting factor or the shortage of a branch 
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inhibiting factor in the intercellular space may cause an overbranching phenotype. These 

branching cues would be relayed into the neuron via putative cell-surface receptors that trigger 

intracellular pathways that ultimately regulate components of the cytoskeleton machinery to 

influence morphological changes. The identity of this axon branching molecule is currently 

unknown; yet N-glycanases, based on their involvement in the degradation of misfolded 

glycoproteins in other systems, may regulate such a molecule through post translational 

modification (deglycosylation) or through a proteasomal degradation pathway (Habibi-Babadi et 

al., 2010). 

SAX-1/NDR kinase homologs have established roles in regulating gene expression, 

vesicle trafficking, and exocytosis (McNemar and Fonzi, 2002; Kurischko et al., 2008; Mazanka 

et al., 2008)). Within neurons, the SAX-1 kinase pathway may regulate the expression or 

transport of signaling components that respond to or interpret axon branching factors, such as the 

production or localization of receptors on the axon membrane. For example, a failure to 

downregulate a receptor that mediates branch promoting cues may lead to an overbranching 

phenotype. Similar to axon guidance receptors, these putative branching receptors are likely 

coupled to effectors that regulate Rho-family GTPases and ultimately the actin/microtubule 

cytoskeleton. 

Several studies have shown that the SAX-1/NDR kinase pathway regulates Rho GTPase 

activity and localization (Emoto et al., 2004; Kurischko et al., 2008; Das et al., 2009). In yeast 

and mammalian cells, SAX-2 homologs have been shown to bind MTs (Gonzalez-Novo et al., 

2009; Chiba et al , 2009) and act as scaffolding proteins that bind both NDR kinases and MTs 

(Chiba et al., 2009). It is possible that the SAX-1/NDR kinase pathway acts intrinsically within 

neurons to directly organize the structure of the cytoskeleton. SAX-1/ NDR kinases have also 
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been shown to regulate gene expression by altering the activity and localization of transcription 

factors (Weiss et al., 2002; Nelson et al., 2003; Kurischko et al., 2005; Mazanka et al., 2008). 

Therefore, SAX-1 may regulate axonal and dendritic growth by regulating the expression of 

genes that encode cytoskeleton interacting proteins. Although the SAX-1 /NDR kinase pathway 

controls various aspects of neuronal morphology, the relevant downstream targets and 

mechanisms are largely unknown. 

Among many possibilities, we describe one model by which these parallel pathways may 

collectively regulate neuronal morphology. In this model, PNGase activity within vulval 

epithelial cells normally downregulates levels of a putative branch promoting factor into the 

extracellular space. Within neurons, the SAX-1/NDR kinase pathway negatively regulates actin 

dynamics via regulation of RhoGTPases or actin binding proteins. A disruption in both these 

parallel pathways would lead to a hyper activation of branch promoting signaling pathway and 

actin cytoskeleton dynamics within neurons resulting in an axon/branch overgrowth phenotype. 

4.3 Identification of sens Genes: Possible Components in png-1 Pathway? 

In the original mutagenesis screen for VC4/5 axon branching mutants, the only mutations 

identified were those in png-1 (A. Colavita, unpublished). Why were other mutants with 

excessive branching defects not isolated? There are several possibilities. First mutations can 

result in pleiotropic effects, such as lethality or sterility that would preclude visualization of 

branching defects or recovery of mutants. Second, genetic redundancy could mask mutations 

that yield a visible phenotype. In this case, mutations in one gene are completely or partially 

compensated by the activity of other genes. Our findings suggest that the png-1 pathway and the 

sax-l/sax-2 pathway are partially redundant in limiting neuronal branching and outgrowth. The 
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milder phenotypes of sax-1 and sax-2 mutants compared to png-1 likely explains why only png-1 

alleles were recovered in the original screen. Therefore, to identify other components in the png-

1 axon branching pathway, it was necessary to overcome the apparent functional redundancy 

regulating axon branching in VC neurons. 

Enhancer screens in C. elegans are a good way to uncover the functional overlap among 

genes regulating certain biological processes (Jorgensen and Mango, 2002; Herman and 

Yochem, 2005). Since png-1; sax-1 double mutants show enhanced VC4/5 branching defects, 

we screened for other mutants that act like png-1 to enhance sax-1 defects. Our sax-1 enhancer 

screen identified multiple alleles in at least three sens (sax-1 enhancers) genes that limit axon 

branching in C. elegans. We propose that these genes are good candidates to regulate axon 

branching through a PNG-1 dependent pathway. 

sens genes regulate several aspects of neuronal morphology, sens mutants display 

ectopic neurites, excessive branching, and branch termination defects, suggesting that these 

genes act to limit neurite and branch growth. Although these defects were mild and less 

penetrant, they were phenotypically similar to png-1 mutants, consistent with disruption of a 

common pathway. Indeed, these mild phenotypes would have made identifying sens genes 

difficult in a conventional genetic screen as other genes like sax-1 appear to compensate for their 

loss. We predict that the molecular identification of the genes obtained in the sax-1 enhancer 

screen will provide insight into the pathway and mechanism involved in png-1 mediated axon 

branching. 

While deficits in the PNG-1 and SAX-1/NDR kinase pathways causes outgrowth and 

branching defects, a wide variety of genes are known to be involved in neuronal morphology in 
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C. elegans. Therefore, while sens genes may encode new PNG-1 pathway components, we 

cannot exclude the possibility that they instead act in a third parallel pathway, separate from the 

png-1 or the sax-l/sax-2 pathways. There are several possibilities. In both invertebrates and 

vertebrates, neuronal activity has been shown to influence nervous system structure (Letourneau 

et al., 1994; Peckol et al., 1999; Gomez and Spitzer, 2000; Ming et al., 2001; Henley and Poo, 

2004). SAX-1 has already been shown to function in parallel with an activity dependent 

pathway consisting of TAX-4/cGMP-gated sensory transduction channel and UNC-

43/Calcium/Calmodulin-regulated Kinase (CAMKII) to suppress ectopic neurite formation in 

sensory neurons (Zallen et.al, 2000). Intrinsic transcriptional programs have also been shown to 

control several aspects of neuronal morphology (Hobert et al., 1999; Clark and Chiu, 2003; 

Wacker et al., 2003). In C. elegans, transcriptional regulators like the lim-6 homeobox gene 

have been shown to regulate neurite outgrowth in neurons (Hobert et al., 1999). Ubiquitin-

mediated protein degradation has also been implicated in neuronal morphology since mutations 

in LIN-23, a component of the SCF E3 ubiquitin ligase complex, result in ectopic axons and 

branches (Mehta et al., 2004). Extracellular signaling molecules like KAL-l/Anosmin-1, an 

extracellular matrix glycoprotein, regulate axonal branching through an unknown mechanism 

(Bulow et al., 2002). Likewise, UNC-119, a novel conserved protein was found to maintain 

neuronal morphology via an unknown mechanism by suppressing axon branching in C. elegans 

(Knobel et al., 2001). Currently little is known about the upstream signals that trigger the 

activation of the PNG-1 and SAX-1/NDR kinase pathways, their integration into known 

signaling pathways or their downstream targets. The identification of sens genes might allow us 

to establish a link and integrate PNG-1 into a known molecular pathway. 
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4.4 Future Directions 

Studies in C. elegans have shown sax-1 and sax-2 to play both developmental and 

maintenance roles in neuronal and dendritic development (Zallen et al., 1999; Zallen et al., 2000; 

Gallegos and Bargmann, 2004). However, whether they play a developmental role by inhibiting 

primary branch outgrowth or a maintenance role to prevent secondary branch growth remains to 

be studied. Since we have only characterized mutants at one time point, we cannot distinguish 

whether these defects are caused early in the establishment of neuronal structure or whether these 

genes are involved in the maintenance of neuronal morphology. Therefore time lapse studies are 

required to characterize neuronal morphology in single and double mutants at the larval and adult 

stages. Time-lapse analysis will also allow us to determine the temporal relationship between 

axon outgrowth and axon branching. In other words, determine whether ectopic neurites and 

ectopic branches appear simultaneously or separately during development in png-1, sax-1, and 

sax-2 mutants. 

Previous studies have shown that png-1 is expressed in vulval cells and regulates 

neuronal branching of VC4/5 from the vulval epithelial cells (Habibi-Babadi et al., 2010). 

Studies in C. elegans, have found that sax-1 and sax-2 act cell autonomously in neurons to limit 

axonal/dendritic outgrowth (Zallen et al., 2000; Gallegos and Bargmann, 2004). Similarly in 

yeast and Drosophila, studies have shown a cell autonomous role for sax-1 and sax-2 orthologs 

in regulating the projection of hypha and dendrites (Du and Novick, 2002; Seiler et al., 2006; 

Cong et al., 2001; Emoto et al., 2006). How do sax-1 and sax-2 regulate branching in VC4/5, 

AVL, and DVB? Further studies are required to determine whether they have a non cell 

autonomous role or cell autonomous role in limiting branching, especially in the context of the 

vulva. A combination of expression studies using sax-1 and sax-2 transcriptional and 
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translational fusions to GFP and cell rescue experiments should provide insight into a cellular 

site of action. 

4.5 Summary 

Our characterization of sax-1 and sax-2 mutants revealed qualitatively similar 

morphological phenotypes as previously described in png-1 mutants such as increased axon 

extension and excessive branching. The synergistic phenotypes observed between png-1 and the 

sax-7 or sax-2 mutants suggests that PNG-1 acts in parallel to the NDR kinase pathway to restrict 

axon outgrowth, extension, and branching in a subset of C. elegans neurons. Given that PNG-1 

and SAX-1/NDR kinase are evolutionary conserved pathways in diverse organisms, it will be 

important to investigate the interplay of these two pathways in mammalian cells, especially in 

neuronal development. These synergistic interactions provided us with the opportunity to 

indentify components in the png-1 pathway that also enhance sax-1/sax-2 branching defects. 

The sax-1 enhancer screen yielded three sens genes which act like png-1 to suppress excessive 

axon branching in VC and DVB motor neurons. The isolation and identification of sens genes 

might provide new insight into png-1 mediated axon branching and outgrowth. Understanding 

the mechanisms involved in neuronal development, especially axon outgrowth and branching, 

may lead to the development of treatments to promote axon regeneration following brain injury, 

stroke, or neurodegenerative diseases. 
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Appendixl. snip-SNP used for chromosome and interval mapping of sens mutants. SNP 
primers, their locations, PCR and restriction fragment band sizes are indicated. 

LG Marker 
Map 

position 
Primers (5'-3') 

PCR 
product Enzyme 

(bp) 

Fragment sizes (bp) 

Bristol digest Hw digest 

I VF39H2L 

II T01D1 

II W09B6 

II F39E9 

II F54D10 

II Y51B9 

II ZK666 

II C50E10 

III W03A5 

III B0280 

III T28D6 

IV F58H7 

IV C45G7 

IV F42A6 

IV F38a5 

IV D2096 

IV W02A2 

IV Y41E3 
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-5 
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5 

-2 

-1 
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-8 

-5 
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TTCAGGCTCCACTTTATGCC 
CATCTGGGACGTTCTTTCAC 

AAGAGGTGTTCTTCTGCAGC 
ACCATCCACGCAGTTCATTC 

TAATTTCTAGCACCAGTGAGGC 
CCCAAATTTCCACCTGTAATCC 

ATGCCTTCGCAAACTCTG 
GAGTCATGCAACAACGCATATG 

TTGAGTCTCAAATGGCGCTG 
GGGTGTCTTTGCCATGTTTG 

CTAGGAGATGCTCCAACTTCTG 
TCGCATCAAGTCCATCTCTG 

TCAACCTTCATACGTGTCGC 
GGAATGACTGATAAAGGTGTCG 

CTCCTTCAGTACCATATGGCTC 
TCGGGTCTCTCCAAAAACTC 

CAGACATTTAGGAGTAGGCAGG 
GAGTACGCGGGTCATTTTTG 

GCGGTGTATCGTCCATTTC 
AATTCCACGAGTTCCATGTCTG 

TTTCGTGTACGAACGTCTCC 
CATTTCTCCCACTCTTGCTG 

CAGATATTGGCTGAGCAGTG 
CTGCAAAGAAGCGAGAACAG 

TCCGCTCTGGTTGACATTAC 
AAATCTACATGGACGCGC 

ACTTTCAGCTGCTCGTACTCTC 
TCTGCCTTTTCACTTGCC 

GCACCATCTTCTGCTCCAAC 
TTAACCTTTGGAGTGACTGCG 

ACGAAAAATCACAGAGCGGG 
AATCAACAACGGACGACGAG 

AATTCTCGGCTTCATACCCG 
GTGCGTTTGTATCCTCCATG 

GCGTTACCCTACTTATGTCCAC 
AAGTAGCTTCGTAACTGCGC 
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728 
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450 
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666 

365 
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405 

485 

609 

Dral 641 
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Ddel 

Xbal 

Dral 
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Xbal 
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150,90 

Dral 

Xbal 

234, 163 

405 

852 EcoRI 651,206 

421,219 

574, 44 
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760 
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500 Dral 500 283,217 

659 Sspl 361,244,54 361,298 

491 Dral 491 253,238 

397 

143, 262 

852 

Sspl 218,136,131 349,136 

Dral 391,217 609 
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