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ABSTRACT

Assembly of neuronal networks with distinct patterns of connectivity during
nervous system development involves the growth, extension and branching of axons
and dendrites. Over the years genetic and biochemical studies in model organisms have
contributed significantly in identifying mechanisms regulating axon growth and
extension. However the molecular mechanisms underlying axon branching remain
unclear.

The egg-laying neuronal circuitry in C. elegans has proven to be a robust system
for identifying and characterizing novel genes involved in neuronal morphology. This
circuitry which mediates egg-laying behavior in nematodes is composed of two families
of motorneurons, HSNs and VCs, which are among the most branched neurons in C.
elegans. A genetic screen for axon branch defects in the egg-laying neurons identified
png-1 to disrupt neuronal morphology including axon branching. png-1 encodes a
Peptide: N-glycanase (PNGase), a conserved cytosolic enzyme that removes N-linked
sugar moieties from glycoproteins. In this thesis I present my work characterizing and
examining png-1 and its role in mediating axon branching. Mutations in png-1 resulted
in excessive ectopic axon branching in the VC4 and VC5 egg-laying neurons as well as
branching in the normally unbranched AVL and DVB neurons. Behavioral analysis in
these mutants revealed defects in egg-laying behavior and mild in-utero egg retention

phenotypes. Cellular characterization shows ubiquitous expression of png-1 in many
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tissues including vulva cells, muscles, gonads, and neurons. My analysis also shows
that png-1 acts both cell-autonomously and cell non-autonomously from neurons and
epithelial cells to restrict axon branching around the vulva. Using a candidate gene
approach I identified a deletion allele of the DNA repair gene, rad-23, to display axon
branching defects and interact with png-1 within a common pathway to regulate axon
branching. Additionally, through a genetic modifier screen for enhancers and
suppressors of VC4-5 branching defects in png-1, I identified a new allele of sax-2 as an
enhancer mutation. sax-2 encodes a scaffolding protein that regulates the activity and
localization of sax-1, an NDR kinase. Examination of neuronal phenotypes in sax-1 and
sax-2 mutants revealed similar png-1 like defects in VC4-5. Genetic analysis of the
double mutants png-1;sax-1 and png-1;sax-2 revealed strong synergistic phenotypes
suggesting that png-1 and sax-1/sax-2 function in parallel pathways to regulate axon
branching. In summary, this thesis reveals novel components and pathways in the

regulation of neuronal branching.
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CHAPTER 1: WIRING THE NERVOUS SYSTEM




1.1 INTRODUCTION

The nervous system is a complex network of millions of neuronal processes and
synapses. A single cubic centimetre of the human brain contains a few million neurons,
each connecting with thousands of other cells and neurons. The intricate pattern of
neuronal connectivity is achieved through well orchestrated developmental processes to
ensure high level of function. A key issue during nervous system development is
centered about the establishment of functional neuronal networks that are able to
process sensory information and generate proper output signals. Failure of proper
network formation can have profound effects on development, function, and viability.
Neuro-developmental disorders such as Down syndrome, autism, mental retardation, as
well epilepsy have been linked to abnormalities during human nervous system
development.

To wire up the nervous system, neurons extend long processes (axons) traveling
long trajectories to reach their final targets and form synapses. Over a decade ago, the
founder of neuroscience Ramoén y Cajal proposed that club-shaped structures at the tips
of processes sprouting from the nerve cells, which he named “growth cones”, were
responsible for navigation decision in the embryo, thus enabling nerves to connect with
their targets. Indeed, growth cones are the sensory and motile organelles of neurons
that enable neuronal polarization, outgrowth, target recognition, branching, and

synapse formation for the precise wiring of the neuronal networks. Genetic and



biochemical studies identified a host of attractive, repulsive, and bifunctional guidance
cues as well as signaling mechanisms that play evolutionarily conserved roles in
directing axons toward appropriate targets (Shilton, 2006; Tessier-Lavigne and Klodkin,
2010).

While axon guidance plays an important role in the establishment of neuronal
networks, the refinement of these networks depends on the dynamic process of axon
branching. In vivo and in vitro studies have shown that guidance cues and intracellular
signaling components can also promote axon branching. However, unlike the well
characterized neuronal guidance mechanisms, the cellular and molecular mechanisms
regulating branching are not well defined. Therefore, uncovering new genes and
pathways that mediate axon branching can further expand our understanding of
neuronal network assembly during development. They can also provide further
insights into different pathological conditions and has implication for developing
therapeutic in neurodevelopmental disorders (Kalil and Hutchines, 2011; Hagg, 2006;
O’Leary et al., 2005, 1990; Batsmyer and O’Leary, 1996). In the next section, I will review
key aspect of axon branching, and describe conserved molecular mechanism that control

branching.

1.1.1  Growth cone structure, function, and dynamics

The neuronal growth cone is a unique polarized structure with a pivotal role in

wiring of the nervous system during development. This structure is involved in the



processing of information from external cues and producing coordinated changes in the
cytoskeletal dynamics (Dickson, 2001, Schaefer et al., 2008). The axon shaft is a long
cylindrical compartment composed of three different filaments: neurofilaments,
microtubules (MT), and actin microfilament (F-actin); however, the role of
neurofilaments in growth cone guidance and branching is not clear (Letourneau P,
2009). The growth cone can be divided into three domains based on their cytoskeletal
composition: the central (C) domain, the peripheral (P) domain, and the transitional (T)
domain (Okabe and Hirokawa, 1990; Gallo and Letourneau, 2004; Kalil and Dent, 2005).
The C domain is located near the neuronal cell body and is rich in MTs, as well as
membrane-associated vesicles and organelles such as endoplasmic reticulum and
ribosomes (Gallo and Letourneau, 2004). These organelles are important for mRNA
translation and expression of cytoskeletal associated proteins and growth cone
associated receptors.

The P domain is located at the most distal end of the growth cone and it is
composed of actin filaments. This domain is associated with lamellipodia, flat veil-like
protrusion composed of a highly branched network of short actin filaments. Filopodia,
are thin-finger like structures that extend from lamellipodia, and actin filaments that are
packed into actin bundles. The T domain is located between the actin rich P domain and
MT rich C domain, where it contains the molecular motor myosin that serves to

translocate F actin assembled bundles from the P domain to the C domain in a process



known as F actin retrograde flow (Schaefer et al, 2008). In this processes actin filaments
are rapidly polymerized into F-actin bundles in the P domain, while in the C domain
actin is depolymerised into actin monomers (G-actin). Retrograde flow acts to limit the
diffusion of MT into the peripheral domain (Dent and Gertler, 2003).

Filopodia are the main sensory structures within the P domain that can mediate
growth cone behavior in response to external factors (Bentley and Toroian-Raymond,
1986; Chien et al., 1993). Removal of filopodia does not alter axon growth, but it can
affect its navigation toward its final target (Bentley and Toroian-Raymond, 1986; Chien
et al., 1993). Numerous signalling cascades have been identified that control growth
cone behavior during nervous system development. The majority of these pathways
converge on controlling the activity and organization of actin and microtubule
cytoskeletons (Scheafer et al., 2008; Dent and Gertler, 2003; Zhou and Cohan, 2004).

Actin is a globular protein that can exist as ATP-bound monomer (G-actin) or as
polymerized ADP-bound double stranded actin filament (F-actin). Actin filaments are
polarized with two distinct ends: a fast growing barbed end that is oriented toward the
distal plasma membrane and a slow growing pointed end. G-actin monomers assemble
rapidly at the barbed end, promoting actin polymerization, while actin
depolymerization occurs mainly at the pointed end in a process known as treadmilling

(Neukirchen and Bradke, 2011; Lowery and Van Vactor, 2009; Bernstein and Bamburg,

2003). This rapid actin turnover occurs in the T domain, and plays a crucial role in



growth cone motility and path finding. Assembly of F-actin at the barbed end drives the
tilopodia forward, while retrograde flow of actin filament mediated by myosin motors,
causes it to retract (Neukirchen and Bradke, 2011; Lowery and Van Vactor, 2009,
Schaefer et al., 2008). Several actin cytoskeleton binding proteins have been identified
that can bind directly to F- and G-actin where they modulate growth cone dynamics and
growth. These proteins can be divided into two groups: actin polymerization/nucleation
(APN) and actin depolymerization/severing (ADS). Actin-related protein 2, and 3
(Arp2, Arp3) and formins are well known members of the APN group that have been
reported to increase actin polymerization and nucleation (Chen and Janetopoulos, 2003;
Dent and Gertler, 2003; Korobova and Svitkina, 2008). Arp2/3 forms a complex with
several other molecules that binds and nucleates actin filaments, leading to an increase
in the number of free barbed ends. Actin depolymerizing factors (ADFs) are activated
by dephosphorylation, where they bind to actin and increase the dissociation of and
severing of actin filaments (Samiere and Bamburg, 2003).

Microtubules also play an important role in growth cone motility and guidance
(Samiere and Bamburg, 2003). Microtubule protofilaments are composed of
polymerized a and 3 tubulin heterodimers assembled in a head to tail fashion. Tubulin
is a nucleotide triphosphatase where both a and 8 tubulin bind to GTP. Interestingly,
only GTP- bound  tubulin is able to hydrolyze to GIP. GTP bound to a tubulin

remains unhydrolyzed. A single microtubule (MT) tube is composed of approximately



13 parallel protofilaments with distinct plus and minus ends (Jordan and Wilson, 2004;
Desai and Mitchison, 1997). The plus end which is usually oriented toward the F-actin
meshwork in the P domain is more dynamic than the minus end because it contains 3
tublin subunits (Neukirchen and Bradke, 2011).

MT polymerization, like actin polymerization, is dynamic and involves the rapid
addition of tubulin dimers to the fast growing plus end, and the dissociation of tubulin
dimers from the minus end (Howard and Hyman, 2003; Baas PW, 2002). In vitro studies
report MT undergoing slow continuous growth at the plus end, punctuated by specific
phases named catastrophe and rescue. Dissociation of tubulin dimers during MT
depolymerization cause MT shrinkage, which is rescued by addition of new dimers in
the plus end. The rapid transition between growth and shrinkage is called dynamic
instability and it is the underlying mechanism for MT dynamics. As MT bundles enter
the growth cone, their dynamic plus end fans out (defasciculate) and invade the actin
rich P domain, where they continue to grow and elongate along with F-actin in the P-

domain (Howard and Hyman, 2003; Schaefer et al., 2002 ).

1.1.2 Formation of axon branches

As the nervous system develops, axons travel long trajectories to reach final
targets aided by a variety of guidance cues. Axons that are not able to extend directly
onto their final targets must extend axon branches to establish appropriate connections.

Axonal branches have been found throughout the vertebrate nervous system.



Visualization of fluorescently labelled callosal axons in early postnatal cortical slices
showed primary cortical axons developing complex branching morphologies (Dent et
al., 2003). Time-lapse observation of neuronal branching show that branch formation
consists of rapid expansion-retraction cycles at specific regions of the projecting axon,
which results in axonal arborization at the site (Wang and Macagno, 1998).

Several forms of axonal branching have been described in the nervous system
(Figure 1.1). Growth cone bifurcation generates the simplest form of branching, giving
rise to two similar daughter branches with growth cones nearly half the size of the
original grow cone. This type of branching is mostly associated with dendrites.
Branching by bifurcation allows multiple targets to be innervated by terminal axon
branches. Interstitial branching refers to the de novo formation of collateral branches
from the axon shaft away from the nerve terminals (Acebes and Ferrus, 2000). These
branches allow a single neuron to project and innervate multiple target cells
independent of the growth cone and its targets (O’Leary et al., 1990; Gianluca Gallo,
2010). The dorsal root ganglion (DRG) sensory neurons are a simple model that
demonstrates different branching phenotypes. DRG neurons bifurcate upon entry in the
spinal cord, extending branches that project rostrally and caudally in the spinal cord.
After a waiting period, interstitial branches extend from these two stem axons and
terminate in the dorsal and ventral layers of the spinal cord where they further branch

and arborise (Shemidt et al., 2007, 2012; Ozaki and Snyder, 1997).
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Figure 1.1 Modes of branching in the nervous system

Axons generate branches to connect with multiple synaptic targets. A) Bifurcation
occurs at axon terminals, producing two branches with active growth cones. B) In the
delayed mode, a single branch protrude from an unstable region on the axon shaft
occupied be a previous growth cone. C) In collateral formation, daughter branch(s) form
de novo from the axon shaft through protrusion of filopodia and/or lamellipodia.

Adapted and modified from Gibson and Ma (2011) with permission.



The delayed form of branching happens along the axon shaft at sites distal to the
growth cone. As the growth cone extends, it leaves behind a region with unstable
cytoskeletal activity and frequent filopodial expansion. Subsequently this region
develops a branch that protrudes from the axon shaft and extends toward its final target
(Kalil et al., 2000; Kalil and Dent, 2005. Sensorimotor cortical neurons display delayed
type branching morphologies (Kalil et al., 2000; Acebes and Ferrus, 2000). Even though
axonal branches form through different modes, the mechanism underlying their
formation is largely due to dynamic cytoskeletal remodelling.

One of the best models for studying cytoskeletal remodelling is the growth cone,
which undergoes rapid cytoskeletal reorganization during axon outgrowth and
guidance. In the last decade numerous signalling and molecular mechanisms were
identified regulating growth cone outgrowth and guidance (Kalil and Hutchines, 2011;
Hagg, 2006; O’Leary et al., 2005, 1990; Ma and Tessier-Lavigne, 2007). It is not
surprising that some of these mechanisms were also implicated in governing branching

also.

1.1.3  Intracellular Signal Transduction Modulating Axon Branching

Changes in cytoskeletal organization and dynamics are regulated by conserved
intracellular signalling pathways. Two major conserved intracellular signalling
pathways have been widely characterized for their role in regulating actin and

microtubule dynamics in the growth cones: (1) the Rho GTPases and (2) the
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serine/threonine kinases: the lipid kinase phosphatidylinositol 3-kinase (PI3K), protein
kinase B (also known as Akt), as well as glycogen synthase kinase 3 (GSK3). In fact most
axon guidance and branching signals are transduced through these two pathways which
results in the appropriate modulation of growth cone motility, outgrowth, direction, as

well as the extent of the outgrowth (Table 1.1).

Rho GTPases

The Ras-related super family of small guanosine triphosphatse (GTPases)
includes more than 200 conserved proteins that have been implicated in signal
transduction during axon guidance and branching. This class of proteins is further
divided into six groups: Rho, Ras, Rab, Arf, Sar, and Ran (Colicelli, 2004; Hall and Lalli,
2010) and of these the Rho group of small GTPases have emerged as key regulators of
cytoskeleton dynamics through a variety of guidance and branching receptors systems.
Rho GTPases act as “molecular switches”, where they cycle between an active, GTP-
bound and an inactive, GDP-bound state. Only activated Rho GTPases are able to
propagate downstream signalling events that control diverse biological activities such as
actin cytoskeleton reorganization, microtubule dynamics, cell adhesion, as well as gene
transcription (Harden et al., 2002; Hesasman and Ridley 2008). In response to various
extracellular cues, guanine nucleotide exchange factors (GEFs) turn “ON” Rho GTPases
by catalyzing the GDP exchange for GTP. In contrast, GTPase-activating proteins

(GAPs) facilitate intrinsic GTPase activity by catalyzing hydrolysis of GTP and
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subsequently turning Rho GTPases “OFF” (Jaffe and Hall, 2005). Additionally, guanine
nucleotide dissociation inhibitors modulate Rho GTPases by inhibiting GDP
dissociation, which leaves Rho GTPases in an inactive state.

Three members of the Rho GTPases subfamily are known for their role in
modulating cellular morphology in both neuronal and non-neuronal cells and they are:
Ras homologous member (Rho) A, Ras related C3 botulinum toxin substrate (Rac) 1-3,
as well as cell division cycle 24 (Cdc42) (Bishop et al., 2000; Ridley, 2006; Nobes and
Hall, 1995). Several studies strongly support a key role of Rho GTPases in axon
branching and guidance. In Drosophila, RhoA mutants display excessive dendritic
branching, while loss of Rac1 causes strong branching defects, but no guidance defects.
Interestingly, loss of all three Rac genes (Rac1-3) results in axon outgrowth, guidance, as
well as terminal arborization defects (Ng et al., 2002). Furthermore, in vivo studies in C.
elegans revealed that expression of constitutively active Rac mutant resulted in extensive
ectopic branching defects (Struckhoff and Lundquist. 2003). Similarly, expression of
RhoA in cortical neurons, in vitro, promoted branching defects (Ohnami et al., 2008).

Other than GAPs and GEFs, activation of Rho GTPases are also regulated by
several proteins acting downstream of extracellular cues. Once activated by the latter,
Rho GTPases bind to downstream effectors, controlling cytoskeleton reorganization,
primarily through actin polymerization/depolymerization, microtubule reorganization,

and gene regulation (Bustelo et al., 2007; Gibon and Ma, 2010). Rho-associated kinase
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(ROCK) is the main downstream effector of Rho (Da Silva et al., 2003; Amano et al.,
1997). ROCK activation induces phosphorylation of myosin II resulting in increased
actomyosin contraction and actin depolymerization (Hirose M et al., 1998; Amano et al.,
1996). Another downstream effector of Rho is the formin mDia, whose activation
modulates actin polymerisation as well as promotes microtubule stabilization (Wen et
al., 2004). One of the Rac effectors is the p21-activated kinase (Pak), a conserved
serine/threonine kinase, whose activation signals multiple pathways leading to actin and

microtubule stabilization (Wittmann, et al, 2003).

Kinases

In addition to Rho GTPases, PI3K, Akt, and GSK3 kinases work closely to
regulate numerous signalling pathways to modulate cytoskeleton dynamics. The lipid
kinase phosphatidylinositol 3-kinase (PI3K) plays a significant role in initiating a series
of signalling pathways that are involved in multiple cellular and neuronal functions
such as differentiation, survival, neuronal polarity, and outgrowth (Krasilnikov 2000;
Rodgers and Theibert, 2002; Menager et al., 2004; Ditlevesen et al., 2003). PI3K is usually
activated by upstream factors such as Ras (Yoshimura et al., 2006), and insulin receptor
substrate-1 after stimulation by neurotrophins (Oinuma et al., 2007; Yoshimura et al.,
2006; Yamada et al., 1997). Translocation of activated PI3K is necessary for the
phosphorylation of membrane phosphatidylinositol 4, 5-bisphosphate (PIP2), thereby
producing phosphatidylinositol 3, 4, 5-bisphosphate (PIP3).
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Table 1. 1 Summary of molecules regulating axon branching

Molecule Effect on References
Branching
Extrinsic Cues
NGF Promote Zhou et al., 2004; Sanchez et al., 2006
BDNF Promote Gallo and Letourneau, 2004
Sema3A Inhibit Bagri et al., 2003; Dent et al., 2004
Slits Promote/Inhibit Ma and Tessier-Lvigne, 2007; Yang and Bashaw, 2006; Ozdinler
and Erzurumlu 2002
Rho GTPases
RhoA Promote Bishop et al, 2000; Ng et al., 2002
Rac Promote Ng et al., 2002
GEFs Inhibit Jaffe and Hall, 2005; Bos et al., 2007
Kinases
PISK Promote Menager et al., 2004; Gallo and Letourneau 1998
Akt Promote Ketscheck and Gallo, 2010; Markus et. al, 2002
GSK3 Inhibit Bilimoria et al.,2010

Sax1/NDR kinase

Ubiquitin Ligases
Highwire/RPM-1

Nedd-4

Promote/Inhibit

Promote/Inhibit

Promote

Emoto et al., 2004; Zallen et al., 2000

D’Souza et al.; 2005; Schaefer et al., 2002

Drinjakovic et al., 2010
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PIP3 is an important mediator in various downstream signalling pathways and it
acts by recruiting multiple cytoskeleton and signalling proteins to the membrane. PIP3
activates Rho GTPase signalling as well as Ras and Cdc-42 signalling through GEFs,
which are direct downstream effectors of PI3K (Rodgers and Theibert, 2002; Krasilnikov
2000; Bondeva et al., 1998).

Another downstream effector of PIP3 is Akt, which is also translocated to the
membrane upon PI3K activation. A serine/threonine specific kinase, Akt, contains a
Pleckstrin Homology domain that binds with high affinity to PIP3 (Ketscheck and Gallo,
2010). Akt signals several signalling pathways after its activation by PDK1
(phosphoinositol-dependent protein kinase-1), and subsequently phosphorylates and
inhibits GSK3, a downstream target of Akt (Ketschek and Gallo, 2010).

GSK3 acts a negative regulator of microtubule dynamics; usually constitutively
active, GSK3 is inhibited following phosphorylation by Akt. Inhibition of GSK3,
through PI3K/Akt, is involved in neuronal differentiation/polarity through
Wnt/Frizzled signalling, while PI3K and Akt activity is required for nerve growth factor
(NGF) and neurotrophin mediated signalling to regulate neuronal polarity and promote
axonal outgrowth and branching (Ketscheck and Gallo, 2010; Markus et al., 2002).
Pharmacological inhibition of PI3K blocked branching in cultured DRG neurons and
sensory neurons (Gallo and Letoumeau 1998; Ketschek and Gallo,2010) as well as

neuronal differentiation (Menager et al., 2004); overexpression of a constitutively active
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PI3K promoted multi axon formation (Read and Gorman, 2009; Yoshimura et al., 2006).

PTEN (tensin homology deleted on chromosome ten) regulates PI3K activity
through dephosphorylating PIP3 to PIP2 (Leslie and Downes, 2002). PTEN activity is
required to maintain basal PIP3 levels. PTEN deletion studies in mice showed an
increase in PIP3 levels that translated to a significant increase in sensory axon branching
in these mutant mice (Kwon et al., 2006), while overexpression of PTEN disrupted axon
formation and polarization (Shi et al., 2003). Even though the activity of each of these
kinases varies, their interconnected function comprises an effective branch promoting
signalling pathway.

Other kinases have also been implicated in modulating axon morphology,
guidance and branching. The NDR (nuclear Dbf2-related) family of kinases is classified
as subgroup of the conserved AGC group of serine/threonine protein kinases based on
the sequence of the conserved catalytic domain (Hergovich et al., 2006). These include
NDR1, NDR2, LATSI (large tumor suppressor-1) and LATS2 in mammals, trc
(tricornered), and Lats/Warts in Drosophila, SAX-1land LATS in C. elegans, Dbf2, Dbf20,
and Cbkl in S.cerevisiae, and Cotl in N. crassa (Hergovich et al., 2006). NDR kinases are
characterized for having a central kinase catalytic domain and two phosphorylation sites
(ser281 and Thr444 of human NDR1) (Hergovich et al., 2006). In vitro and in vivo
studies established multiple roles for NDR kinases in regulating cellular and neuronal

development and growth. In Drosophila, mutations in trc causes branching and
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splitting of epidermal hairs, and bristles as well as dendritic branching and arborization

defects (Emoto et al., 2004; He et al., 2005a).

Second messengers

Intracellular signalling transduction cascades can also be triggered by second
messengers such as calcium (Ca?*) and cyclic nucleotides cAMP and cGMP.
Cytoplasmic calcium levels in growth cones are tightly regulated through membrane ion
channels and internal stores (Hong et al., 2000; Nishiyama et al., 2003). Asymmetric
influx of Ca? can trigger signalling cascades that ultimately mediate growth cone
outgrowth and branching. Changes in Ca? can alter the activity of GAPs, GEFs, Rho
GTPases, kinases such as Calmodulin kinases (CamKs), as well numerous phosphatase.
The effect of these signalling cascade on growth cone behavior is mediated by changes
in cytoskeleton dynamics (Wang and Poo, 2005; Henley and Poo, 2004; Kalil and
Hutchines, 2011). Guidance molecules such as Netrins and NGFs induce growth cone
steering through calcium signalling. In fact changes in calcium levels can convert Netrin
mediated attraction in growth cones to repulsion (Hong et al., 2000).

Cyclic nucleotide levels are enzymatically controlled through the conversion of
ATP and GTP into cyclic AMP (cAMP) and cyclic GMP (cGMP). Changes in the cAMP
and cGMP levels, similar to Ca* levels, can trigger signalling pathways. Protein kinase
A (PKA), one of cAMP targets, is involved in cAMP-induced growth cone turning

(LeBrasseur, 2007). Inhibition of PKA through low cGMP levels alters growth cone
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behavior from attraction to repulsion (Song and Poo, 1999). Thus the ratio of cAMP to
CGMP is critical for maintaining proper growth cone behavior; growth cone attraction is
favored by high ratio, whereas repulsion is caused by low ratios (LeBrasseur, 2007,
Nishiyama et al., 2003).
Ubiquitin ligases

The ubiquitin proteasome system (UPS) is widely known for its role in cellular
degradation. Interest in the role of UPS in nervous system development started with the
discovery multiple genes involved in UPS dependent axon growth and guidance. In
Drosophila, highwire (hiw) mutants displayed abnormal axon arborization and branching
(Wan et al., 2000). Highwire encodes a protein with a RING-H2 domain that is conserved
among ubiquitin ligase (E3) proteins. Disruption of this domain underlies growth cone
morphological defects in Drosophila. Mutations in rpm-1, highwire homologue in C.
elegans also displayed similar defects in synapse organization as well as branch
arborization (Schaefer et al., 2000; Zhen et al. 2000). Highwire, RPM-1 and the
mammalian homologues Pam and Phrl are all members of the PHR
(Pam/Highwire/RPM-1) family of conserved proteins that share the conserved RING-H2
domains. These mutants all display defects in terminal axon arborization and synapse
development (Gue et al., 1998; Schafer et al., 2000; Wan et al., 2000; Burgess et al., 2004).
The mouse PHR homologue was further characterized to control growth cone

morphology as well as arborization through modulating microtubule dynamics in the
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growth cone (Lewcock et al., 2007). Recently another ubiquitin ligase, Nedd4 , has been
identified to promote branching through modulation of PTEN activity (Drinjakovic et

al., 2010).

1.1.4 Extracellular Molecular Signals Regulating Axon Branching

Modulation of cytoskeletal dynamics is mediated by a variety of extracellular
cues. Work in the last decades has identified four major families of guidance cues
playing a significant role in nervous system formation. The Netrins, Semaphorins,
Ephrins, Slits, as well as their associated receptors have been shown to stimulate
neuronal guidance and outgrowth through attractive or repulsive behavior (Shilton,
2006). Furthermore, their role in cytoskeletal reorganization and interaction (as well
other biological processes) has been reported to be mediated through Rho GTPase and
kinase signal transduction pathways (Gallo and Letournau, 1998; Kim et al., 2006;
Bilimoria et al., 2006; Ohnami et al., 2008; Ng et al., 2002).

Additional factors have also been identified to play a vital role in neuronal
network assembly. Neurotrophins do not share any similarities with the four guidance
cue families, but none the less are involved in guidance and branching (Gallo and

Letourneau, 2004; Goodwin and Yap, 2004; Sanchez et al., 2009; Schafer et al., 2000).
Ephrins

Ephrins are a family of transmembrane proteins recognized by Ephrin (Eph)

receptors that can act as either repulsive or attractive cues in directing axonal branching
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and outgrowth (Yates et al., 2001). These proteins are divided into two classes A and B.
EphrinAs (A1-A6) are anchored to the plasma membrane through
glycolsulphosphatidylinositol-linkages while EphrinBs (B1-B3), have a single-pass
hydrophobic transmembrane domain and lack a catalytic intracellular domain. These
cues are recognized by 16 -18 different receptor tyrosine kinases known as Eph
(erythropoietin-producing hepatocellular) receptors. While these receptors are divided
into EphA and EphB groups, unlike their ligands, they are all structurally similar (Meier
et al., 2011).

Ehprin interactions have been shown to be important for topographic mapping
of the RGC in the superior colliculus (Yates et al., 2001). Additionally ephrinA/EphA
signalling is also necessary for guidance axons branches to their final targets in
Drosophila (Boyle et al., 2006). EphA acts as repulsive cues through activation of Rho

GTPases and Rock or Rac/Pac signalling pathways (Mann et al., 2002; Reber et al., 2004).

Semaphorins

Semaphorins are a large family of membrane-bound and secreted proteins,
exhibiting both attractive and repulsive activities through their interaction with the
plexin/neuropilin receptor family (Kruger et al., 2005; Lui and Strittmatter, 2001).
Semaphorin 3A (Sema3A), one of the best studied semaphorins, is widely characterized
for its repulsive activity in mediating growth cone extension, branching, and collapse.

Studies about semaphorins and specifically Sema3A provided strong evidence that axon
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outgrowth is regulated independently from axon branching. In vivo and in situ studies
report Sema3A inhibiting axonal branching, while not affecting axonal outgrowth (Dent
et al., 2004; Bagri et al., 2002). Furthermore, application of Sema3A in cortical neuron
cultures reduced axonal branching (by approximately 50%), without inhibiting or
reducing axonal outgrowth (Bagri et al., 2002; Dent et al., 2004; Bagnard et al., 1998).
Sema3A regulates cytoskeleton dynamics, where it can cause actin depolymerization
and microtubule collapse resulting in growth cone collapse.

Sema3A functions through a receptor complex consisting of neuropilin, a ligand
binding co-receptor, and plexin, a signal-transducing element; these two ligands are
downstream effectors of Rho GTPases. In hippocampal cultured neurons, GEFs were
found in complex with plexin/neuropilin receptors (Toyofuku et al., 2005). The growth
cone collapse and repulsive response to Sema3A are mediated through Racl and RhoA

activation (Jin and Strittmatter, 1997; Turner et al., 2004; Hall and Lalli, 2010).

Neurotrophins

Neurotrophins belongs to large family of secreted growth factors that promote
axon guidance and branching such as nerve growth factor (NGF) and brain-derived
neurotrophic factor (BDNF). NGF and BDNF signal predominantly through two classes
of receptors: the Tropomyosin related kinase (Trk) and the p75 neurotrophin receptors

(Gallo and Letourneau, 2004). NGF is involved specifically in regulating cytoskeletal
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dynamics. Activation of Trk receptors in sensory neurons triggers signalling pathways

that involve PI3K and Ras (Zhou et al., 2004b; Markus et al., 2002).

Slits

Slit proteins are a large family of secreted proteins that were among the first
extracellular signals shown to regulate axonal branching(Brose and Tessier-Lavigne,
2000). Slit’s repulsive activity is mediated through its interaction with members of the
Robo (Roundabout) receptor family. These receptors are highly conserved single-pass
transmembrane proteins that contain up to four conserved cytoplasmic domains
necessary for binding to Slits (Spitztweck B, et al., 2010; Evan and Bashaw, 2010).

Slit stimulation leads to binding of GAP proteins to the Robo intracellular
domain, which activates Rac signaling cascades but not Cdc42 or RhoA (Wong et al.,
2001; Yang and Bashaw, 2006). In vitro studies have shown that Slit2 regulates sensory
axon collateral branching as well as DRG arborization (Wang et al., 1999; Ozdinler and
Erzurumlu, 2002). Knockout mice lacking Slit repulsive activity displayed an increase in
branching of sensory neurons, similar to the phenotype seen in knockout mice lacking

Robo activity (Ma and Tessier-Lavigne, 2007).
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1.2 C. elegans: AN IDEAL MODEL ORGANISM

C. elegans are free living soil nematodes that exist primarily as self-fertilizing
hermaphrodites (959 somatic cells), but males (1013 somatic cells) can arise by
spontaneous non-disjunction and usually compromise 0.05% of the total population
(Corsi, 2006). A single hermaphrodite can produce a large progeny pool (>300) which
can be greatly enhanced (>1000) if hermaphrodites mate with male worms (Hodgkin et
al., 1991). The genetics of C. elegans is well characterized and follow Mendelian
principles. An adult worm is approximately 1 mm in length and has a generation time
of 3 days at 20°C.

The life cycle C. elegans consists of three stages, 14 hours of embryogenesis, 36
hours of postembryonic development that occurs through four larval stages (L1-L4), and
finally adulthood lasting approximately 15-20 days. Multiple differentiated tissues such
as muscles, hypodermis, gastrointestinal tract, and nervous system develop during the
four larval stages (Ambros, 2000). More than 35% of C. elegans genes are highly
conserved and have human homologs (Hiller et al., 2005). Additionally, the cell-lineage
of each somatic cell has been traced (Sulston et al., 1983), providing a complete fate map
for each cell.

A complete map of the wiring and synaptic connectivity of the nematode’s
nervous system has been established by electron microscopy (Hall and Altun, 2008).

These maps are powerful tools for analysis of cell-cell interaction during development,
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and provide a strong reference for assessing genetic mutation effects on developmental
processes. Moreover, the worm’s transparent body facilitates the study of cellular
differentiation during development using various microscopy techniques.

The popularity of C. elegans as a model organism for understanding nervous
system development and function is largely due to the power of forward genetic
screens, which allows for the dissection of genetic pathways (and their components)
involved in nervous system development. In a classic forward genetic screen, geneticists
expose the germ-line of the hermaphrodites to DNA- damaging mutagens such as ethyl
methylsulfonate (EMS) or trimethyl phosphate (TMP) to generate mutations with
desired phenotype that are later characterized and traced to mutations in relevant genes
(Jorgensen and Mango, 2002). Several forward genetic screens and modifier variations
such as enhancer and suppressor screen in C. elegans contributed significantly to our
understanding of axonal outgrowth and guidance (Zallen et al., 1999; Colavita and
Culotti, 1998; Mehta et al., 2004).

In post-genomic era faster and more direct genetic methods were developed to
modify a candidate gene and characterize the phenotypic consequences of the
modification. Known as reverse genetics, stable mutants of candidate genes are
generated by random mutagenesis (DNA insertion, deletion, or point mutation).
Additionally, target genes can by potentially silenced in C. elegans by double stranded

RNA (dsRNA) either by direct injection of dsRNA into the gonad, feeding bacteria
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expressing dsRNA, or in dsRNA containing media (Fire et al., 1998; Timmons and Fire,
1998; Tabara et al., 1998; Kamath et al., 2003). The Worm Knockout Consortium was
established with the goal of generating libraries of deletion mutants for every single
gene in the C.elegans genome.

Over the years, research on C. elegans contributed significantly to our
understanding of numerous biological processes such as the apoptotic pathways in

addition to the discovery of RNA interference (Horvitz et al., 1999; Fire et al., 1998).

1.2.1  Wiring up the C. elegans nervous system

Many molecular and signalling pathways that regulate nervous system
development are highly conserved in C. elegans. The C. elegans nervous system is a well
characterized and extremely simple system composed of 302 neurons, divided into
sensory neurons, interneurons, and motor neurons, which control the worm’s normal
behaviors such as locomotion, feeding, defecation, and egg-laying (White et al., 1986).
The majority of these neurons exhibit simple morphology where they extend unipolar or
bipolar unbranched processes along the anterior-posterior axis (AP) or the dorsal-
ventral (DV) axis, with the exception of few neurons that display distinct branching
patterns such as the HSN and VC motorneurons (Altun and Hall, 2011).

The simple neuronal circuits that control the nematodes behaviors provide an
attractive model for studying the molecular and cellular basis of nervous system

development and function.
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1.2.2 C. elegans egg-laying model

The egg-laying system in nematodes is comprised of the gonads, vulva, uterine
and vulval muscles, and a simple egg-laying neuronal circuitry consisting of two HSN's
and six VC motorneurons (Figure 1.2)(Schafer, 2006). Egg-laying happens when muscle
contractions open up the vulva to expel eggs from the uterus, and occurs in a distinct
temporal pattern (Schafer, 2006, Waggoner et al., 1998): clusters of eggs are laid in short
bursts (also called active phase, 1-2 minute duration), separated by longer inactive
periods where individual eggs are laid (inactive phase, 20 minutes duration).
Vulva, the egg-laying organ

The vulva is a hermaphrodite-specific organ that functions as a passageway
connecting the gonads to the external environment. This organ is derived post-
embryonically from six vulval precursor cells (VPCs) that are born during the first larval
stage (Schindler and Sherwood, 2012). The three ventral VPCs, P5.p-P7.p, undergo a
series of inductive interactions that induces the P6.p to adapt a 1° vulva lineage,
producing the outer vulva cells, while P5.p and P7.p are induced to adapt the 2° vulval
lineage, producing the outer cells of the vulva. The remaining VPCs express a non-
vulval fate and fuse with the hypodermal syncytium (Sternberg and Horvitz, 1986).
After undergoing multiple cell division cycles, each of the VPCs generate 22

differentiated vulval cells at early L4. The latter cells undergo morphogenetic changes
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to from the adult vulva consisting of a stack of 7 toroids at the midline (Sharma-Kishore
et al., 1999).
Egg-laying muscles

A total of 16 muscles comprise the egg-laying musculature including the eight
uterine muscle cells attached to the uterus, whose contraction promotes egg expulsion
from the gonads. The remaining eight muscles are vulval muscles (Vms) which attach to
and contract the vulva (Schafer, 2006; Garriga et al., 1993). Of all vulva muscles, four
Vm2 muscles play an important role in egg-laying since they receive extensive synaptic
input from the egg-laying motor neurons (White et al., 1986; Schafer, 2006). In fact

ablation of the M cell, vulva muscle progenitor cell, eliminates egg-laying completely (Li
and Chalfie, 1990; Schafer, 2006).
Egg-laying neurons

The Vm2 vulva muscles receive considerable synaptic input from a pair of
hermaphrodite specific motorneuron (HSN), and six ventral cord type C(VC) motor
neurons (VC1-6), which together make up the egg-laying neuronal circuit (Figure 1.2)
(Schafer, 2006). The HSNss are two bilateral motor neurons with cell bodies located
subventrally posterior to the vulva with a long axon that extends ventrally into the
ipsilateral ventral nerve cord (VNC) and then anteriorly to the nerve ring (White et al.,

1986). At specific locations near the vulva HSNs form short branches and synapse with

Vm2 muscles and VCs (specifically VC5).
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Figure 1.2 Egg-laying system in C. elegans

A) The egg-laying system is composed of 16 vulva and uterine muscles and two classes
of motorneurons, VC4-5, and HSNs. At L4, VC4-5 axons project laterally around the
vulva forming a circular tract. Overlapping branches form branches or arborizations at
distinct sites on the left and right side of vulva. VC4-5 and HSN axon morphology is
dictated by branching cues secreted from the vulva. B) VC4-5 display bipolar axon

morphology (similar to VC1-4 and VC6) in vulvaless mutants.
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The six hermaphrodite specific VCs are bipolar neurons with cell bodies
positioned along the VNC (Figure 1.2). Based on their morphology they are divided into
two classes. The vulva-proximal VC4 and VC5 flank the egg-laying organ and extend
their axons mediolaterally, forming a circular tract around the vulva. VC4-5 axons form
distinct stereotypical branches that innervate Vm?2 vulval muscles (Colavita and Tessier-
Lavigne, 2003). Vulva-distal neurons, VC1-3 and VC6, in contrast to VC4-5, are oriented
anteroposteriorly, with axons growing along the ventral nerve cord (Schafer, 2006; Duerr
et al., 1999).

The egg-laying neurons express more than one neurotransmitter: the HSNs
contain serotonin, acetylcholine, and FMRFamid related neuropeptide (Waggoner et al.,
1998, Schafer, 2006). The cholinergic VCs also contain FMRFamid related neuropeptide,
and possibly serotonin (Schafer, 2006). VCs also contain the vesicular monoamine
transporter CAT-1, even though they do not express the serotonin biosynthetic enzyme
tryptophane hydroxylase (Duerr et al., 1999, 2001; Waggoner et al, 1998; Schafer, 2006).

Laser ablation studies and analysis of egg-laying defective (egl) mutants with
HSN defects revealed a vital role for HSNs in regulating egg-laying in nematodes (Desai
and Horvitz, 1998). HSN activity is particularly important in inducing the active-phase
of egg-laying; loss of HSN in worms results in a significant reduction in the occurrence

of clusters of egg-laying events (Waggoner et al., 1998). HSNs induce egg-laying
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primarily through serotonin, however studies suggest additional roles for other
neurotransmitters expressed by HSNs in egg-laying stimulation also (Kim et al., 2001).

Laser ablation of VC neurons in worms suggests a less significant role for these
neurons on their own, but they can significantly enhance egg-laying defects in egl
mutants (Schafer 2006, Waggoner et al., 1998). Over the years numerous models have
been generated describing the effect of this neuronal circuitry on egg-laying behavior. A
current model proposes a central commanding role for HSNs in inducing egg-laying
directly through excitation of Vm2 muscles and indirectly throughVC4-5. In this model,
VC4 and VC5 have dual function exciting Vm2 vulva muscles and inhibiting HSNs

through a negative feed-back loop (Zhang et al., 2008; Waggoner et al., 1998).

1.2.3 Development of egg-laying neuronal circuitry

Growth and branching of the egg-laying neurons is closely coordinated with
morphogenesis of the egg-laying organ (Li and Chalfie, 1990). Vulva epithelia act as
guidepost cells during the vulva morphogenesis providing inductive signals promoting
branching and arborization of the HSN and VC4-5 neurons (Shen and Bargman 2003,
Chao et al., 2009).

The HSNs are born during embryogenesis in the tail and migrate to the midbody
before hatching (Sulston and Horvitz, 1977). Initial axon outgrowth starts at L2 and L3
guided by primary vulva precursor cells (P6.p) and other ventral nerve cord neurons.

At early L4, each HSN extends a long axon ventrally into the VNC and extend anteriorly
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to the nerve ring from there. At the fourth larval stage, HSNs defasciculate dorsally
from the VNC and branches form off the HSN axons that ultimately innervate the Vm2
vulva muscles and synapse with VC5 (Garriga, et al., 1993). The same epithelial cells are
also responsible for mediating axonal growth and branching of the VC neurons (Li and
Chalfie, 1990).

VCs are born at first larval stage but delay axon outgrowth till late L3 in
synchrony with vulva development. Studies in vulva-less mutants and vulva-ablated
animals show VC4-5 extending axons along the anterior-posterior axis, similar to vulva-
distal VC neurons. Additionally, in these worms the HSNs and VC4-5 do not display
any branching at vulva (Figure 1.2) (Li and Chalfie, 1990; Garriga et al., 1993).

The egg-laying neurons are an excellent model to study the mechanisms
underlying neuronal development. A forward genetic screen for VC4-5 axon
morphology defects using the Pcat-1::GFP reporter transgene (used to visualize VC4 and
VC5) identified mutations in png-1 to cause excessive ectopic branching at the vulva
(Habibi-Babadi et al., 2010). This gene was found to encode a highly conserved cytosolic
enzyme belonging to the transglutaminase super family of enzymes that are involved in
the processing of misfolded proteins prior to degradation by the proteasome(Suzuki,
2007). In the following section I will briefly describe the role of png-1 homologues in

processing of misfolded proteins.
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1.3 THE ENDOPLASMIC RETICULUM QUALITY CONTROL SYSTEM

The endoplasmic reticulum (ER) is a multifunctional specialized compartment
with a central role in many specialized cellular functions including calcium storage,
synthesis, modification, processing, and folding of transmembrane and secretory
proteins, as well as synthesis and assembly of the lipid bilayer. The ER uses an elaborate
surveillance system called the ER protein quality control (ERQC) to ensure that only
properly modified and folded proteins are transported into the Golgi compartment. In
general, only accurately folded proteins can pass the ERQC checkpoints. Misfolded
proteins are prevented from entering the secretory pathway and are retrotranslocated
from the ER to the cytosol for degradation in a ubiquitin-proteasome manner in a
process called ER-associated degradation (ERAD) (Rock et al., 2004; Murray AW, 2004).
ERAD occures in three primary steps: 1), selective substrate recognition , 2)
retrotranslocation and ubiquitylation, and 3) degradation by the 26S proteasome (Hedge
and Ploegh, 2010; Araki and Nagata, 2011). The mechanisms by which ERAD substrates
are recognized from properly formed protein remains largely unknown, however,
studies in yeast, drosophila, nematodes, and mice have proposed a model of substrate
recognition and targeting that combines multiple factors (Figure 1.2)(Araki and Nagata,

2011; Malhotra and Kaufman, 2007).
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Figure 1.3 Endoplasmic reticulum quality control

Secreted or transmembrane proteins enter the endoplasmic reticulum(ER) where they interact
with a variety of chaperon molecules and undergo series of modification processes to fold
accurately. Only properly folded proteins pass the ER quality control machinery (ERQC), after
which they are secreted to their final targets. In ERAD, misfolded proteins that do not pass the
quality control machinery are retrotranslocated to the cytoplasm for proteasomal degradation.
Following ubiquitination substrates are transferred to the proteasome for degradation by Rad23,
a shuttle protein that can bind directly to the proteasome. ER homeostasis can be disrupted upon
exposure to various factors, which can cause misfolded proteins to accumulate in the ER. ER
stress activates the unfolded protein response (UPR) consisting of three signalling cascades to
restore ER homeostasis. IRE1 activation splices an intron from XBP1, facilitating its translation of
this transcription factor. Activation of Xbp1 upregulates chaperons and ERAD genes. Activation
of PERK is followed by elF2 phosphorylation, and subsequently stops protein translation.
Activated ATF6 is translocated to the Golgi apparatus where it along with Xbp1 functions to
upregulates ER resident chaperons. The figure was inspired from the following reviews:
Malhotra and Kaufman, 2007; Scheuner and Kaufman, 2008; Ma and Hendershot, 2001; Araki and
Nagata, 2011.
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1.3.1 Selective substrate recognition

The ER houses three families of molecular chaperones and folding enzymes:
chaperones of the heat shock proteins (Hsp) family including Hsp70, Hsp40, and BiP,
lectins-like chaperons such as calnexin (CNX) and calreticulin (CRT), and members of
the thiol disulphide oxidoreductases such as the protein disulfide isomerases (PDIs).
Following translocation into the ER lumen, newly synthesized polypeptides interact
with a variety of resident chaperones and enzymes and undergo multiple
posttranslational modifications including glycosylation and disulfide bond formation
(Ellgaard and Heleneius, 2003; Araki and Nagata, 2011). Once proteins attain their
correct tertiary structures they are released from ER chaperones and enter the ER exit
sites. Proteins that fail to fold are retained (in the ER lumen) and must be degraded to
prevent formation and accumulation of toxic protein aggregates (Mehnert et al., 2010;

Schroder and Kaufman, 2006).

1.3.2 Ubiquitylation and retrotranslocation of ERAD substrates

The Ubiquitylation of ERAD substrates is a well established process that is
important for substrate recognition for proteasome-dependent degradation, as well as
for the retrotranslocation of these substrates to the cytosol (Jarosch et al., 2002).
Ubiquitin (Ub) is a 76 amino acid protein that is conserved from yeast to mammals.
Ubiquitylation, an ATP-dependent process, occurs in the cytosol and the ER membrane

by the concerted action of three sets of enzymes. First, a ubiquitin activating enzyme
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(E1), uses a single ATP molecule to form a thioester bond between E1 and a Ub protein
(Hershko and Ciechanover, 1998). Following activation the ubiquitin moiety dissociates
from E1 and is transferred to a ubiquitin conjugating enzyme (E2). Finally, E2 transports
Ub directly to target protein substrates in a process catalyzed by a ubiquitin ligase (E3).
Additional Ub molecules are added in successive reactions, mediated by E2 and E3, to
form a polyubiquitin chain on the target protein (Hershko and Ciechanover, 1998).

As ERAD occurs in the cytosol, misfolded proteins must be translocated from the
ER lumen back to the cytoplasm. Retrotranslocation is a substrate-specific complex
process that is mediated by multiple ERAD components acting as channels or carriers
for transport across the ER membrane. The retrograde transfer of several ERAD
substrates is carried by p97 AAA-ATPase, a member of the magnesium dependent type
II AAA-ATPases, in complex with UFd1 and Npl4 cofactors. This complex contains
ubiquitin binding domains, where it interacts directly with ubiquitinated substrates and
subsequently extracts them from the ER lumen (Ye et al., 2001, 2004).

The translocation channel, Sec61, a multiprotein doughnut shaped pore on the
ER membrane, is a conserved protein involved in the retrograde transport of Ub.
Studies in yeast have shown that the degradation of ubiquitinated substrates is either
delayed or reduced in sec61 mutant strains (Pilone et al., 1997; Plemper et al., 1997).

Studies in T-cells infected with the human cytomegalovirus implicated Sec61 in the
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transfer of MHC class I heavy chains across the ER membrane (Shatz C, 2009; Huh et al.,
2000; Wiertz et al, 1996).

Alternatively, the ER utilizes other channels to transfer different substrates
across its membrane. Members of the conserved Derlin family (Derlin1-3) participate in
the retrograde transfer of substrates in complex with other ER resident components and
Ub ligases. Derlin-1 is a membrane protein that interacts directly with the cytosolic p97
AAA-ATPase to extract Ub tagged substrates from the cytosol through the
retrotranslocation channel (Ye et al., 2004). Inactivation of Derlin-1 homologues in C.
elegans and yeast induces ER stress by preventing the elimination of misfolded
glycoproteins from the ER lumen (Knop et al., 2006; Ye et al., 2004; Schaheen et al., 2009).
The complexity of the nature of retrotranslocation channels is further enhanced by
studies showing Derlin proteins complexes with components of the ERAD such as Hrd1
and p97 AAA-ATPases (Guerriero and Brodsky, 2012; Lilley and Pleogh 2005; Kny et al,
2011). There remain many unanswered questions regarding how these complexes work

in the recognition and transfer of misfolded proteins prior to proteasomal degradation.

1.3.3 Proteasomal degradation

Post-translational modification by ubiquitin signals protein degradation and
serves to target Ub- tagged proteins to the 26S proteasome. Even though the general
pathway of the ERAD is chartered, the processes of detection, transport and the

subsequent processing of ubiquitylated substrates by the proteasome are still not fully
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known. However, most of the components associated with ERAD share a common
affinity for recognition and binding of ubiquitin (and polyubiquitin chains on
glycopeptides); these receptor proteins have either ubiquitin binding domains (UBDs),
or ubiquitin interacting motifs (UIMs) that regulates their association with ubiquitin.
Several subunits of the regulatory particle (RP) subcomplex of the 26 proteasome utilize
multiple UIM motifs to recognize and recruit selective ubiquitylated substrates to the
proteasome. These include Rpnl (52/PSMD2 in mammals), Rpn10 (S5a in human), and
Rpn13 (Hartmann-Petersen and Gordon, 2004a; Raasi et al., 2005; Finley, 2009). Yeast
Rpn10 was reported to act as a multi-ubiquitin receptor in vitro, binding to only
ubiquitin chains containing four or more Ub moieties. However, deletion of this gene
did not show any alteration in the yeast’s development or viability, a sharp contrast to
the importance of a functional proteasome for numerous cellular functions (van Nocker
et al., 1996; Szlanka et al., 2002).

Genetic and biochemical studies in S. cerevisiae proposed the role of adaptor
proteins bridging the transfer of ubiquitylated proteins to the 26S proteasome such as
members of the radiation sensitive23 (Rad23), dominant suppressor of kar2 (Dsk2), and
DNA damage-induciblel (Ddil)(Deveraux et al., 1999; Thrower et al., 2000; Wilkinson et
al., 2001; Buchberger, 2001; Hartmann-Petersen et al., 2004b). These adaptor proteins are
characterized by having distinct UBD domains including a ubiquitin-like (UBL) domain

and one or more ubiquitin-associated (UBA) domain(s). UBA domains facilitate binding
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to polyubiquitin chains on substrate proteins, while UBL domain mediates interaction

with receptors on the proteasome.

1.3.4 Unfolded protein response

Impairment of ER functions due to accumulation of unfolded proteins trigger the
activation of UPR, a complex intracellular signalling pathway, to enhance protein
folding and re-establish homeostasis. In response to ER stress, three ER transmembrane
signal transducers are activated to mediate three phases of regulation at transcriptional
and translational levels in a process that is highly conserved in eukaryotes (Figure 1.2)
(Shen et al., 2004; Kaufman et al., 2002).

The first response to ER stress is mediated by PERK, a double stranded RNA-
activated protein kinase-like kinase. Activation of PERK leads to attenuation of mRNA
translation, thereby preventing protein synthesis and reduce folding in the stressed ER
lumen. PERK inhibits protein synthesis through phosphorylation of translation
initiation factor 2 (elF2); paradoxically, phosphorylation of eIF2 mediates the selective
translation of activating transcription factor 4 (ATF4) mRNA (Shen et al., 2004;Harding
et al., 1999, 2000).

The second mechanism that is activated by ER stress is mediated by the inositol
requiring kinase 1 (IRE1). Initially discovered in S. cerevisiae, IRE1 is a kinase with a site-
specific endoribonuclease (RNase) activity (Nikawa and Yamashita, 1992; Mori et al.,

1993; Cox and Walter, 1996). IRE1 is localized at the ER membrane and bound to BiP
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(under non-stressed conditions). Upon accumulation of unfolded proteins IRE1 is
released from BiP and undergoes phosphorylation to activate its RNase and kinase
activity. IRE1’s RNase activity initiates the splicing of the X-box binding protein 1
(XBP1), a transcription factor that initiates the transcription of a variety of UPR target
genes (chaperones, folding factors). The increase in chaperons and modifying factors
assists in correcting protein folding defects in the stressed ER (Urano et al., 2000a, 2000b;
Shen et al., 2004).

The last mechanism triggered by ER stress involves the activation of activating
transcription factor 6 (ATF6), an ER-transmembrane protein, that is generally found
bound to BiP chaperon (in unstressed cells)( (Yoshida et al., 2001). Similar to IRE1, in
response to ER stress, ATF6 is released from its complex with BiP, and translocated to
the Golgi complex where it is involved in transcription of new proteins that are
responsible for targeting and degrading accumulated misfolded protein in the ER

(Kaufman and Malhotra, 2007; Shen et al., 2004; Yoshida et al., 2003).

1.3.5 Radiation sensitive 23 (Rad23)

Rad23 protein from S. cerevisiae belongs to a large family of proteins that are
involved in nucleotide excision repair (NER) in addition to functioning as a shuttle
protein, linking the ubiquitylated substrates to the proteasome (Suzuki et al., 2001).
Rad23 is a highly conserved protein with orthologues in C. elegans (rad-23), fruit fly

(dRad23), mouse (mHR23), and humans (hHR23A and B) (Figure 1.3). Numerous
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characterization studies of Rad23 proteins in plants, yeast, and mammals report similar
biochemical and physiological function in NER and UPS (Husnjak and Dikic, 2012;

Suzuki et al., 2001, 2003).

Primary structure of Rad23

Rad23 is a member of a family of UBD-containing proteins that interact with both
poly-ubiquitin and the proteasome, where it acts as a shuttle protein in the ubiquitin-
proteasome pathway. It contains four domains: two ubiquitin-associated domains,
central UBA (UBA1), and a C-terminal UBA (UBA2), an N-terminal ubiquitin-like
domain, as well as a xeroderma pigmentosum complementation group C binding
(XPCB) domain (Kamionka and Feigon, 2004; Mastuani et al., 1997). Through the two
UBA domains Rad23 is able to recognize and bind to Ub and poly-ubiquitin moieties on
substrate glycopeptides. The UBA motif has been reported to bind to Ub-poly chains in
vitro and in vivo with specific preference to certain structural features in the Ub-poly
chains; UBA2 in hHR23A prefers 48-lysine linked chains, while UBA1 preferentially
binds to 63-lysine linked chains (Madura et al., 2004; Wilkinson et al., 2001; Ortolan et
al., 2000).

The UBL domain plays an important role in mediating Rad23 interaction with
receptors on the proteasome, mainly RPN1, and RPN10 (S5A in human). These
receptors have unique ubiquitin-interacting motif, which enables them to mediate the

transfer of Ub-tagged substrates into the proteasome catalytic core.
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Crystallographic studies of RAD23/Rad4 and hHRad23/XPC complexes showed
that Rad23 binds to Rad4/XPC through a motif distinct from the UBL and UBA domains
(Min and Pavletich, 2007; Kamionka and Feigon, 2004). The conserved XPCB domain is
the only domain that is not associated with binding to Ub or ubiquitylated substrates. In
fact, binding of Rad23 to Rad4/XPC during NER, is mediated through the XPCB domain
specifically. This conserved domain also binds Peptide: N-glycanase (PNGases),
deglycosylating proteins involved in processing of ubiquitylated substrates targeted for

proteasomal degradation (Biswas et al., 2004; Lee et al., 2005).

Primary function of Rad23

Nucleotide excision repair (NER) is a conserved process responsible for removal
of large variety of helix-distorting DNA lesions with varying efficiency. Nucleotide
excision repair of DNA lesions caused by multiple factors such as ultraviolet (UV) light,
DNA intrastrand and interstrand crosslinks is found in all living organism ranging from
simple bacteria to mammals. It was found that this process involved 20-30 genes, acting
in a several ordered steps involving: (I) recognition and demarcation of DNA lesion, (II)
strand excision, (Ill)displacement of lesion, followed by filling of gap with newly
synthesized oligonucleotide (IV). The mechanism of NER is not well understood,
however, in vivo genetics and in vitro biochemical studies in model organisms

contributed significantly in identifying the major components of this mechanism.
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hHR23A UBL UBA XPC UBA | 409 aa
mHR23 UBL UBA XPC UBA | 416 aa
dRad23 UBL UBA XPC UBA | 414 aa
cRad23 UBL UBA P UBA 372aa
yRad23 UBL UBA XPC UBA || 398aa

Figure 1.4 Domain architecture of Rad23 orthologs

Rad23 is highly conserved in eukaryotes where orthologs display similar domain
structure. rad23 interaction with the proteasome is mediated through the UBL domain,
while the UBA domain(s) are involved in interaction with ubiquitinated substrates.
Rad4, a key component of the NER pathways interacts directly with Rad23 through the
XPC domain (Human, hHR23A; mouse Rad23, mHR23; C.elegans Rad-23; cRad-23; S.
cerevisiaze Rad23, yRad23).
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NER in S. cerevisinze was found to be recognized by several members of the
Radiation sensitive genes, such as Radl, Rad2, Rad3, Rad4, Rad7, Rad10, Rad14, Rad23,
and Rad25 (Prakash and Prakash, 2000). The majority of these NER proteins are
indispensable for repair; most specifically the repair transcription factor RFIIIH,
Rad4/(XPC in human), and Rad14(XPA in human). Rad23 is a highly conserved protein
with well characterized orthologues in all eukaryotes (Figure 1.3). Yeast and human
Rad23 form a complex with Rad4/XPC (xeroderma pigmentosum complementation
group C, the human ortholog of Rad4 in human) that is involved in initial DNA damage
recognition and excision (Volker et al., 2001). Defects in NER has been linked to UV-
hypersensitivity in yeast, sever developmental defects and male sterility in mice, in
addition the hereditary Xeroderma pigmentosum syndrome in humans that lead to skin
cancer (Lambertson et al., 1999; Ng et al., 2003; Rivera-Bergman et al., 2007). In C.
elegans, several Rad mutants as well as other NER deficient genes (xpa-1, xpe-1) were
identified with distinct hypersensitivity to UV radiation (Park et al, 2004, 2002; Kamath
et al., 2003; Harman and Herman 1982). The precise role of Rad23 in NER is not well
known, however it was shown to be necessary for maintenance of Rad4/XPC and
preventing its degradation by the proteasome (Ng et al., 2003; Rassi and Pickart, 2003;
Zhao et al., 2006).

In addition to its function in NER, Rad23 plays an essential role as an adaptor

protein, shuttling ubiquitylated substrates to the proteasome. Similar to the two other
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Ub-receptors (Dsk2 and Ddil), Rad23 utilizes its UBL and UBA domains to target Ub-
tagged substrates and transfers them to the proteasome through its association with Ub-
receptors in the 19S regulatory particle. In vitro and in vivo analysis of Rad23 function
established the role of UBA domain in recognition and binding to ubiquitin moieties on
misfolded proteins (Madura et al., 2001; Ortolan et al., 2000; Lambertson et al., 1999).
Interestingly, UBL domain interaction with the proteasome is required for optimal NER
function. Deletion of the UBL domain in yRad23 led to UV-sensitivity. Genetic and
biochemical studies in S. cerevisiae identified a gene encoding cytoplasmic PNGase
(Pngl) to interact directly with yRad23 (Suzuki et al., 2000, 2001). The core
transglutaminase domain of mouse PNGase (mPng1) has been shown to form a complex

with mHR23 through its XPC domain, also (Zhao et al., 2007).

1.3.6 Peptide: N-glycanase (PNG1)

In addition to ubiquitin, some ERAD substrates carry a glycan residue after their
translocation to the cytosol. These bulky N-glycan residues can sterically hinder
insertion of proteins inside the barrel shaped proteasome (Hirsch et al., 2003), thus
blocking substrate processing by the proteasome. These residues are removed in a
deglycosylation process catalyzed by the protein Peptide: N-glycanase (PNG, PNGase,
N-glycanase, Peptide:N4-(N-acetyl-b-D-glycosaminyl). PNGase is responsible for the
de-N-glycosylation of asparagine-linked (N-linked) sugar chains on glycoproteins and

glycopeptides (Figure 1.4) in a reaction that releases an intact oligosaccharide and
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converts the hydrolyzed asparagine residue to aspartate (Berger et al., 1995; Suzuki et
al., 2007). PNGases are ubiquitously present in prokaryotes and various eukaryotes.

PNGases were first discovered in almond seeds (Takashi, 1977). PNGaseF,
identified from the bacteria Flavobacterium meningosepticum (Plummer et al., 1984),
was shown to be involved in the de-glycosylation of high mannose and complex native
glycoproteins (Gosain et al., 2012). PNGase activity in animals was first reported in the
Medaka fish embryo. PNGaseM is reported to be active at acidic pH, of lysosomal
origin, and was involved in the deglycosylation of glycophosphoprotein, a major egg
yolk glycoprotein, leading to accumulation of N-glycans (Seko et al., 1991; Gosain et al.,
2012). Cytoplasmic PNGase activity was first reported in the budding yeast S. cerevisiae
(Suzuki et al., 1998) and subsequently in various mammalian cells (Suzuki et al., 1993,
1994; Kitajima et al., 1995; Harding and Ron, 2002), and the fruit fly Drosophila
melanogaster (Funakoshi et al., 2010).

Cytoplasmic PNGases differ from lysosomal PNGases in that they require a thiol
reactive group, a neutral pH, and a reducing environment for optimal activity, in
addition to possessing unique carbohydrate binding properties. Additionally,
cytoplasmic PNGases are only involved in deglycosylation of non-native glycoproteins

only (Seko et al., 1997, 1999; Suzuki et al., 1994; Hirsch et al., 2003, 2004).
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Primary structure of PNG1

Comparison of cytoplasmic PNGases among various species ranging from
plants, worms, insect, mammals as well as budding yeast revealed that PNGases are
highly conserved enzymes, implying that deglycosylation is crucial for various
biological processes (FIGURE 1.6). PNGase orthologues contain a conserved
transglutaminase (TGase) core that shares high homology with the enzymatic core of
other members of the transglutaminase-like super family that includes papin-like thiol
proteases, N-acetyl transferases, deubiquitinases, and factor XIII transglutaminase
(Murzin et al., 1995; Diepold et al., 2007). The catalytic mechanism of TGase-like
enzyme employs a putative catalytic triad consisting of cysteine, histidine and aspartate
residues. TGases catalyze the formation of peptide bonds, in addition to disulfide
isomerases and isopeptide hydrolysis reactions. Transglutaminases have been reported
to play a significant role in neuronal growth and regeneration, cellular differentiation,
apoptosis, and angiogenesis (Lorand and Graham, 2003; Shane et al., 2003; Esposito and
Caputo, 2005, Diepold et al., 2007). Amino acid substitution in the catalytic histidine
residue in yeast PNGase, yPng]l, alters the yeast’s deglycosylation activity. In vitro and
in vivo studies report a sharp decrease in the degradation of misfolded secretory proteins
in the mutant yPng1 (Suzuki et al., 1998, 2000, 2002). Deletion of conserved TGase
domain in the Drosophila PNGase orthologue (dPngl) led to severe developmental

defects and reduced viability in addition to sterility among adult flies (Funakoshi et al.,
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2011). Similarly, mutation in the conserved core domain of PNGase orthologue in
Neurospora crassa, abolished PNGase catalytic activity and led to hyphae malformation
(Maerz et al.,, 2010). In contrast to yeast and plants, PNGase orthologues in higher
eukaryotes have extended domains at both the amino-and carboxy-terminal (FIGURE
1.6). Mammalian orthologues of PNGase (mNGLy1, hNGLY1) in addition to insect
PNGase (dPNGase/dPNG1) contain a PNGase ubiquitin-associated (UBA) or ubiquitin-
regulatory (UBX) motif, known as the PUB domain. UBA and UBX sequence motif is
found on numerous proteins and interact with UBDs in addition to proteasome subunits
(Park et al., 2001). These include ubiquitin hydrolases, ubiquitin conjugating enzymes,
and ubiquitin ligases (Buchberge et al., 2001; Park et al., 2001). The UBA motif plays an
important role in recognition and binding of components of the ubiquitin-proteasome
pathway. In fact, interaction between yeast Rad23 and Ddilp is mediated through the
UBA domain (of yRad23). Similarly, UBX is also an evolutionary conserved sequence
that shares similar three- dimensional structure as ubiquitin. The UBX domain have
been reported to facilitate binding to the AAA-ATPase Cdc48 (p97/valosin-containing
proteins in mammals) during ERAD. The PUB domain has been shown to mediate
binding of the mouse PNG1 to various components of the ubiquitin-proteasome system
(Suzuki et al., 2001; Suzuki and Lennarz, 2003; Li et al., 2005).

Unlike other PNGases, the C.elegans PNGase orthologue, PNG-1, contains a

conserved N-terminal thioredoxin domain. Thioredoxin (Trx) belongs to a large family
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proteins characterized by the highly conserved Cys-X-X-Cys catalytic motif, as well as
the thioredoxin fold. The two cysteines in the active site catalyze the reduction of
disulfide bonds in proteins. These proteins are expressed in all living organisms from
bacteria to humans (Vlamis-Gardikas and Holmgren, 2002). They function as electron
donors, antioxidants, as well as redox regulators ; they are involved in multiple cellular
functions such as regulation of oxidative stress, protein folding, cell proliferation, DNA
repair, signal transduction, transcription regulation, aging, etc. (Meyer et al. 2008). The
thioredoxin domain in PNG-1 is an active enzyme, and the dual enzymatic activity of
PNG-1 has been reported to operate independently of each other. Expression of full
length PNG-1 as well as only the thioredoxin domain in yeast strains lacking functional
cytosolic thioredoxin (trx1D) and mitochondrial thioredoxin (trx2D), was reported to
rescue the severe cell growth defects associated with these strains. Additionally, the
same study reported an active PNGase activity, independent of the Trx activity, utilizing
a highly sensitive in vivo assay measuring radiolabeled glycopeptides (Suzuki et al.,
2005) in yPng1 null mutants expressing PNG-1(Suzuki et al., 2007).

The C-terminal domain of Drosophila, mouse, human, and C.elegans PNGase is
also highly conserved, but a clear role for this domain has not yet been specified.
Biochemical, biophysical and crystallographic studies in yPngl and mPng1 suggests that
PNGases have an affinity to free glycan chains derived from its own glycoprotein

substrates (Zhao et al., 2006; Hirsch et al., 2004). Studies involving mouse Pngl
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identified a novel mannose-binding features of mPng1, mapping to the C-terminal
domain that contributes to substrate recognition and specificity of this protein. Base
substitution in the mannose binding sites of mPng1 (c-terminal) abolished the
recognition and binding of oligomannose, as well as causing a significant reduction in
the core (PNGase) catalytic activity (Zhao et al., 2006). The diversity in amino- and
carboxy- terminals in various PNGases is a clear indication of acquired complex

physiological function and properties during evolution.

Primary function of cytoplasmic PNGases

A role for PNGase in N-glycoprotein catabolism was revealed with the
elucidation of the ERAD pathway. The ER surveillance system actively sorts unfolded or
aberrant proteins and retrotranslocates them from the ER to the cytosol. ERAD-targeted
glycoproteins are catabolized in the cytosol by a combination of PNGase mediated
deglycosylation and degradation by the proteasome (Hirsch et al., 2003; Blom et al.,
2004; Kim et al., 2006). In mammalian cells, PNGases have also been implicated in the
cytoplasmic processing of N-glycosylated peptide fragments into epitopes that
maximize MHC class I cell-surface antigenicity (Selby et al., 1999; Altrich-VanLith et al.,
2006; Kario et al., 2008). MHC class I molecules are a member of the major
histocompatibility complex (MHC) molecules and they are expressed in all nucleated
cells. They are heterotrimeric complexes that present a wide range of antigens derived

from endogenous proteins for recognition by CD8* T lymphocytes, and natural killer
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(NK) cells, expressed on a variety of cells of the immune system (Zinkernagel and
Doherty, 1997). The heterotrimeric complex is formed in the ER, consisting of MHC
class I heavy chains, which contains a single N-linked glycan, light chain 3
microglobulin, and an 8-10 amino acid residues long antigenic peptide. The Human
Cytomegalovirus (HCMV) encoded gene product US2 and US11 are able to inhibit MCH
class I antigen presentation through the activation ERAD pathway. US2 and US11 bind
to class I MHC heavy chains in the cytosol, and initiate their translocation from the ER
lumen to the cytosol through the ER Sec61 or Derlin-1 channels. Class I heavy chains are
further processed in the cytosol by an N-glycanase that removes the single N-linked
glycan heavy chains prior to their degradation by the proteasome (Huppa and Ploegh,
1997; Suzuki et al, 2000). Inhibition of the proteasome results in the accumulation of
deglycosylate the heavy chains in the cytosol. In addition to MHC class I molecules,
several other substrates undergo similar mode of degradation, such as a-chain of the T-
cell receptor (TCRa), and the cystic fibrosis conductance regulator (Johnston et al., 1998;

Huppa and Ploegh, 1997; Wiertz et al., 1996).
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Figure 1.5 PNGase hydrolyzes N-linked glycans from proteins

PNGase hydrolysis of the 3-aspartylglycosylamine bond of asparagine linked
glycopeptides and glycoprotein releases an intact oligosaccharide and an aspartic acid
residue on the protein or peptide. Adapted and modified with permission from Suzuki

et al.,, 2002.
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Figure 1.6 Domain architecture of PNGase orthologs

PNGases are highly conserved proteins that share a common transglutaminase core
domain. With the exception of S. cerevisiae, PNGases carry additional domains that can
mediates PNGase recognition and biding to ubiquitin and proteins with ubiquitin
binding domains such as Rad23. C. elegans homologue, PNG-1, contains a thioredoxin
domain necessary for protein-protein interaction (Homo sapiens, NGLY1; Mus
Musculus, NGLY1; Drosophila melanogaster, PNG1; Arabdidopsis thalaina, Pngl, S.

cerevisiae, Pngl).
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1.4  THESIS PRELUDE AND OBJECTIVE

The establishment of neuronal networks involves the guided extension and
branching of axons and dendrites under the orchestration of guidance and branching
cues. Although a variety of cues and signalling pathways have been identified, the
molecular mechanisms controlling axon branching remain poorly defined. The goal of
my graduate research was to identify neuronal pathways underlying axon branching
using the egg-laying system in C. elegans as a model. A forward genetic screen identified
two alleles of branching abnormal gene, bam-1 (cy8) and (cy9) that displayed excessive
ectopic branching at VC4 and VC5 egg-laying neurons. Initial mapping and rescue
analysis identified bam-1(cy8) and bam-2(cy9) to be the C. elegans homolog of Peptide: N-
glycanase, a highly conserved cytosolic enzyme with conserved housekeeping roles in
cellular homeostasis. I used bam-1, which was appropriately renamed png-1 as the first
homologue of conserved PNGase in nematodes, to uncover potential new pathways
mediating neuronal branching. The objectives of this thesis are:

Chapter 2: Characterization of png-1 in C. elegans
1. To characterize the role of png-1 in regulating neuronal growth and branching
2. To Analyze the role png-1 on regulating egg-laying behavior
3. To identify the subcellular localization of PNG-1

Chapter 3: Identification and characterization of potential png-1 genetic interactors
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1. Toisolate and characterize new genes involved in regulating axon branching in
V(C4-5 via a candidate gene approach

2. To identify genetic interactions between png-1 and other genes involved protein
degradation

3. To identify components of PNG-1 mediated pathways in regulating axon
branching

This thesis will reveal novel pathways involved in regulating axon growth and

branching during the development of the nervous system in C. elegans.
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CHAPTER 2: CHARACTERIZATION OF PNG-1 IN C. ELEGANS

The following chapter has been reproduced with modification from:

The N-glycanase png-1 act to limit axon branching during organ formation in

C. elegans

Nasrin Habibi-Babadi, Anna Su, Carlos E. De Carvalho, Antonio Colavita
J of Neurosci, Feb 3; 30(5): 1766-1776 (2010)

Reprinted from the Journal of Neuroscience with permission from the Society of
Neuroscience Copyright Clearance Center (Appendix A)

Contribution to this chapter:

Antonio Colavita and Anna Su mapped png-1(cy9) mutant
Ann Su provided technical support in biochemical experiments

Carlos E. de Carvalho characterized in utero egg counts in png-1(cy9) mutants
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ABSTRACT

Peptide: N-glycanase (PNGases) are cytoplasmic de-N-glycosylation enzymes
that have been shown in vitro to facilitate the degradation of misfolded glycoproteins
during endoplasmic reticulum-associated degradation (ERAD) and in the processing of
MHC Class I antigens for proper cell surface presentation. The gene encoding PNGase
activity was initially described in almond seeds, and subsequently in mammalian cells
and budding yeast (Pnglp), and shown to be highly conserved from yeast to humans
but physiological roles in higher organisms have not been elucidated. Here we describe
the peripheral nervous system defects associated with the first loss-of-function
mutations in an animal PNGase. Mutation in png-1, the C. elegans PNGase orthologue,
results in increase in axon branching during morphogenesis of the vulval egg-laying
organ and egg-laying behavior changes. Neuronal defects include an increase in the
branched morphology of the VC4 and VC5 egg-laying neurons as well as inappropriate
branches from axons that run adjacent to the vulva but would not normally remain
branched. We show that png-1 is widely expressed and can act from both neurons and
epithelia cells to restrict axon branching. In summary, our analysis reveals a novel
developmental role for a PNGase in the regulation of neuronal branching and

outgrowth during organ innervation.
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2.1 INTRODUCTION

The innervation of peripheral targets involves the remarkable ability of
innervating neurons to precisely interpret path finding cues along intermediate targets
and then respond to specific organ-derived factors that regulate branching patterns in
order to achieve optimal innervation density (Glebova and Ginty, 2005). Morphogenesis
of the C. elegans egg-laying system provides an attractive invertebrate model to simplify
the task of identifying genes and mechanisms involved in organ formation and
innervation.

The nematode egg-laying organ is an anatomically simple structure, consisting of
a vulval epithelial channel linking the uterus to the external environment, eight vulval
muscles attached to the channel, and the HSN and VC motor neurons that innervate the
vulval muscles and coordinate muscle excitations responsible for egg-laying (Figure 2.1
A) (Li and Chalfie, 1990). Innervation of the vulval muscles occurs in tandem with
vulval organogenesis during the 4th larval (L4) stage long after the generation and
wiring of sensory and motor circuits and therefore notable as the final neural circuit to
form in C. elegans (Li and Chalfie, 1990; Garriga et al., 1993). Cell ablation and genetic
studies have shown that vulval epithelial cells play an essential role in the innervation
and shaping of the egg-laying circuit by providing a source of axon guidance, axon
branching, and synapse formation cues (Li and Chalfie, 1990; Garriga et al., 1993;

Colavita and Tessier-Lavigne, 2003; Shen et al., 2004; Adler et al., 2006).
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Peptide:N-glycanse (PNGase, N-glycanase) is an enzyme that is responsible for
the de-N-glycosylation of asparagine-linked (N-linked) sugar chains on glycopeptides or
glycoproteins. This enzyme cleaves the (3-asparatylglucosaminyl bond in a reaction that
releases an intact oligosaccharide and a converts the hydrolyzed asparagine residue to
aspartate (Berger et al., 1995; Suzuki et al., 2007). PNGases are highly conserved and
ubiquitously present in prokaryotes and eukaryotes. This enzyme was initially
discovered in almond seeds (PNGaseA) (Takashi, 1977). Cytosolic PNGases activity was
subsequently reported in various mammalian cells (Suzuki et al., 1993, 1994; Kitajima et
al., 1995), S. cerevisiae (Suzuki et al., 1998) and Drosophila (Funakoshi et al., 2010).
Cytoplasmic PNGase differ from other PNGase (found in plants, fish and bacterium) in
that they can modify misfolded aberrant glycoproteins only (Seko et al., 1997; Suzuki et
al., 1994; Hirsch et al., 2004).

A role for PNGase in N-glycoprotein catabolism was revealed with the
elucidation of the endoplasmic reticulum (ER)-associated degradation (ERAD) pathway.
The ER surveillance system actively sorts unfolded or aberrant proteins and
retrotranslocates them from the ER to the cytosol. ERAD-targeted glycoproteins are
catabolized in the cytosol by a combination of PNGase mediated deglycosylation and
degradation by the proteasome (Hirsch et al., 2003; Blom et al., 2004; Kim et al., 2006). In
mammalian cells, PNGases have also been implicated in the cytoplasmic processing of

N-glycosylated peptide fragments into epitopes that maximize MHC class I cell-surface
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antigenicity (Selby et al., 1999; Altrich-VanLith et al., 2006; Kario et al., 2008). Despite
these recent findings the physiological roles for cytosolic N-glycanases remain
unknown. Phenotypic analysis of PNGase mutants in the budding yeast S. cerevisiae
(Suzuki et al., 2000) and the plant A. thaliana (Diepold et al., 2007) which could have
shed light on in vivo roles were not overly informative as mutants lacked obvious
abnormalities. A PNGase mutant in N. crassa, a filamentous fungus, displays a
noticeable hyphal growth defect, the underlying cause of which is not known (Seiler and
Plamann, 2003).

The nematode PNGase orthologue, PNG-1 was identified in a genetic screen for
VC4 and VC5 branching abnormal mutants using a cyls4 [Pcat-1::GFP] reporter to
visualize the VC4-5 egg laying neurons (Antonio Colavita, unpublished data). These
mutants displayed a highly penetrant increase in the complexity of the VC4-5 branching
morphology compared to wild-type. In this chapter, I will report my phenotypic
analysis of the first loss-of-function mutations in an animal PNGase. This analysis
reveals a novel developmental role for this highly conserved enzyme in neuronal

branching during organ innervation.
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2.2 MATERIALS AND METHODS
2.2.1 Nematode strains and genetic methods

C. elegans strains were grown on nematode growth medium (NGM) plates
inoculated with Escherichia coli strain OP50 (Brenner, 1974). Strains were maintained at
at 15°C, 20°C or 25°C, depending on the experimental requirements.

The wild-type N2 (Bristol) strain was used as standard reference, and the
following mutant alleles were used: LG I: unc-75(e950), png-1 (0k1654), LG IV: unc-
30(e191), LG V: egl-1(n986). The following green fluorescent protein (GFP) reporter
transgenes were used to visualize and score neuroanatomy: cyls4[Pcat-1::GFP, rol-
6(su1006] to label VC4,VC5, and PDE, cyls3[Punc-4::GFP] to label VC1-6, kylIs179[Punc-
86::GFP] to label HSN, unc-30(e191); juls76[Punc-25::GFP] to label AVL and DVB,
otIs92[Pflp-10::GFP] to label DVB, evls79 [unc-129::GFP] to label DA, and DB, oyls14 [sra-
6::GFP] to label ASH, PVQ, zdIs5[mec-4::GFP] to label ALM,PLM,AVM, AVM, akls3
[nmr-1::GFP] to label AVA,AVD, AVE, AVG, and PVC neurons. All strains were
backcrossed at least three times. Neuron specific GFP reporter strains were crossed into
png-1 alleles using standard genetic methods (Brenner, 1974). Homozygous animals
were verified using polymerase chain reaction (PCR) and restriction fragment length

polymorphism (RFLP) genotyping (Table 2.2).

61



2.2.2 Mapping, sequencing and genotyping

png-1 (cy9) was previously mapped using standard N2/CB4856 SNP mapping
methods within the bli-4 unc-75 interval on LGI by isolating 51 Bli non-Unc progeny
from a bli-4(e937) cy9 unc-75(e950)/ Hawaiian (N2/CB4856) parent in which 43
recombinants were cy9/+ and 8 were cy9/cy9. cy9 was then mapped more precisely to a
small interval between cosmids W02B9 and ZK1025 using SNP markers within the bli-4
unc-75 interval (A. Colavita, unpublished data).

Mutations in cy8 and cy9 were identified by sequencing PCR amplified exons
from genomic DNA using primers listed in Table 2.1. To genotype mutant alleles,
genomic DNA from each mutant was PCR-amplified and examined by restriction
enzyme digest or PCR fragment size (for deletion mutation). Table 2.2 list all primers
required for png-1 genotyping.

2.2.3 Plasmid construction and molecular cloning

Rescuing, translational and transcription plasmids were prepared using standard
cloning procedures or fusion PCR. The transcriptional Ppng-1::GFP (pAC3) reporter was
prepared by PCR amplifying 606bp upstream of the predicted F56G4.4-F56G4.5 operon
start site and cloning it upstream of the GFP start codon in pPD95.77 (Fire lab vector
kit). The translational Ppng-1::PNG-1::GFP (pAC7) plasmid was made by inserting the
open reading frame from a PNG-1 cDNA (yk811b02, a gift from Y. Kohara) between the

promoter and GFP in pAC3. pAC3 and pAC?7 cloning accuracy were verified by
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restriction enzyme digest and sequencing. Expression clones for cell-specific studies
were made by replacing the png-1 promoter in pAC7 using standard cloning techniques
or by fusion PCR (Hobert, 2002). Briefly, the promoter regions were PCR amplified in
one reaction and a PNG-1 cDNA tagged with GFP (from pAC7) containing an >20bp
overlap sequence that corresponds to the promoter region (Expand long PCR, Roche),
was amplified in a separate reaction. In a third step (fusion PCR), these two PCR
fragments were fused together using a nested primer to produce the translational
expression fusions. Table 2.3 list all primers used for preparing cell-specific plasmids
and fusions and their site of expression. A PCR-based deletion strategy using pAC7 as a
template was used to generate constructs containing in-frame deletions of the
thioredoxin (residues 2-100) 5’-cgaaaaaattcggcaacactattcg-3" and 3’-gccttgaacacctcatecttg
atag-5’. Construct containing the deletion of the C-terminal (residues 426-600) domain
was prepared using primers 5’-caaagttgctcgcggagcccataaaactg-3” and 3'-atttttcatccaaatttt
gaccgaaaagc-5’.

Site directed mutagenesis (QuickChange XL, Stratagene) was used to convert the
two active site cysteines in the thioredoxin domain (pAC?7) to two serines using primer

5’-gattttttcgctaattggtCtggCecgtCecgtatgatttctecg-3'.

2.2.4 Transgenic animals and germ line transformation

Extrachromosomal arrays were generated following standard microinjection

techniques (Mello et al., 1991). A Zeiss Axiovert microscope equipped with 20X and 40X
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lenses and an Eppendorf FemtoJet Microinjector were used to inject young adult
hermaphrodites with various cosmid pools, plasmids, genomic PCR fragments or PCR
fusion products. Cell specific rescue and structure-function analysis was performed by
testing for rescue of VC branching defects in png-1(cy9);cyls4 animals after germline
transformation. PNG-1 overexpression experiment were carried by injecting pAC7 at
increasing concentrations (20, 25, 50, and 100 ng/ul) in png-1 (cy9) and wild type worms.
pBluecript SK and pPD95.77 (Fire lab vector kit) were used as control constructs in
rescue or overexpression experiments. Co-injection markers used for making transgenic
lines were: rol-6(at 20-25 ng/ul), Podr-1::dsRed, expressed in the odorant sensory neurons
in the head (at 20-30 ng/ul) or Pmyo-2::mCherry:: unc-54 UTR, expressed in the pharynx
(at 5-10 ng/ul). Transgenic lines were confirmed in the F2 progeny by transmission of the

co-injection marker.

2.2.5 Phenotypic analysis of neuronal morphologies

Worms expressing cyls4 [Pcat::GFP] were scored for VC4 and VC5 neurite
branching, axon outgrowth and branch termination defects. In late L4 and young
adults, VC4 and VC5 neurons extend two axons that partially overlap to form a circular
tract around the vulva with distinct left and right branching patterns. To simplify
quantification, branching defects were binned into wild-type and excessively branched
categories. VC neurons were scored as excessively branched at the young adult stage if

more than 5 branches were observed on either the left or right side compared to the 1-5
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branches normally observed in wild-type. Because VC4 and VC5 axons fasciculate at the
site of branching, individual branches could not be unambiguously identified and
therefore VC4 and VC5 axon branches were pooled for scoring purpose. Worms
expressing o0tls92 [Pflp-10::GFP] were scored for DVB motor neurons defects. DVB
neurons terminate a short distance posterior to the vulva. A termination defect was
scored as any DVB process that extends dorsally along the vulva epithelium or
anteriorly past the vulva.

Animals expressing unc-30(e191);juls76[Punc-25::GFP] were used to score for
AVL and DVB defects. Axons were scored as displaying an axon branch if a distinct
axonal protrusion at least 3-5um in length (approximately one neuronal cell body
diameter) was observed.

All worms were staged accordingly to vulval developmental milestones and

verified accordingly using differential interference contrast (DIC) microscopy.

2.2.6 Egg-laying behavior analysis

Egg-laying behavior for egl-1(n986) and png-1;egl-1(n986) double mutants were
performed as previously described (McGovern et al., 2007, Koelle et al., 2003). Egg-
laying assays were performed by placing synchronized L4 larvae on plates with food
and allowed to mature at 20°C for 24 hours. Ten Adult worms were transferred to new

plates and allowed to lay eggs for 2 hours at 20°C, after which adult worms were
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removed from plates and the numbers of eggs were counted. Additionally, the progeny
of these plates were counted two days post egg-laying.

For the egg-retention assay, staged L4 larvae were placed on plates with food
and allowed to mature for 24 hours as 20°C. The young adults were mounted on 2%
agarose pads on a glass slide and immobilized with 10mM levamisole. The worms were
viewed by a Zeiss Axioplanll microscope using under 40X objective lens, and the

number of eggs in utero was counted.

2.2.7 Microscopy and imaging

Worms were mounted on 2% agarose pads in M9 buffer and immobilized with
10mM levamisole (Sigma). Neurons were visualized by epifluorescenc using a Zeiss
Axioplanll microscope. Images were captured using a Zeiss LSM510 confocal
microscope. Z-stack images of neurons were captured using 20X, 40X, and 63X objective
lenses and were collapsed into a single image. Worms were staged with respect to

developmental stages as described (Riddle et al, 1997).

2.2.8 Statistical analysis

All experiments were performed at least 3 times, unless specified otherwise.
Data was analyzed using Prism V program (Graphpad). Data are reported as
mean , Or mean . Differences between strains were investigated by ANOVA

followed by the Bonferroni post Hoc test. P values of <0.05 were considered significant.

66



2.3 RESULTS
2.3.1 A PNGase (png-1) is disrupted in VC axon branching mutants

The cy8 and cy9 alleles were identified in a genetic screen for VC4 and VC5 (VC4-
5) branching abnormal mutants using a cyls4 [Pcat-1::GFP] reporter to visualize the VC4-
5 egg-laying neurons (Antonio Colavita, unpublished). These mutants display a highly
penetrant increase in the complexity of VC4-5 branching morphology compared to wild-
type (Figure 2.1 B-D). A SNP-based mapping strategy was used to map cy9 to a small
interval on LGI between cosmids W02B9 and ZK1025. To identify the gene disrupted in
our mutants we generated transgenic lines carrying PCR amplified genomic or cosmid
DNA located within this interval and scored for rescue of the VC4-5 branching defects
(Figure 2.2). A genomic fragment containing the co-transcribed genes F56G4.4 and
F56G4.5 but not deletion derivatives that removed F56G4.5 rescued the branching
phenotype. F56G4.5 was verified as the cy9 locus by obtaining rescue with a full length
cDNA driven by approximately 600bp of upstream sequence, identifying the DNA
lesions in cy8 and cy9, and showing that 0k1654, an F56G4.5 deletion allele obtained from

the C. elegans Gene Knockout Consortium, displays similar defects.
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Figure 2.1 png-1 mutants display excessively branched VC4-5 axons

A) Schematic of a worm (ventral view) showing the positions of VC4-5 and the vulval
egg-laying organ innervated by the HSN and VC motor neurons. B-D) Ventral view of
VC4 and VC5 neurons in adult wild type (B), cy9 and cy8 (C,D) mutants visualized
using cyls4 [Pcat-1::GFP] neuronal reporter. Arrows indicate axon branching defects.

Scale bar, 10um.
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Figure 2.2 Positional cloning of PNG-1

The cy9 mutant was mapped to a small genetic interval on chromosome I and identified
as the F56G4.5/png-1 gene (red) by complementation with genomic and cosmid
fragments and a png-1 translational fusion to GFP (green). PCR fragments containing
png-1 gene and Ppng-1::PNG-1 cDNA rescued VC4-5 branching defects. Genomic

structure indicated by lines and boxes (exons).
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2.3.2 Conserved PNGase catalytic triad disrupted in png-1 mutants

F56(G4.5 encodes the peptide: N-glycanase (PNGase) PNG-1 (Figure 2.3 A), a 606
amino acid protein consisting of an N-terminal thioredoxin domain, a central PNGase
domain, and a predicted C-terminal mannose binding domain. PNGases belong to the
transglutaminase (TGase) superfamily characterized by a highly conserved catalytic
active site consisting of Cys, His, and Asp residues (Cys251, His278, and Asp295 in
PNG-1) that are essential for N-glycanase activity.

Animal PNGases differ from those of lower eukaryotes in having extended N
and C-terminal sequences (Figure 2.3 A). Mammalian and fly PNGases contain an N-
terminal PUB domain known to interact directly with components of the ubiquitin-
proteasome pathway and a C-terminal mannose binding domain (Suzuki, 2007). With
the exception of a divergent N-terminal thioredoxin domain, which so far appears to be
found only in some nematode PNGases, PNG-1 is a clear homologue of S. cerevisiae
Pnglp and human NGly1 displaying 30%-41% identity in the PNGase domain (Figure
2.3 A).

The molecular lesions in png-1 alleles were identified (Figure 2.3 A, B). cy9is a
candidate null allele as it introduces a stop at Q289 that should result in a premature
termination within the PNGase domain and therefore abolish PNGase activity. cy§is a
missense mutation that substitutes the invariant C251 catalytic residue in the PNGase

active site with a tyrosine. This mutation in yeast Pngl abolishes PNGase activity
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(Suzuki et al., 2007). 0k1654, an allele obtained from the C. elegans Genetic Consortium

(CGCQ), is a 1.1kbp deletion predicted to generate an in-frame deletion of residues 67-180.

2.3.3 png-1 mutants display abnormal axonal morphology in VC4-5

VC4-5 neurons are born during late L1 (1 larval stage) but delay axon
outgrowth until the onset of vulval organogenesis at late L3. At the fourth larval stage,
VC4-5 axons project laterally around the developing vulva forming a circular tract. The
overlapping axons form branches or arborizations at distinct sites on the left and right
sides of the vulva where connections are made with pre (HSN) and post-synaptic
(vulval muscles) partners. png-1 mutants displayed highly variable defects with super
numery branches extending in multiple directions along the vulva or body wall
epithelium, either in isolation or as loosely fasciculated bundles that often intersected.

As the first step in characterizing png-1 mutants, I attempted to quantify VC4-5
branching defects. Since VC4-5 axons overlap and fasciculate, individual branches
could not be unambiguously identified and counted. In wild type young adults, VC4-5
axons typically display 3-5 branches. Branching abnormalities in worms were reported
if VC4-5 displayed an increase in branch number and/or branch length. To simplify
VC4-5 branching characterization branching defects were binned into wild type and
excessive categories. Animals were scored as wild type if they displayed less than 5
branches, and excessively branched if they displayed 6-20 branches (Figure 2.4 A and B).

More than 65% of png-1 mutants display excessive VC4-5 branching defects (Figure 2.4
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C). The excessive VC4-5 branching phenotype is temperature sensitive and largely
ameliorated when animals are grown at 15°C instead of 20°C or 25°C (Figure 2.4 C).

We did not observe any other morphological, locomotion, or viability defects in
mutant animals. As all the molecular lesions appear to be null or strong loss-of-function
mutations, temperature sensitivity does not appear to be the result of an allele specific

effect on protein stability, but instead the result of a temperature sensitive process.

2.3.4 png-1 mutants display egg-laying behavior defects

The VC4-5 morphology defects suggested that png-1 mutants may display changes in
egg-laying behavior. In addition to VC4 and VC5, the HSN motor neurons also
innervate the vulva muscles where they modulate the execution and regulation of egg-
laying. The HSNs make extensive neuromuscular junctions with the vm2 vulva
muscles, and also direct synaptic output to the VC5 motorneuron (Sulston and
Horvitz,1977; Trent et al., 1983). An examination of HSN neurons using a Punc-86::GFP
reporter did not reveal branching or morphology defects in mutant animals (Table 2.4).

To determine whether increased VC arborization correlates with changes in egg-
laying behavior, we examined png-1 mutants for egg-laying phenotypes. In a measure
of the rate of egg laying in synchronized individual young adults carrying a single row
of eggs in utero, we found that png-1 mutants displayed a decrease in the number of
eggs laid per 2 hour period (12.9 for cy9 and 9.0 for cy8) compared with wild type

controls (19.4) (Figure 2.5 B).
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Figure 2.3 PNG-1 encodes a highly conserved PNGase

A) Domain organization of PNG-1 and orthologues showing percentage identity of

conserved domains to PNG-1. Animal PNGase contain an extended N and C-termini.

Nematode PNGase structure differs from fly and vertebrate PNGases in having N-

terminal thioredoxin instead of a PUB domain. B) Alignment of core PNGase domains.

Molecular lesions in png-1 are indicated in (A) and asterisks mark the invariant Cys, His,

Asp active site triad. C. elegans (Ce, GeneBank no. AAF74721), S.cervisiae (Sc, S61970),

Drosophila (Dm, AAF74722), Zebrafish (Dr, AAH95313),
(h, AAF74720). ClustalW alignment (version 6.0)

73

mouse (m, AAF74723, human



mutant: 6-20 branching defects

sjoajep Buiyoueiq GOA Pue FOA %

wild type: branching defects < 5

ooz=u 999 >
00Z=u nu/_u m 2 %
~
ooz=u B0 H s
00z=u ..1
(e 0]
00z=u >
00z=u N
00zZ=u .
00zZ=u >
00z=u H
BbL=u
00z=u S
0SL=u
£ F 3§ § °

74



Figure 2.4 Characterization of VC4-5 branching

Fluorescence images and diagrams of wild type and mutant axon morphologies. To
simplify VC4-5 branching characterization, defects were binned based on the number of
branching defects observed on the left and right sides of the vulva: wild type if VC4-5
displayed less than 5 branches defects (A), and excessive if 6-20 branching defects were
counted in each worm(B). C) Branching defect are temperature sensitive. Branching was
enhanced at optimal growth temperature of 25°C and the defects were largely
ameliorated at 15°C. Error bars represent denote standard error of mean (SEM) of three
and/or independent counts (n=50, each). Ventral view of VC4-VC5, visualized by cyls4

[Pcat-1::GFP] reporter transgene, anterior to the left. Scale bar, 10
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We also found an egg retention phenotype in png-1 mutants (22.2 for cy9 and 21.3
for cy8) when counting the number of eggs in the uterus of synchronized young adults
compared with wild type controls (13.8) (Figure 2.5 A). These findings suggest that VC
morphology defects in png-1 mutants may interfere with normal egg-laying behavior.

In a third assay, we took advantage of an egl-1(n986) gain-of function mutant in
which HSN neurons undergo cell death to create a background in which egg laying is
solely dependent on VC neuronal function (Waggoner et al., 1998). egl-1(n986) animals
display a severe egg-laying retention phenotype. We found that egl-1(n986) animals (n=
300) displayed a severe egg laying defects where an average of 0.19 eggs were laid per 2
hour period (Figure 2.5 C). We hypothesized that, if our VC morphology defects
interfered with VC neuronal activity or vulval muscle innervation, we would expect to
see an enhancement of the egg-laying defects in an egl-1(n986) background. Instead, we
found that png-1(cy9); egl-1(n986) and png-1(cy8); egl-1(n986) animals displayed a
significant increase in the average number of eggs laid per 2 hour period (0.45 and 0.47
eggs respectively; n=300, 330) compared with egl-1 single mutants. This is consistent
with increased VC branching in png-1 mutant animals causing increased stimulation of
vulval muscles and partially compensating for the loss of the egg-laying stimulatory

effect of HSN innervation.
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Figure 2.5 png-1 mutants display abnormal egg-laying behavior

A,B) png-1 mutants display a mild egl phenotype characterized by reduction in the rate
of egg laying (A) and in utero retention of developing embryos (B). C) png-1 deficiency
partially suppresses the egg-retention phenotype of egl-1 gain-of-function mutants.
HSN neurons undergo cell death in egl-1(1n986) resulting in a genetic background where
egg-laying behavior is dependent on VC innervation of the vulva muscles. Error bars
denote standard error of mean (SEM) of 3-4 independent counts (n=50 each). *P<0.05,
and ***P<0.0001, t test
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2.3.5 png-1is widely expressed in neurons and epithelium

To study png-1 expression I made a Ppng-1::GFP transcriptional reporter using an
approximately 600bp promoter that was shown to be sufficient in png-1 rescue
experiments (Figure 2.2 A). I obtained several transgenic lines with similar expression
patterns. Transgenic animals carrying this reporter showed consistent png-1
transcriptional activity in almost all cells in embryonic, larval, and adult stages, in most
tissues including gonad, pharynx, intestine, body wall muscle and epithelial cells
(Figure 2.6). In the egg laying system, promoter activity was detected consistently in all
vulval cells from the late L3 stage to adulthood (Figure 2.6 B-D). To determine
subcellular localization we generated Ppng-1::PNG-1::GFP, a translational GFP fusion.
The expression and functionality of this construct was confirmed by transgenic rescue of
the VC axon branching defects in png-1 animals (Figure 2.2 A). However, we were
unable to detect GFP fluorescence in animals carrying this transgene either directly or by
indirect immunofluorescence using anti-GFP antibodies suggesting that PNG-1 may
normally be expressed or maintained at low levels. At rescuing concentration of
40ng/uL, no GFP signal was detected, and at higher concentration (50 ng/pL, and 100
ng/uL), we still could not detect any GFP signal. Transgenic lines carrying higher
concentrations of this rescuing plasmid did not display an increase in VC4-5 branching
rescue levels, or enhance the defective branching morphology of these mutants. To

address the possibility that broad overexpression of PNG-1 from its own promoter may
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be detrimental, we drove PNG-1::GFP expression from pan-epithelial (Pcol-10) and pan-
neuronal (Prgef-1) promoters to assess localization. Using these promoters we found
that PNG-1 was consistently localized to the cytoplasm and excluded from the nucleus

(Figure 2.6 ] K).

2.3.6 png-1 acts from neurons and epithelia to regulate axon branching

To determine if PNG-1 functions cell autonomously in VC neurons or cell non-
autonomously in the surrounding epithelial cells to regulate VC neuronal morphology,
we utilized cell-specific promoters to drive png-1 expression exclusively in either
neurons or epithelial cells in order to assess rescue of the axon branching and
overgrowth defects in png-1(cy9) animals (Table 2.3). Cell specific expression was
obtained by using the rgef-1 promoter, which is expressed in post mitotic neurons
(Altun-Gultekin et al., 2001), unc-4 promoter, expressed in DA, VA, and the VC motor
neurons (Likteig et al., 2001). Additionally we used the cat-1 promoter, which is
expressed in VC4-5, HSN motor neurons, and PDE neurons (Duerr et al. 1999).
Expression in epithelia cells were achieved using the col-10 and ajm-1 promoters that are
expressed exclusively in epithelial cells including vulval cells (Liu et al., 1995; Koppoen
et al.,, 2001). We also used the vulva specific promoter sqv-1, (Herman et al., 1999), vulva
specific promoter egl-1 7, and the ocr-4 promoter, which is expressed in uterine cells
(Tobin et al., 2002). We found that the penetrance of VC branching defects in png-1(cy9)

animals (~64%) was reduced when png-1 was expressed from all epithelial cells (29-
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36%), neuronal cells (~40%), and vulval cells (32-37%), but not uterine cells. (~70%) or a

subset of vulval cells (61-67%) (Figure 2.7).

2.3.7 The thioredoxin and PNGase domains are necessary for axon branching

To determine if the thioredoxin and the predicted C-terminal mannose binding
domain are important for PNG-1 axon branching functions we generated PNG-1::GFP
constructs with specific domain deletions or mutations and assessed their ability to
rescue branching defects in png-1 mutants (Figure 2.8). Constructs were designed based
on the rescuing construct pAC7, consisting of Ppng-1::PNG-1cDNA::GFP, as this
construct was able to rescue branching defects completely. We found that truncated
PNG-1 protein missing the C-terminal mannose binding domain (residues 426-600) was
capable of restoring normal VC axon branching when expressed in png-1(cy9) animals.
Transgenic lines carrying the C-terminal deletions displayed 32-39% excess VC
branching defects compared to control animals (65-68%) and similar to the rescue
obtained with full-length PNG-1 (21-25%). Conversely, expression of PNG-1 lacking the
thioredoxin domain (residues 2-100) (65-67%) or carrying a site-specific disruption of the
CGPC (mutated to SGPS) redox active site (66-69%) did not rescue png-1(cy9) branching
defects. These results indicate that the predicted C-terminal mannose-binding domain is

dispensable for PNG-1 branching functions.
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Figure 2.6 PNG-1 is widely expressed

(A-I) png-1 promoter activity at various developmental stages visualized using a Ppng-
1::GFP transcriptional reporter. The 600 bp promoter region was shown to be sufficient
to rescue VC branching defects in png-1 mutants. Promoter activity was found in
multiple tissues, including epithelium, neurons, muscle, intestine, and vulval epithelial
cells. (J-K) promoter shows cytoplasmic localization. Epithelial seam cells (J) are shown.

Scale bars, 10um.
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Figure 2.7 PNG-1 is required in epithelial and neuronal cells

Cell specific promoters used to drive expression of PNG-1 from multiple tissues and
cells. Constructs were injected with myo-2::mCherry into png-1(cy9);cyls4[Pcat-1::GFP)
animals to generate multiple independent extrachromosomal transgenic lines. Lines
expressing PNG-1 from neurons (A) and epithelial cells (B) rescue VC4-5 branching
defects. C) PNG-1 expression in vulva cells (Psqu-1, Psquv-2) or VC4-5 (Pcat-1) is
sufficient for rescue, also. Controls were empty vectors injected with myo-2::mCherry
injection marker. Error bars denote SE of proportion of counts of population of 60-200

animals. *p<0.05, and **p<0.01, ¢ test
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Figure 2.8 C-terminal domain is not essential for axon branching control

PNG-1 structure—function analysis was performed by generating in-frame deletions of
the thioredoxin and C-terminal domains and site-directed mutagenesis of the conserved
Cys catalytic residues in the thioredoxin domain and scoring for rescue of VC4-5
branching defects in png-1(cy9); cyls4[Pcat-1::GFP] animals after germ-line
transformation. Multiple Extrachromosomal (Ex) lines were generated for each
construct. VC4-5 branching defects were rescued with full-length and C-terminal deleted
PNG-1 constructs but not thioredoxin mutants. Constructs were tagged with GFP to

verify expression. Error bars denote SEM; N=48 —120 animals
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2.3.8 png-1 mutants display branching defects in neurons along the vulval epithelium

To determine the scope and nature of the neuronal defects in png-1 mutants we
used GFP reporter transgenes (Table 2.4) to label subsets of anteroposterior and
dorsoventral projecting axon tracts. Axon pathfinding and morphology along the major
body axes was found to be normal in png-1 animals except for the occurrence of
inappropriate branches in a subset of ventral cord axons visualized with the juls76[Punc-
25::GFP] reporter at sites that correlated precisely with the position of the vulva.

Punc-25::GFP labels all GABAergic neurons, only a subset of which possess
processes in the ventral nerve cord that run adjacent to the vulva (DD, VD, AVL, DVB).
We therefore isolated AVL using an unc-30(e191); Punc-25::GFP background as unc-25
promoter activity in the DD and VD neurons is silenced in an unc-30(-/-) background.
We found that AVL which normally projects an unbranched axon from a cell body
located in the head to its target in the tail displays inappropriate branches at the vulva in
png-1 mutants (25% in cy9, n=150) (Figure 2.9). Branching was only observed in L4 and
adult png-1 alleles.

Additionally the DVB neuron, visualized with an 0tIs92 [Pflp-10::GFP] reporter,
which normally projects an axon from a cell body in the tail to a region just posterior to
the vulva, displays an axon guidance defect in which axons overextend dorsally along
the vulval epithelium or anteriorly past the vulva (36% in cy9, n=149) (Figure 2.10 C-E,

Figure 2.11 A). A subset of the DVB axons that overextend and reached the vulva also
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show inappropriate branching along the vulval epithelium (10% in cy9, n=87) (Figure 2-
11 B). Similarly, the DVB branching phenotypes were not observed at the L3 stage prior
to vulval organogenesis consistent with previous findings that vulval cells provide a
branch promoting activity.

In agreement with png-1 acting in cell-non autonomous manner from multiple
tissues to limit neuronal outgrowth and branching, I was able to rescue DVB
overextension and branching using constructs driving expression of PNG-1 from

neuronal (Prgef-1) and epithelial (Pajm-1) promoters (Figure 2.11 C, D).
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Figure 2.9 AVL motorneuron branching abnormally in png-1 mutants

A) Schematic of AVL motorneuron in wild type hermaphrodites with images areas
boxed. AVL motorneuron is visualized in Punc-25::GFP; unc-30(e191) background. In
wild type, AVL extends an unbranched axon to the tail. (B, C) L3 wild type animals do
not display branching in the AVL, as well as png-1(cy9) mutants (D). (G, H) Branching is
only observed in png-1 mutants at mid-to-late L4 stage in the vulva region, but not
before organogenesis at L3 stage. (E, F) Wild type does not display similar phenotype in
L4 and adult worms. Arrow head denote vulva position, and arrows point to ectopic
branch at vulva. Error bars denote SEM of three and/or 4 independent counts (N=50,

each). Scale bar, 10um.
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Figure 2.10 DVB axon overextension and branching in png-1 mutants

A) Schematic diagram of the DVB motor neuron in wild type hermaphrodites with
image site boxed. DVB is visualized with the 0t[s92[flp-10::GFP] reporter transgene. (B)
In wild type animals, DVB cell body is located in the tail, with an axon extended
anteriorly toward the head, terminating at the vulva. (C, D) png-1 mutants display DVB
overextension defects where DVB overextends past its termination point and grows past
the vulva either anteriorly (C), or dorsally (D). (E) DVB motorneuron exhibits branching
defects at the distal tip adjacent to the vulva. Arrow head depicts location of vulva,

arrow points to DVB defect. Scale bar, 20pum.
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Figure 2.11 png-1 mutant display DVB overextension and branching defects

(A) Worms were scored for DVB overextension if the DVB neuron failed to terminate
(near the vulva) and extended pat the vulva either dorsally or anteriorly. (B) Branching
defects were scored if ectopic branches were observed at the distal tip of the axon in the
vulva region. (C, D) Overextension and branching defects were rescued with both pan-
epithelial (Pajm-1) and pan-neuronal (Prgef-1) promoters expressing PNG-1. Controls
were empty vectors. (A, B) Error bars represent SEM of three and /or 4 independent
counts (n=5, each). (C, D) Error bars denote SE of proportion of counts of 60-200

animals. *P<0.05, and **P<0.01, t test
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24  DISCUSSION

Since the molecular identification of cytoplasmic PNGase as the gene disrupted
in an S. cerevisiae N-glycanase mutant, highly conserved PNGases have been identified
in the genomes of fungi, plants and animals (Suzuki et al., 2000). Several in vitro studies
using human cell lines suggests a role for PNGases in the proteasomal-dependent
turnover or processing of glycoproteins or glycopeptides that originate in the ER and are
retrotranslocated to the cytosol. These roles include the catabolism of misfolded or
aberrant glycoproteins during ERAD (Hirsch et al., 2003; Blom et al., 2004; Kim et al.,
2006) and the cytoplasmic processing of glycosylated peptide fragments to generate
MHC Class I epitopes (Selby et al., 1999; Altrich-VanLith et al., 2006; Kario et al., 2008).
However, the developmental and physiological consequences of PNGase deficiency in
animal models awaited the phenotypic analysis of knockout mutants. In this chapter I
was able to describe for the first time mutations in the sole C. elegans PNGase revealing a
previously unknown role for a PNGase in regulating neuronal branching during
morphogenesis of an organ system.

A striking feature of png-1 mutants is that axon defects are only found in
proximity to the vulva suggesting the disruption of a highly specific pathway associated
with innervation of the vulval egg-laying organ. The most prominent defect in png-1
animals is the overgrowth and increased branching of the VC terminal arbor, the site of

synapses to the HSN motor neurons and the vulval muscles (Feinberg et al., 2008).
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Current models of egg-laying suggest that acetylcholine release from VC neurons acts to
both promote vulval muscle contraction directly while simultaneously inhibiting the
stimulatory effect of HSN activity on vulval muscles (Waggoner et al., 1998; Bany et al.,
2003). Evidence for an inhibitory role comes from the hyperactive egg-laying phenotype
displayed by animals in which VC neurons have been genetically or laser ablated (Bany
et al., 2003). In contrast, we find that png-1 animals display a mild egg-retention
phenotype, suggesting that excess branching may contribute to a strengthening of VC
inhibition on HSN activity. The opposite phenotype is observed in png-1; egl-1(gf)
animals that lack HSN neurons, consistent with overstimulation of vulval muscles
leading to increased egg laying. PNG-1 activity therefore appears important to limit the
extent of VC arborization to prevent overstimulation of the egg-laying circuit

The vulva, a source of innervation and axon branching cues (Li and Chalfie, 1990;
Garriga et al., 1993; Shen et al., 2004; Adler et al., 2006), is formed during the third (L3)
and fourth larval (L4) stages in a cellular environment occupied by pre-existing axon
tracts. The observation that AVL and DVB neurons sprout vulval axon branches de novo
in png-1 mutants beginning at L4 from axons that were unbranched at the beginning of
vulval organogenesis clearly indicates that normally quiescent axons are intrinsically
able to respond to these cues but are normally prevented from doing so. This suggests
that PNG-1 may be part of a vulval-organ specific mechanism to limit responses to late

acting peripheral innervation cues to neurons involved in egg-laying such as the VC

93



motor neurons and not to axonal tracts that are present prior to vulval organogenesis.
This notion may be similar to mechanisms known to limit or alter neuronal responses to
hierarchically acting pathfinding cues during wiring of the central nervous system (Stein
and Tessier-Lavigne, 2001).

PNGases are cytoplasmic de-N-glycosylation enzymes. The domain structure of
PNG-1 consists of an N-terminal thioredoxin, a central PNGase, and a predicted C-
terminal mannose binding domain. The thioreductase and N-glycanase activities of
recombinant C. elegans PNG-1 have been previously verified (Kato et al., 2007; Suzuki et
al., 2007). The disruption of the catalytic Cys (C251Y) in cy8 is clear evidence that N-
glycanase activity is important to mediate axon branching functions. in vitro enzymatic
assays using C251Y PNG-1 protein confirm that this mutation specifically abolishes
deglycosylation activity without disrupting the thioreductase activity (Suzuki et al.,
2007). In addition, the similar phenotypic penetrances of the putative cy9 null and the
0k1654 deletion allele suggests that the ‘glycanase-dead’ cy8 mutation is the equivalent
of a complete loss of protein function. The requirement for the thioredoxin domain to
rescue branching defects may be related to studies that show a reduced redox state is
necessary for optimal PNGase activity (Suzuki et al., 2007).

Our difficulty in detecting expression of a PNG-1::GFP translational fusion, from
its endogenous promoter, despite showing transgene expression and functionality by

rescuing branching defects, suggests that PNG-1 is normally present in low abundance

94



or undergoes post-translational regulation to limit protein levels. It could also be due to
the toxic effect of wide spread expression, since it is expressed ubiquitously in all larval
stages. This mirrors findings from activity assays and immunostaining experiments in
yeast, plant, and mammalian cells that also suggest low levels of endogenous PNGase
protein (Suzuki et al., 2001; Hirsch et al., 2003; Diepold et al., 2007). Cell-specific
analysis also confirmed wide expression pattern in various cells and tissue. Most
importantly we observed that PNG-1 is localized in the cytoplasm, when it was
expressed from epithelial or neuronal promoters. This is in accordance with studies
involving direct visualization, subcellular fractionation, and inferences from the location
of deglycosylated substrates is that PNGases are localized to the cytosol or associated
with the cytosolic surface of the ER (Spiro, 2004; Suzuki, 2007).

The finding that PNG-1 acts cell non-autonomously from multiple tissues to limit
neuronal outgrowth and branching has important mechanistic implications and
suggests for the first time that PNGases also participate in intercellular signaling. A cell
extrinsic effect can be explained if PNGase activity in epithelial cells influences the
secretion or cell-surface expression of an axon branching molecule such that png-1
deficient cells would present either too much of a branch promoting or too little of a
branch inhibitory factor resulting in a hyperinnervation phenotype. At the same time,
we cannot entirely exclude a cell autonomous role given that png-1 defects were also

rescued with neuronal-specific expression. However, a cell extrinsic role is not
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incompatible with a cellular focus in VC neurons. First, because VC4 and VC5 arbors
overlap, each may mutually limit the branching of the other through a lateral inhibitory
mechanism akin to that involved in dendritic tiling (Grueber et al., 2002). Alternatively,
a factor expressed from VC neurons may act in an autocrine manner to inhibit axon
overgrowth and branching. A classic example of autocrine signaling is the action of
hepatocytic growth factor on the elongation of sympathetic axons (Yang et al., 1998).

In summary, our findings are consistent with png-1 acting in a specific and novel
pathway to regulate extracellular cues that limit the extent of axon branching during
organ innervation in C. elegans. Our findings suggest that animal PNGases should be
examined for roles in neural wiring and plasticity in addition to their protective

‘housekeeping’ roles in cellular homeostasis.
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Table 2.1 png-1 sequencing primers

Promoter Sequence

F56G4.1F 5’-tctttagtctgataaatcggtggce-3’
F56G4.2F 5'-acgtatggaatgaggtctatttgc-3’
F56G4.3F 5’-aaatgatctgatgtcagcgaaag-3’
F56G4.4F 5’-aaaaatttctgggtcccacc-3’
F56G4.5R 3’-caaaactaggccacgcactc-5’
F56G4.6R 3’-aatcgatagggaatttcatggg-5°
F56G4.7R 3’-ctaggccacaaactaaaaatcgg-5’
F56G4.8R 3’-gactggaatatgacatatttgtgtagg-5’
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Table 2.2 png-1 genotyping primers and conditions

o Restriction
. Restriction
Allele Primers enzyme/PCR
enzyme ;
fragment size (bp)
promoter sequence +/+ -/-
F56G4.8A 5’-gtcgataattttaccgaattttccac-3’
cy9 Maelll 370 230
F56G4.8B 5’-gtggttgacgtcacttggagata-3’
F56G4.8A 5’-gtcgataattttaccgaattttccac-3’
cy8 Bbvl 320 290
F56G4.8B 5’-gtggttgacgtcacttggagata-3’
F56G4.0KF1 5’-gtcgataattttaccgaattttccac-3’
NA
0k1654 F56G4.0KR 5’- ttgacgtcacttggagata-3’ 460 760
(deletion)
F56G4.0KF2 5’-gtcgataattttaccgaattttccac-3’
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Table 2.3 Cell specific promoter primer list

Translation Promoter Expression Primers
Construct (size)

5’-gtcgactctagaactagtgg-3’
Pcol-10::PNG-1::GFP col-10 (1.2kb) Epithelial cells

3’-ggtaccttattcagtgttac-5’

5’- cgactcactatagggcgaat -3’
Pajm-1::PNG-1 ::GFP ajm-1 (860bp) Epithelial cells

3’- gtccttggttctgtaaagac -5°

5’-ccacctctgtcttcaaggcgacce-3’
Punc-4::PNG-1::GFP unc-4 (2.6kb) VC1-VC6

3’-cactttttggaagaagaagatcctc-5°

Pcog-1::PNG-1::GFP

cog-1 (2.9kb)

Vulva-uterus connection

5’-aagcatttctagaccataagaag-3’

3’- ctggttatggtagaggggagatt -5°
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Translation

Construct

Promoter

(size)

Expression

primers

Prgef-1::PNG-1::GFP

rgef-1 (1.5kb)

Pan-neuronal

5’-gcatgctttgaatacggggagceg-3’

3’-ccggtaccaatagctcacatttcg-5’

Pegl-17::PNG-1::GFP

egl-17 (2.6kb)

Vulva muscles

5’-gcatgctttgaatacggggagceg-3’

3’-ccggtaccaatagctcacatttcg-5’

Pcat-1::PNG-1::GFP

cat-1 (2.4kb)

VC4-VC5

5’-ccaaggctctgcagggtacctatg-3’

3’-gtacgacatacctccttcttccaag-5’

Pocr-4::PNG-1::GFP

ocr-4 (400bp)

Uterine

5’-ggcttggtgatacctttgatg-3’

3’-ctagatgcattacccattaatacaag-5’

Psqv-1::PNG-1::GFP

sqv-1 (1.3 kb)

Vulva

5’-tactagttaaggtgaagcac-3’

3’-gcgcegttgattattgattgg-5°

100



Table 2.4 Neuronal reporter lines used for phenotypic analysis

Neuronal reporter”

Neurons examined

Phenotype observed in

png-1 mutants

cyls4 [cat-1::GFP]

kyls179 [unc-86::GFP]

evIs79 [unc-129::GFP]

otls92 [flp-10::GFP]

oylsl4 [sra-6::GFP]

unc-30(e191); juls76™

zd1s5 [mec-4::GFP]

VC4,VC5, PDE

HSN

DA, DB

DVB, PQR, PVR

ASH, PVQ

AVL, DVB

ALM, PLM, AVM, AVM

Increased VC4-5 axon branching

at the vulva

None

None

DVB axon overextension defect
and inapropriate DVB axon

branching at the vulva

None

AVL axon branching at the vulva

None

* all reporters crossed into a png-1(cy9) background.

** unc-30(e191);juls76 background used to silence DD, VD expression.

1t 0t1s92 also shows GFP expression in vulD vulva cells.
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CHAPTER 3: GENETIC INTERACTORS OF png-1

Sections (3.1-3.5) of this chapter associated with rad-23 and png-1 have been modified
with permission from:

The N-glycanase png-1 act to limit axon branching during organ formation in C.
elegans

Nasrin Habibi-Babadi, Anna Su, Carlos E. De Carvalho, Antonio Colavita
J of Neurosci, Feb 3; 30(5): 1766-1776 (2010)

Reprinted from the Journal of Neuroscience with permission from the Society of
Neuroscience Copyright Clearance Center (Appendix A)

Contribution to this chapter:

Laboratory of Dr. Maria Gallegos at California State University mapped sax-2(zy16)
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ABSTRACT

png-1 encodes a Peptide: N-glycanase, a highly conserved cytosolic enzyme that
cleaves N-glycans from misfolded glycoproteins. png-1 was found to regulate axon
outgrowth and branching in C. elegans. In this study, I used a candidate gene approach
to identify genes that interact with png-1 to regulate neuronal morphology. A deletion
allele of the DNA repair gene, rad-23, orthologues of which are known to physically
interact with PNGases in yeast and mammals, displayed similar axon branching defects.
Analysis of png-1,rad-23 double mutants displayed axonal defects that were
indistinguishable from single mutants, indicating that png-1 and rad-23 are components
of a common pathway. Additionally, I reveal how mutations in the NDR kinase
pathway genes sax-1 and sax-2 resulted in png-1 like phenotypes. Furthermore, I show
through genetic analysis that png-1; sax-1 and png-1; sax-2 double mutants displayed
enhanced defects compared to single mutants, suggesting that png-1 and sax-1/sax-2 act
in parallel pathways to regulate axon and branch overgrowth. In summary, this chapter

reveals novel pathways in the regulation of neuronal branching during development.

103



3.1 INTRODUCTION

Assembly of neuronal networks relies on axon growth, guidance, and branching.
Axons are guided to their final targets by a variety of extracellular cues and receptor
families that modulate axonal growth cone behaviors (Tessier-Lavigne and Klodkin,
2010). Numerous studies describe a role for conserved families of axon guidance cues in
axon branching, albeit through different mechanisms (Ma and Tessier-Lavigne, 2007;
Dent et al., 2001). In addition to regulating axon outgrowth during development,
netrin-1promotes branch formation in cortical neurons (Kalil and Hutchins, 2011; Dent
and Kalil, 2001). Even though branching is important in neuronal development,
molecular pathways controlling branch formation are not well defined.

png-1 encodes the Peptide: N-glycanase (PNGase) in C. elegans. This Cytoplasmic
PNGase catalyzes the removal of bulky N-linked glycans from glycoproteins or
glycopeptides prior to degradation by the proteasome (Suzuki et al., 2000, 2002, 2007).
Mutation in png-1 resulted in abnormal branching of the VC neurons during the
development of the egg-laying organ (Habibi-Babadi et al., 2010). png-1(-/-) worms
displayed an increase in the number and complexity of branches in VC4-5 motor
neurons. Additionally, png-1 mutants developed ectopic branches in the normally
unbranched AVL and DVB motor neurons. These observations suggested that png-1

functions to limit axon branching and outgrowth in a subset of neurons.
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Prior to our work, a role for PNGases was established in the proteasomal-
dependent degradation of glycoproteins that are formed in the ER and retrotranslocated
to the cytosol. This included the processing of misfolded proteins during endoplasmic
reticulum associated degradation (ERAD) ( Kim et al., 2006), as well as the cytoplasmic
processing of N-glycosylated peptide fragments required for Major Histocompatibility
complex (MHC) Class I antigenic activity (Shatz, 2009; Kario et al., 2008; Altrich-vanLith
et al., 2006). Yeast and mammalian PNGases were reported to bind directly to the 265
proteasome through interaction with Rad23 (Suzuki et al., 2001b; Madura et al., 2001;
Ortolan et al., 2000; Zhao et al., 2007). Notably, PNGase homologues in higher
eukaryotes have extended domains at the C- and N-termini (not found in yeast
PNGase), that are found to recognize and bind to ubiquitin moieties as well as
components of the 265 proteasome (Suzuki et al., 2001a, 2002).

Characterization of png-1 mutants in C. elegans provided evidence that png-1
glycosylation activity is required to limit neuronal branching at the vulva (Habibi-
Babadi et al., 2010, Suzuki et al, 2007). Conversely, our work present evidence that png-1
acts cell non-autonomously from the epithelia to regulate axon branching in neurons, a
significant departure from the cell-intrinsic roles PNGases perform in ERAD and MHC
pathways. These results suggest an additional and novel developmental role for
PNGases involving intracellular signalling. Thus to understand the role of PNG-1 in

neuronal development it is important to identify the upstream and downstream
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components and the mechanisms by which PNGases mediate axon outgrowth and
branching. I used two parallel approaches to gain new insight into PNG-1 activity in
neuronal development. I first used a candidate gene approach examining the function
of C. elegans axon guidance cues, receptors, and conserved signalling pathways in the
development of the egg-laying neuronal circuitry. I also examined the role of the ERAD
pathway in regulating axon outgrowth and branching. As these pathways are highly
conserved, I utilized the availability of mutants of the genes involved in these pathways
and performed a phenotypic screen of their neuroanatomy. This approach revealed that
mutations in rad-23, the C. elegans homologue of Rad23, caused axon outgrowth and
branching defects similar to png-1.

In the second approach I performed a modifier genetic screen to search for
mutants that either suppressed or enhanced branching defects in png-1 mutants. This
screen should identify components of PNG-1 pathway or parallel pathways that
regulate neuronal development. sax-2, a component of the NDR kinase pathway, was
recovered as a mutant that caused synergistic enhancement of VC4-5 branching in png-1
mutant background. This observation suggests that sax-2 and png-1 act in parallel
pathway to regulate VC4-5 branching. Combined, these studies suggest that at least two
pathways act to limit axon outgrowth and branching in VC neurons: a PNG-1
dependent pathway including RAD-23, and a PNG-1 independent pathway including

SAX-2.
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3.2 MATERIALS AND METHODS
3.2.1 Nematode strains and genetic methods

C. elegans strains were grown on nematode growth medium (NGM) plates
inoculated with Escherichia coli strain OP50 (Brenner, 1974). Strains were maintained at
at 15°C, 20°C or 25°C, depending on the experimental requirements.

The wild-type N2 (Bristol) strain was used as standard reference, and the
following mutant alleles were used: LGI: png-1 (0k1654), rpn-10(tm1349), lin-44(n1792),
unc-40(e271), unc-11(e47), mab-20(ev778), let-502(sb118ts), unc-73(¢936); LGII: ire-1(0k799),
rad-23(tm2595), cwn-1(0k546), cdc-48(tm544), dsh-2(e225), cam-1(gm122), plx-2(ev773), max-
2(nv162), vab-1(e2), rga-1(0k204); mig-5(rh14); LGIII: hrd-1(tm1743), sax-2(ky491), mig-
1(ct41), mig-10(ct41); inft-1(gk386), strd-1(0k2283); unc-119(ed3), cdh-1(gk747), cdh-3(pk87),
cdh-4(0k1323); LGIV: unc-5(e53), plx-1(nc37), jnk-1(gk7), ced-10(n3246), egl-20(n585), cwn-
2(0k895), unc-43(n498), wsp-1(gm324), lin-3(e1417), daf-18(e1375), rho-1(vc40174), unc-
44(e362); LG V: rpm-1 (0k364), cfz-2(0k1201), mom-2(ne874), unc-34(e566), vab-8(e1017); LG
X: pek-1(0k275), sax-1(0t10), derlin-1(gk443), slt-1(eh15), lin-18(e620), unc-6(ev400), sax-
3(ky200), pkc-2(0k328), kin-20(0k505), sek-1(km4), mig-15(rh148),cgef-1(gk261), mig-2(mu28),
egl-15(n484), egl-17(e1313), bar-1(ga80). Extrachromosomal transgenic line(s): png-1::cyls4;
Ex1[Ppng-1::PNG-1::GFP; Poder-1::dsRed].

The following green fluorescent protein (GFP) reporter transgenes were used to

visualize and score neuroanatomy: cyls4[Pcat-1::GFP, rol-6(su1006] to label VC4-5, and
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PDE, unc-30(e191); juls76[Punc-25::GFP] to label AVL and DVB, and otIs92[Pflp-10::GFP]

to label DVB. All strains were backcrossed at least three times.

3.2.2 Transgenic lines and genotyping

Neuron specific GFP reporter strains were crossed into the following mutants:
rpn-10(tm1349), lin-44(n1792), unc-40(e271), unc-11(e47), mab-20(ev778), let-502(sb118ts),
unc-73(936), ire-1(0k799), rad-23(tm2595), cwn-1(0k546), dsh-2(e225, cam-1(gm122), plx-2
(ev773), max-2(nv162), vab-1(e2), rga-1(0k204, mig-5(rh14), hrd-1(tm1743), sax-2(ky491),
mig-1(ct41), mig-10(ct41), inft-1(gk386), strd-1(0k2283); unc-119(ed3), cdh-1(gk747), cdh-3
(pk87), cdh-4(0k1323), unc-5(e53), plx-1(nc37), jnk-1(gk7), ced-10(n3246), egl-20(n585), cwn-2
(0k895), unc-43(n498), wsp-1(gm324), lin-3(e1417), daf-18(e1375), rho-1(vc40174), unc-44
(e362), rpm-1 (0k364), cfz-2(0k1201), mom-2(ne874), unc-34(e566), vab-8(e1017), pek-1
(0k275), sax-1(0t10), cup-2(gk443), slt-1(eh15), lin-18(e620), unc-6(ev400), sax-3 (ky200),
kin-20(0k505), sek-1(km4), mig-15(rh148), cgef-1(gk261), mig-2(mu28), egl-15(n484),
egl-17(e1313), and bar-1(ga80) using standard genetic methods (Brenner, 1974). Double

homozygous animals were verified using polymerase chain reaction (PCR) for deletion

or restriction fragment polymorphism (RFLP) genotyping.

3.2.3 Plasmid construction and molecular cloning

Rescuing RAD-23 constructs were prepared using standard cloning procedures.
The transcriptional Prad-23::RFP (pAC109) reporter was made by PCR amplifying

approximately 1300bp upstream of the predicted rad-23 starting methionine and cloned
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upstream of RFP start codon in pBluecript plasmid. Full length rad-23 cDNA (1064bp)
was generated by RT-PCR from N2 RNA extracts using primers 5 -atggttttgtccgttacattc
caggactctc-3’, and 3’-tcctcatcctgaaataattaaaaattaaac-5” and inserted between the RFP and
the rad-23 promoter in pAC 109. Genomic region containing the rad-23 promoter and
rad-23 coding region, approximately 2800bp, was amplified using primers 5 -cttgctaaaac
caatgcatcggaaagttc-3’ and 3’-agcacatggaactgaatgtgttattatc-5’. Cloning accuracy was

verified by restriction enzyme analysis and sequencing.

3.2.4 Transgenic animals and germ line transformation

Extrachromosomal arrays were generated following standard microinjection
techniques (Mello et al., 1991). Zeiss Axiovert microscope equipped with 20X and 40X
objective lens, and an Eppendorf FemtoJet Microinjector system were used for injecting
young adult hermaphrodites with plasmids, genomic PCR fragments, or PCR fusion
products.

Gene rescue analysis was performed by testing for the rescue of DVB
overextension and branching defects in rad-23(tm2595);0t1s92 animals after germline
transformation. rad-23 mutant worms were injected with 1 ng/ul of DNA. PBluecript SK
and pPD95.77 (Fire lab vector kit) were injected as controls. Co-injection markers used
for making transgenic lines were: rol-6(at 20-25 ng/ul), Podr-1::dsRed, expressed in the

sensory neurons in the head (at 20-30 ng/ul) or Pmyo-2::mCherry expressed in the
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pharynx (at 5-10 ng/ul). Transgenic lines were confirmed in the F2 progeny by

transmission of the co-injection markers.

3.2.5 png-1modifier screen

For mutagenesis, staged homozygous png-1(cy9);cyls4 L4 animals were spun at
2000 rpm and resuspended in 4ml M9 buffer. 20ul of ethylmethanesulfonate (EMS,
Sigma-Aldrich) was added to a final concentration of 50mM. The worms were
incubated for 4h at room temperature on a rotating wheel. Following mutagenesis, the
parental generation (Po) was washed four times with M9 buffer and then placed on fresh
seeded plates to recover and produce self progeny (F1 generation). Three F1 adult
hermaphrodites were transferred to several individual worm plates to generate the F2
progeny. Plates were allowed to grow at 20°C for three days, after which approximately
50 worms were randomly picked and mounted on slides. F2 worms were visually
screened for changes in VC4-5 branching defects using epifluorescenc Zeiss Axioplan2
microscope. Mutants that displayed notable suppression or enhancement of png-1
ectopic branching defects were recovered from the slide and transferred to new plates
and allowed to self propagate. The self-progeny were then re-examined to confirm
suppression or enhancement. Mutant strains were backcrossed twice to the wild type

(N2) strain to remove the png-1 mutant background.
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3.2.6 Phenotypic analysis of neuronal morphologies

Worms expressing cyls4 [Pcat::GFP] were scored for VC4-5 neurite branching,
axon outgrowth and branching defects using the same criteria described in Chapter 2
(section 2.2.5).

Worms expressing unc-30(e191);juls76[Punc-25::GFP] were used to score for AVL
and DVB defects. Worms expressing 0tls92 [Pflp-10::GFP] were scored for DVB motor
neurons defects. DVB terminate a short distance posterior to the vulva. A termination
defect was scored as any DVB process that extends dorsally along the vulva epithelium
or anteriorly past the vulva. To rule out the possibility that DVB overextension defects
was caused by a decrease in total body length or possible anterior displacement of the
DVB cell body, we measured total body length, DVB cell body position, and DVB axon
length in young adult wild type and mutant animals.

Axons were scored as displaying an axon branch if a distinct axonal protrusion at
least 3-5um in length (approximately one neuronal cell body diameter) was observed.
All worms were staged accordingly to vulval developmental milestones and verified

accordingly using differential interference contrast (DIC) microscopy.

3.2.7 UPR stress analysis

Adult worms were placed on NGM plates containing 0-7.5 ug/ml tunicamycin
(per concentration)(Calbiochem) and allowed to lay eggs for four hours at 20°C. Eggs

were counted and progenies were monitored three days later for growth and
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development, in addition to neuroanatomical analysis (Shen et al, 2001). Results

reported from 3 independent assays.

3.2.8 Microscopy and imaging

Worms were mounted on 2% agarose pads in M9 buffer and immobilized with
10mM levamisole (Sigma). Neurons were visualized by epifluorescenc using a Zeiss
Axioplanll microscope. Images were captured using a Zeiss LSM510 confocal
microscope. Z-stack images of neurons were captured using 20X, 40X, and 63X objective
lenses and were collapsed into a single image. Worms were staged with respect to

developmental stages as described (Riddle et al, 1997).

3.2.9 Statistical analysis

All experiments were performed at least 3 times, unless noted otherwise noted.
The number of worms scored in each experiment is listed in each figure. Data was
analyzed using Prism V program (Graphpad). Data are reported as mean , or
mean . Differences between strains were investigated with ANOVA followed by

the Bonferroni post Hoc test. P values of <0.05 were considered significant.

112



3.3 RESULTS
3.3.1 Candidate gene approach for png-1 interactors

A candidate gene screen was performed to study the effects of conserved
molecules that mediate neuronal development on VC4-5 branching. We crossed in the
Pcat-1::GFP reporter transgene into loss of-function mutants of these genes and analyzed
their VC4-5 morphology (Table 3.1). The majority of the examined mutants exhibited
wild type branching phenotypes with the exception of few that displayed mild, less
penetrant defective branching phenotypes. These results suggest that branching at the
vulva is mediated through molecules (and pathways) independent of well known

neuronal guidance and signalling pathways.

3.3.2 rad-23 mutants display outgrowth and branching defects

PNGases act on misfolded glycoproteins targeted for degradation by ER quality control
pathways. Therefore, we wanted to investigate the possibility that VC4-5 branching
defects were not a non-specific effect of misregulated cellular processes caused by
intracellular accumulation of misfolded proteins. There are numerous known
components involved in the retrotranslocation, ubiquitination, and processing of
misfolded proteins. We analyzed the following genes for their conserved role in ER
quality control pathways in C. elegans: Derlin-1, hrd-1, pek-1, ire-1, rpn-10, and rad-23.
Derlin-1 (also known as cup-2 in C. elegans) binds to misfolded and ubiquitinated

proteins in C. elegans, and its inactivation causes ER stress (Ye et al., 2004). Hrd-1 is an
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E3 ligase in C. elegans that is involved in endoplasmic reticulum quality control and
ERAD (Shen et al., 2006, 2007; Sasagawa et al., 2007). Subsequently after exiting from
the ER lumen, some substrates encounter deglycosylating PNGases, which remove large
bulky glycans chains from these substrates. These substrates are recognized by
Rad23/HR23 which binds directly to RPN-10 (C. elegans homologue of RPN-4) subunit of
the proteasome to facilitate transfer of substrates to the regulatory core of the
proteasome. Numerous in vitro and in vivo studies report PNGases in complex with
Rad23, RPN4, and Derlin-1 (Katiyar et al., 2005, 2004; Suzuki et al., 2003; Zhao et al.,
2006).

Accumulation of misfolded proteins in the ER triggers three signalling pathways
mediated by IRE1, PERK and ATF6 which correspond to ire-1, pek-1, and atf-6 in C.
elegans (reviewed in Chapter 1, section 1.3). Activation of PERK inhibits protein
synthesis, while IRE1 and ATF signalling lead to splicing of the X-box binding (XBP1), a
potent transcription factor, resulting in increase of transcription of folding and ERQC
components (i.e. chaperones) (Shen et al., 2001; Urano et al., 2000b, 2002). We crossed
our GFP reporters into mutants that disrupt the unfolded protein response (UPR) and
ERAD adaptive response pathways to ER stress in C. elegans and studied their neuronal
morphologies for defects similar to png-1 mutants (Table 3.2). Examination of VC4-5,
AVL, and DVB neuronal morphologies in cup-2(gk443), hrd-1(tm1743), ire-1(0k799), and

pek-1(0k275) worms failed to detect obvious axonal outgrowth and branching defects
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except for ire-1(0k799) and rad-23 (tm2595) mutants. ire-1(0k799) mutants displayed 8%
(n=75) DVB overextension defects; no branching defects were detected in VC4-5 or DVB.
rad-23(tm2595), a deletion mutation displayed neuronal defects similar to png-1 (-/-)
animals (Table 3.2). VC4-5 neuronal morphology appeared normal in rad-23(tm2595)
mutants and there was no enhancement in VC4-5 branching defects in png-1(cy9);rad-
23(tm2595) or png-1(0k1654);rad-23(tm2595) double mutants (Figure 3.1).

We focused our study on characterization of rad-23 mutants since ire-1 mutants
did not display strong, more penetrant overextension and branching defects such as rad-
23 mutants. AVL neurite length was examined at L3, L4, and adult animals, while
branching defects were examined in L4 and adult worms. Approximately 6% of rad-23
mutants were observed to develop a single inappropriate branch near the vulva (Figure
3.2 A-D). 40% of DVB motorneuron displayed overextension defects in rad-23 mutants.
Of those only 6% displayed ectopic branches at the vulva (Figure 3.2 E-J). These
phenotypes were similar to phenotypes observed in png-1 mutants.

DVB overextension and branching defects in rad-23 mutants were not observed
at L3 stage prior to vulval organogenesis. Additionally, homozygous rad-23(tm2595)
mutants were viable, and displayed no alteration of morphology, development, motility,

egg-laying, or life-span.
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Table 3.1 Candidate gene screen for VC4-5 branching defects+

Wnt pathway components

lin-44
egl-20
cwn-1
cwn-2
mom-2
cfz-2
mig-1
mom-5
mig-5
dsh-2
cam-1
lin-18

bar-1

Whnt

Whnt

Whnt

Whnt

Whnt
Frizzled
Frizzled
Frizzled
Dishevelled
Dishevelled

ROR receptor tyrosine kinase

Ryk/Derailed tyrosine kinase-related

Beta-catenin

Pcat-1::GFP expression off”
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Pcat-1::GFP expression off”
Normal
Normal
Normal

Pcat-1::GFP expression off’

Axon guidance genes

unc-6
unc-5
unc-40
slt-1
sax-3
vab-1
vab-2
mab-20
pix-1
plx-2

Netrin

UNCS5 homologue
DCC homologue

Slit homologue

ROBO homologue
Ephrin receptor

Ephrin

Semaphorin homologue
Plexin ortholog

Plexin ortholog

Axons fail to extend laterally along the vulva
Normal

Axons fail to extend laterally along the vulva
Normal

Mild branching defects

Normal

Normal

Normal

Normal

Normal
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Table 3.1 Continued

Kinase/Phosphatases

max-2
pak-1
jnk-1
sax-1
unc-43
unc-51
kin-20
sek-1

mig-15

P21-activated kinase (PAK) homologue
P21-activated kinase (PAK) homologue
Serine-threonine kinase (JNK)

NDR kinase

CaMKII homologue

Serine-threonine kinase Atglp

Casein kinase |

MAPKK family

NIK Kkinase

Normal

Normal

Mild axon guidance defects

Cell shape and mild axon branching defects
Normal

Normal

Normal

Normal

Mild axon guidance defects

Cytoskeleton remodeling genes

mig-10
rho-1
ced-10
let-502
cgef-1
wsp-1
unc-34
unc-73
mig-2
rga-1
rga-6
inft-1
frl-1

Lamellopodin homologue
GTPase orthologous to RhoA
GTPase orthologous to Racl
Rho-associated kinase homologue
Putative GEF for Rho and Rac GTPases
WASP homologue
Enabled/VVASP homologue
RhoGEF Trio homologue

Rho GTPase

Cdc42 RhoGAP

RhoGAP

Inverted formin related

Formin related

Axon guidance defects
Normal

Normal

Normal

Normal

Normal

Axons fail to extend laterally along vulva
Normal

Normal

Normal

Normal

Normal

Normal
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Table 3.1 Continued

Other

lin-3 EGF ligand Pcat-1::GFP expression off
rpm-1 E3 ubiquitin ligase highwire homologue Normal

sax-2 Homologue of Drosophila furry Cell shape and mild axon branching defects
strd-1 STRAD pseudokinase homologue Normal

unc-11 Clathrin-adaptor protein AP180 Normal

unc-119 Novel highly conserved protein Normal

vab-8 Atypical kinesin-like motor Normal

daf-18 PTEN tumor suppressor homologue Mild axon guidance defects
unc-44 Ankyrin Normal

cdh-1 Cadherin daschsous homologue Normal

cdh-3 Similar to FAT3 and FAT4 cadherin Normal

cdh-4 Similar to FAT3 and FAT4 cadherin Normal

egl-15 Fibroblast growth factor receptor Mild axon guidance defects
egl-17 Fibroblast growth factor-like Mild axon guidance defects

* VC4-5 morphology in lin-44, lin-17, mig-5, and bar-1 mutants visualized using Punc-4::GFP.

Pcat-1::GFP was used to visualize VC4-5 in all other mutants.

+>30 animal counted
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Table 3.2 UPR and ERAD candidate gene screen for neuronal defects

% Neuronal Defects

Gene/strain Function VC4-5 AVL DvB DVvB
overextension  branching
ire-1(0k799) UPR 0? 0° 8° 0°
pek-1(0k275) UPR 0? o° 0° 0°
rpn-10(tm1349) ERAD 0? 0° 0° 0°
hrd-1(tm1743) ERAD 0? 0° 0° 0°
cup-2(gk479) ERAD 0? 0° 0° 0°
rad-23(0k2595) ERAD 0? 6° 40° 6"

a, b : n>100 scored for each gene

¢: n>70 counted for each gene
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3.3.3 rad-23 encodes the sole RAD23 orthologue in C. elegans

RAD23 is a member of the highly conserved Radiation sensitivity 23 family
involved in transferring ubiquitinated proteins to the proteasome for degradation.
BLAST analysis revealed a sole homologue of Rad23 in C. elegans (Figure 3.3). Worm
RAD-23 is a 372 amino acid protein, sharing the same characteristic domain structure
with mouse and human HR23A/hHR23A and HR23B/hHR23B, along with 36% overall
sequence homology(Figure 3.3, and Figure 1.4). RAD-23 consists of two ubiquitin
associated (UBA) domains, a single ubiquitin-like (UBL) domain and the xeroderma
pigmentosum complementation group C binding (XPC) domain (Figure 3.3A). rad-
23(tm2595) is a deletion/insertion mutation that results in the removal of both the UBA
and XPC binding domains (exon2 and exon3), and is predicted to produce a small

truncated protein (96 amino acid)(Figure 3.4) (Hannes and Vermeulen, 2011).

3.3.4 RAD-23 expression pattern

To further characterize rad-23 a transcriptional fusion construct was prepared
consisting of 1300 bp upstream promoter region that was sufficient to rescue DVB
defects in rad-23(tm2595) mutants (Figure 3.4). The rad-23 promoter was fused to red
fluorescent protein (RFP) to generate Prad-23::RFP which was injected into wild type
animals. Analysis of transcriptional fusion constructs confirmed a ubiquitous

expression of rad-23 in L3, L4 and adults similar to png-1 promoter expression, where
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RFP expression was observed in body wall muscles, vulva cells, as well as neurons
(Figure 3.5).

The translational RFP fusion construct, Prad-23::RAD-23::RFP was also prepared
to determine RAD-23 expression and localization. We were able to get rescue with this
construct at very low concentration (1pg/mL), however we could not detect RFP
fluorescence in the transgenic animals. Overexpression analysis also failed as it caused

lethality in the animals.

3.3.5 rad-23 interacts with png-1in a common genetic pathway

The findings that png-1 and rad-23 mutants share similar AVL and DVB
phenotypes suggested that they may act in the same genetic pathway. If indeed they are
components of a common pathway we would not expect to see an enhancement in their
associated defects. Therefore we made png-1,rad-23 double mutants and examined them
for genetic interactions. The penetrance of AVL branching defects did not significantly
differ in the png-1(cy9);rad-23(tm2595) double mutants(23%; n) (Figure 3.6 A-C)
compared with the png-1(cy9) single (25%) mutant. Similarly, the penetrance of DVB
defects in the png-1(cy9);rad-23(tm2595) doubles were not significantly different from the
png-1 (cy9) (36% overextension, and 10% branching) and rad-23(tm2595) (40%
overextension and 6% branching) single mutants (Figure 3.7). Similar results were
observed in the doubles with png-1(0k1654) worms also. DVB overextension and

branching defects in rad-23 (-/-) worms were rescued with a genomic fragment,
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containing the promoter and coding sequence of rad-23 gene from 40% and 6% to 23%
and 3%, respectively (Figure 3.7). These results indicate that rad-23 and png-1 act in the
same genetic pathway to prevent AVL and DVB motorneurons from branching or

overextending at the vulva.

3.3.6 png-1mutants are not sensitive to ER stress

Impairment of protein folding in the ER leads to accumulation of misfolded
proteins which in turn impair ER assisted proteasomal degradation activity. The UPR
has been studied widely for its protective role following accumulation of misfolded
proteins using pharmacological compounds that induce ER stress (Schroder and
Kaufman, 2005). To assess if VC4-5 branching is due to signalling through UPR we
treated ire-1(0k799), pek-1(0k275), and png1(cy9) with various concentrations of
tunicamycin and monitored their survival and development (Figure 3.8). Tunicamycin
is a natural compound which inhibits N-linked glycosylation in proteins and induces ER
stress due to accumulation of misfolded proteins.

Previous studies in C. elegans reported increased sensitivities of ire-1 and pek-1
mutants to elevated ER stress (Shen et al., 2001). ire-1 mutants were reported to arrest at
or prior to larval stage L3 under ER stress conditions (Shen et al., 2001). Therefore, it
was no surprise when we noted similar hypersensitivity in tunicamycin treated ire-
1(0k799) (Figure 3.8). At low tunicamycin concentration (2.5 ug/ml), the majority of

wild type animals were sensitive to ER stress and arrested during development (79%
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arrested at or prior to L3 stage, while 11% were dead). At a similar concentration, only
9% of ire-1(0k799) and 22% of pek (0k275) mutants matured into adults. An
overwhelming majority of these two mutants arrested at higher concentrations (5 and
7.5 pg/ml).

Notably, png-1(cy9), displayed an unusual resistance to ER stress. 21% of png-1
mutants were not able to develop past L3 stage, while more than 78% matured into
adults at low concentration (2.5 pug/ml). ER stress resistance in png-1 mutants was also
observed at higher concentrations of 5 and 7.5 pg/ml; 21% and 12% of png-1 mutants
matured into adulthood, respectively.

Furthermore, analysis of VC4-5 in worms that survived to adulthood did not
exhibit significant changes in branching morphology. Our results confirm previous
reports of hypersensitivity of ire-1 and pek-1 mutants to ER stress (Shen et al, 2001), but
do not indicate a strong role for PNG-1 in proteasome-dependant pathways. Loss of
PNG-1 activity appears to be protective in ER stress, which could indicate a mechanism

of PNG-1 activity independent of ERAD.
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Figure 3.1 rad-23 mutants display normal VC4-5 branching phenotype

VC4-5 neurons were visualized using cyls4 [(Pcat-1::GFP)] neuronal reporter. A) VC4-5
in adult wild type and (B) png-1(cy9) mutant animals. (C) rad-23(tm2595) mutants
display wild type like branching morphology. (D) VC4-5 branching in png-1(cy9); rad-

23(tm2595) is not enhanced, but is similar to png-1 mutants.
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Figure 3.2 AVL and DVB defects in rad-23 mutants

(A) Schematic diagram of the AVL motorneuron in a wild type hermaphrodite with the
imaged area boxed. AVL motorneuron is visualized in Punc-25::GFP;unc-30(e191)
background. (B) In wild type AVL extends an unbranched axon to the tail. (C, D)
Branching is only observed in mid-to-late L4 stages in the vulva region, but not before
vulva organogenesis at L3 stage. (E) Schematic diagram of the DVB motorneuron in a
wild type hermaphrodite with the image site boxed. DVB is visualized with the 0t[s92
[Pflp-10::GFP] reporter transgene. (F) In wild type animals DVB cell body is located at
the tail, with an axon extended anteriorly toward the head, terminating near the vulva.
(G) Mutant rad-23(tm2595) display DVB overextension defects where the DVB
overextends past its termination point and grows past the vulva either anteriorly (G), or
dorsally (H). (I) DVB motorneuron exhibits branching defects at the distal tip adjacent
to the vulva. Arrow head depicts location of the vulva, arrow points to AVL and DVB

branching and overextension defects. Scale bar, 20um.
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Figure 3.3 rad-23 encodes a highly conserved gene

(A) rad-23 encodes a 372 aa protein consisting of a ubiquitin-like domain (UBL), two
ubiquitin associated domains (UBAs), and a xeroderma pigmentosum complementation
group C (XPC) binding domain. (B) Alignment of Rad23 homologues. Yellow shading
indicates sequence identity. Sequence similarity indicated by dark grey shading. C.
elegans (Ce, GeneBank no. CAA93780), S. cerevisiae (Sc, AAB28441), human (h, AAB5117,
and AAH20973 for A and B isoforms), mouse (m, AAB45373A and AAH68193 for A and

B isoforms). ClustalW alignment (version 6.0).
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Figure 3.4 Positional cloning of rad-23

Genetic position of rad-23 gene on chromosome II and its exon-intron structure with the
position of the tm2595 mutation shown. Genomic PCR fragment containing rad-23 gene
and plasmid construct containing Prad-23::RAD-23 cDNA rescued DVB overextension

and branching defects in mutant rad-23(tm2595)animals.
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Figure 3.5 Expression of Prad-23::RFP

(A-E) rad-23 promoter expression was observed in L3, L4, in (B) body wall muscles,
neurons, (C) vulva cells, and the vulva (D, E).
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Figure 3.6 png-1 and rad-23 interact genetically in a common pathway to limit AVL

motorneuron branching

(A, B) AVL motorneuron, visualized in Punc-25::GFP;unc-30(e191) background,
displayed a single branch (arrow) at the vulva(arrow head) in png-1 and rad-23 double
mutants. (C) Penetrance of AVL branching defects at the vulva do not differ
significantly in png-1 single and png-1,rad-23 double mutants, indicating that these genes
interact in the same genetic pathway to prevent ectopic AVL branching at the vulva.

Error bars denote SEM of three independent counts (n=50, each).
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Figure 3.7 png-1 and rad-23 interact genetically in a common pathway to limit DVB

motorneuron overextension and branching

(A, B) DVB motorneuron, visualized in 0tIs92 [Pflp-10::GFP] background, displayed a
neurite that failed to stop at its termination point and overextended (arrow) past the
vulva (arrow head), either anteriorly (A), or dorsally (B) in png-1;rad-23 double mutants.
(O) The penetrance of DVB overextension in the double mutants were not significantly
different than in png-1 single mutants indicating that these genes act in the same genetic
pathway to limit DVB overextension. DVB overextension defects were reduced when a
PCR fragment containing rad-23’s endogenous promoter and coding region was injected
in mutant rad-23 worms. (D, E) A subset of overextended DVB motorneurons were also
observed to display axon branching (arrow) at the distal tip of the axon at a region near
the vulva (arrow head) in png-1,rad-23 double mutants. (F) rad-23 and png-1 function in
the same genetic pathway to limit DVB branching, also. The penetrance of DVB
branching in double mutant worms was not significantly different than in png-1 single
mutants. Branching defects were also rescued in extrachromosomal transgenic animals
carrying endogenous rad-23 promoter and coding sequences. Error bars for rad-23
genomic rescue denote SE of proportion, *P< 0.05, n=51. Error bars for all other data
denote SEM of three independent counts (n=50, each). analysis was used to

determine that double mutants do not significantly differ (ns) from single mutants.
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Figure 3.8 Quantitative analysis of png-1(cy9) sensitivity to ER stress

Each strain was allowed to lay eggs for four hours on plates containing different
concentrations of tunicamycin. Progeny was examined 3 days later for survival and
development. Progeny analysis was performed by grouping animals into three
categories: worms that matured to L4 or older, worms that arrested at/or L3, and dead
animals. Percentage progeny that were arrested at indicated stages of development or
dead were plotted against the tunicamycin concentrations treated to. (A) wild type, (B),
ire-1(0k799), (C), pek-1(0k275), and (D), png-1 (cy9). png-1 mutants displayed significant

resistance to ER stress.
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3.3.7 A modifier screen identifies sax-2 as png-1 enhancer

PNG-1 is the first characterized cytoplasmic deglycosylating enzyme in C. elegans
with conserved functional thioredoxin and transglutaminase domains (Suzuki et al.,
2007; Habibi-Babadi et al., 2010). In addition to describing a novel role for png-1 in
neuronal development, our data suggests a function for PNG-1 independent of ERAD
and UPR. Since png-1 is required for limiting VC4-5 branching during vulva
organogenesis, the molecule(s) that signals outgrowth and branching at the vulva would
also be required for png-1 dependent activity. To identify potential upstream and
downstream effectors of png-1, I performed a genetic modifier screen. I searched for
mutants that suppressed and mutants that enhanced png-1(-/-) VC 4-5 branching defects.

png-1(cy9);cyls4 were mutagenized with EMS (Brenner, 1974) followed by a
visual screen for nematodes displaying normal and enhanced VC4-5 branching
morphologies. After screening approximately 8600 haploid genomes only one enhancer
mutation, (zy16), but no suppressors were identified (Figure 3.9). zy16 mutants
displayed strong enhancement of VC4-5 branching defects in png-1 mutants. On their
own, zy16 mutants displayed mild ectopic VC4-5 branching defects (Figure 3.9). SNP
mapping localized this gene to a genetic interval on chromosome III (data not shown).
This region also included the sensory axon guidance-2 (sax-2) gene, which encodes a
scaffolding protein that was previously characterized in C. elegans to play an important

role, along with SAX-1, in neuronal development (Zallen et al, 1999, 2000). Mutant sax-1

136



and sax-2 worms displayed neuronal cell shape defects, as well as axon outgrowth and
neurite branching defects (Zallen et al., 1999, 2000; Gallegos and Bargmann, 2004).

Sax-1 belongs to a family of nuclear Db2-related (NDR) kinases, a subclass of
evolutionarily conserved serine/threonine AGC group of protein kinases. Numerous
genetic and biochemical studies describe a role for NDR kinases and their interacting
scaffolding partners, in a variety of cellular processes such as regulation of cell growth
and shape, neurite outgrowth, dendritic tiling as well as branching (Zallen et al., 1999,
2000; Gallegos and Bargmann, 2004; Emoto et al., 2004, 2006; Hergovich et al., 2006; He
et al., 2005a, 2005b; Geng et al., 2000; Du and Novick, 2002; Jia and Emmons, 2006).

Interestingly, we did examine sax-2(0t10), a loss-of-function mutant, in our
candidate gene screen for VC4-5 branching defects, previously (Table 3.1). sax-
2(0t10);cyls4 mutant worms did display cell shape defects in addition to ectopic
branching defects similar to png-1 mutants, although less penetrant. Thus the question
was raised if zy16 was a mutation in the sax-2 gene. In collaboration with the laboratory
of Dr. Maria Gallegos (California State University at East Bay), zy16 was fully sequenced
and confirmed to be a new allele of sax-2. sax-2(zy16) is loss-of-function mutation that
introduces a stop codon at Q1329 which would be predicted to produce a truncated

protein (Figure 3.10).
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3.3.8 sax-1 and sax-2 mutants exhibit defective neuronal morphologies

We next examined if sax-1 and sax-2 mutants displayed VC4-5 and DVB defects
similar to png-1 mutants. sax-1 (ky491) is a candidate null with a 1.3 kb deletion
mutation within the conserved kinase domain, while sax-2(0t10), is a point mutation that
introduces a stop at Q809 that is predicted to lead to premature truncation (Figure 3.10)
(Zallen 2000; Gallegos and Bargmann, 2004).

Homozygous sax-1(ky491) and sax-2(ot10) mutants were viable, and did not
display abnormal morphology, development, motility, or egg-laying defects. In
comparison to wild type, sax-1(ky491) and sax-2(ot10) mutants displayed 24% and 14%
excessive branching defects, respectively (Table 3.3). sax-1(ky491);sax-2(0t10) double
mutants did not show enhancement in VC4-5 branching (13% n=100), compared to sax-1
and sax-2 single mutants (Table 3.3). This suggests that sax-1 and sax-2 interact in a
common genetic pathway to control neuronal branching.

Examination of DVB morphology in sax-1(ky491), and sax-2(0t10) as well as sax-
1(ky491); sax-2(0t10) double mutants revealed no significant DVB overextension and

branching defects (Table 3.3).
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png-1(cy9);zy16

Figure 3.9 zy16 enhances png-1 mutant VC4-5 branching defects

(A) Wild type VC4-5 axon typically contain 3-5 branches on the left and right side of the
vulva. (B) Excessive branching defects are observed in png-1(cy9) mutants, where the
number of branch defects range between 6-20. (C) png-1(cy9) enhancer mutant zy16
displays an increase in the number and complexity of VC4-5 branches in comparison to
png-1 single mutant. (D) zy16 mutants display mild branching defects as well as cell

shape defects. Arrow points toward neuronal defects. Ventral view, scale bar, 10pum.
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Table 3.3 Phenotypic analysis of sax-1 and sax-2 mutants

Gene/strain

% Neuronal Defects

DVB DVB
VC4-5 N
overextension branching
wild type 0 0° 0° 100
sax-1(ky491) 24°+3 0° 0° 100
sax-2(ot10) 147 +2 0 o 100
sax-1(ky491);sax-2(ot10) 13+ 2 0P 0 100

2 Young adult worms were scored for VC4-5 branching defects using the cyls4(Pcat-1::GFP] transgene.

Axon branching defects were scored if mutants displayed 6-20 branch defects on either the left or right sides
of the vulva. Values represent the mean + SEM of four independent counts (n=25, each).

bYoung adult worms were scored for DVB axon outgrowth and branching defects using the ot192[Pflp-

10::GFP] transgene. Defects were scored if DVB failed to terminate at its regular termination site, and

extended past the vulva either dorsally or anteriorly. DVB branching defects were scored if ectopic

branch(s) were observed at the distal tip of the axon. Values represent the mean + SEM of four independent

counts (n=25, each).
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Figure 3.10 sax-1 and sax-1 genomic and protein structure

Domain structure of SAX-1 consists of and N-terminal regulatory domain (NTR), a core
kinase domain (subdomains I-IX), a putative auto-inhibitory sequence (AIS), an
activation segment (AS), and a C-terminal hydrophobic motif (HM). sax-1 (ky491) is a
candidate null allele with a 1.3kb deletion mutation within the kinase domain. sax-2
encodes a large scaffolding proteins with N-terminal Armadillo/HEAT repeats and
several unknowns domains. Ot10 and zy16 are both point mutations that are predicted
to lead to premature truncation. Genomic structure indicated by lines and boxes

(exons). Location of mutations is indicated by asterisks and lines.
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3.3.9 sax-1interacts genetically with png-1

sax-2(zy16) was recovered from a genetic screen where it enhanced VC4-5
branching defects in png-1(cy9) mutants. Similarity of neuronal phenotypes in sax-
1(ky491) and sax-2(ot10) mutants prompted us to ask whether mutation in sax-1 can also
enhance VC4-5 branching defects in png-1 mutants. Additionally, we wanted to know if
DVB defects were similarly enhanced in sax-2;png-1 double mutants. We generated png-
1; sax-2 and png-1; sax-1 double mutants and examined their VC4-5 and DVB neuronal
morphologies. Analysis of VC4-5 branching phenotype in the double mutants was
challenging as these mutants displayed a more severe and complex form of branching
compared to single mutants that are characterized with excessive branching defect
consisting of 6-20 ectopic branches. In the double mutants we commonly saw >20
ectopic VC4-5 branches which prompted us to establish a third branching defect
category: if the total number of ectopic branches exceeded 20, the phenotype was
described as a “severe” branching defects (Figure 3.11).

Branch examination in both png-1;sax-1 and png-1;sax-2 double mutants revealed
a synergistic enhancement of VC4-5 branching (Figure 3.12). More than 65% of png-
1;sax-1 worms displayed severe branching defects, and 33% displayed excessive
branching defects. Similarly, approximately 46% and 44% of png-1;sax-2 double mutants
displayed severe and excessive axon branching defects respectively. Transgenic lines

carrying a PNG-1 transgene displayed a significant reduction in the severe branching,
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such that only 8% of png-1;sax-1, and 11% of png-1,sax-21 mutant worms displayed
severe branching defects (Figure 3.12).

sax-1(ky491) and sax-2(0t10) single mutants did not display DVB overextension or
branching defects, however examining DVB morphology in png-1; sax-1 and png-1; sax-2
double mutants revealed a significant increase in DVB defects in these worms. More
than 81% of png-1;sax-1 double mutant displayed DVB overextension defects, compared
to 36-39% in png-1 mutants, and 0% in sax-1(ky491) single mutants. png-1;sax-1 and png-
1;5ax-2 doubles also displayed enhanced branching in an area adjacent to the vulva,
>30% and >47% respectively (Figure 3.13). Our data suggests that sax-1 and sax-2 actin a
parallel pathway with png-1 to limit VC4-5 and DVB outgrowth and branching at the

vulva.
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Figure 3.11 png-1 branching defects are enhanced with sax-1 and sax-2

VC4-5 branching complexity and number is enhanced in png-1;sax-1 and png-1,sax-2
double mutants compared to single mutants. (A) png-1, sax-1, and sax-2 single mutants
display excessive branching, where the number of branch defects observed varies
between 5-20. (B) Branching defects in png-1;sax-1 and png-1;sax-2 double mutants are
more severe in comparison to single mutants, where we observe more than 20 ectopic
branching defects. Arrows mark branching defects. All images, ventral view of VC4-5,

anterior to the left.

145



% VC4-5 branching defects

1004

Il Excessive

146

Il Severe




Figure 3.12 Quantitative analysis of VC4-5 branch enhancement

In comparison to single mutant png-1, double mutant png-1;sax-1 and png-1;sax-2
displayed significant enhancement of branching defects. Error bars represent SEM of
four independent counts (=25, each). *P< 0.05, and **P<0.01 compared to png-1 single
mutant using one-way analysis of variance Bonferroni’s multiple comparison test.

Error bars for pAC33 extrachromosomal transgenic line denote SE of proportion (n>75),
**P< 0.01, compared to png-1(cy9);sax-2(0t10) using analysis of variance and Bonferroni’s

multiple comparison post hoc test.
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Figure 3.13 sax-1 and sax-2 act in parallel to png-1 in to limit DVB overgrowth and

branching

DVB motorneuron defects are significantly enhanced in the double mutants png-1:sax-1
and png-1:sax-2. (A) DVB overextension defects were significantly increased in the
double mutants png-1;sax-1 and png-1;sax-2 in comparison to png-1 single mutants (B) In
the double mutants, DVB overextends past its termination point and extends past the
vulva, either dorsally or anteriorly. (C) DVB branching defects were also significantly
higher in the double mutants in comparison to png-1 (-/-) animals. (B, D)Arrow head
indicate location of the vulva, arrows indicate DVB defects. Error bars denote SEM of
four independent counts (n=25, each). *P<0.05 compared to png-1 single mutant using
one-way analysis of variance Bonferroni’s multiple comparison test. Error bars for
pAC33 extrachromosomal transgenic line denote SE of proportion (n>80), **P< 0.01,
compared to png-1(cy9);sax-2(ot10) using analysis of variance and Bonferroni’s multiple

comparison post hoc test.
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3.4 DISCUSSION

Formation of neuronal circuits is largely influenced by axon branching, but the
mechanisms that regulate this process remain unknown. A genetic screen for branching
abnormal genes in the egg-laying circuitry in C. elegans identified png-1 to play a crucial
role in the outgrowth and branching of VC4-5 during vulva organogenesis. PNG-1 is a
highly conserved cytoplasmic PNGase that catalyzes the removal of N-linked sugar
moieties from glycoproteins and glycopeptides prior to degradation by the proteasome
(Suzuki et al., 2001). Cytoplasmic PNGases in yeast and mammals have been implicated
in endoplasmic reticulum associated degradation (ERAD), a multi-step cellular process
that identifies and retrotranslocates misfolded aberrant proteins from the ER to the
cytosol where they are ubiquitylated prior to degradation by the proteasome (Suzuki et
al., 2001-2007; Park et al., 2001; Hirsch et al., 2003; Blom et al., 2004). Yeast and
mammalian PNG-1 orthologues bind indirectly to the proteasome via their interaction
with multiple components of ERAD, such as Rad23 and Derlin-1.

Mutation in the C. elegans PNGase, png-1, resulted in abnormal outgrowth and
branching of neurons at locations near or adjacent to the vulva, a known source for
branch inducing signals (Li and Chalife, 1999). This has prompted us to ask whether
png-1 acts through a proteasome-dependent pathway to regulate branching at the vulva.
To answer this question we employed a candidate gene approach analyzing neuronal

morphology in mutants that disrupt highly conserved components of the unfolded

150



protein response (UPR) and ERAD. The worm homologues of several conserved UPR
pathway components such as Irel, Pekl/Perk (Shen et al., 2001), and Hrd1/Der3
(Sasagawa et al., 2007) have recently been shown to function in the cellular responses to
ER stress in C. elegans. Inactivation of these genes by mutation or RNAi depletion
triggers the widespread expression of a UPR inducible Phsp-4::GFP reporter indicative of
elevated levels of ER stress throughout the animal (Calfon et al., 2002; Sasagawa et al.,
2007). ERAD components such as hrd-1 (Carvalho et al., 2010), Derlin-1 (Katiyar et al,
2005), rpn-10 (Elsasser et al., 2004), and rad-23 (Suzuki et al., 2002-07) have also been
reported to facilitate protein ubiquitylation, retrotranslocation and degradation. With
the exception of rad-23 and ire-1, mutations in pek-1, hrd-1, cup-2, and rpn-10 displayed
wild type VC4-5 and DVB morphology.

rad-23 mutants displayed neuronal defects similar to png-1 (-/-) animals. RAD-23,
the only Rad23 homologue in C. elegans, is a member of the Radiation sensitivity 23
family of proteins that function in nucleotide excision repair (NER) and in the transport
of ubiquitylated substrates to the proteasome (Suzuki et al., 2001, 2005). In C. elegans,
rad-23 encodes a protein comprised of an N-terminal ubiquitin-like domain and two
ubiquitin associated domains flanking an XPC binding domain. The role of rad-23 in C.
elegans NER or ERAD is not well defined. Asin mammals, NER in C. elegans removes
helix-distorting DNA lesions caused by UV irradiation that can interfere with

transcription and replication (Lans and Vermeulen et al., 2011). Interaction of rad-23 and
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xpa-1 has been reported to be critical in the response to UV damage during development
(Lans and Vermeulen et al., 2011). Mammalian Rad23 has been reported to form a
complex with Rad4/XPC through the XPC binding domain specifically.

Here we describe for the first time a previously unknown role for rad-23 in
regulating axon outgrowth and branching during development. rad-23 (-/-) animals
displayed axon branching in the AVL and DVB neurons and DVB overextension similar
to png-1 mutants. These defects were not enhanced in png-1;vad-23 double mutants
indicating the disruption of a common genetic pathway. In vitro and in vivo studies
(Leanarz et al., 2004; Suzuki et al., 2001-2007) have shown that PNGases in yeast and
mammals indirectly interact with the proteasome through physical association with
Rad23. Our results using presumptive null alleles of png-1 and rad-23 represent genetic
evidence that the physical interaction between PNG-1 and RAD-23 homologues in
mammals and yeast is likely conserved in C. elegans. Moreover, we observed strong rad-
23 promoter expression in the vulva at L4 and adults. However, RAD-23 appears to be
expressed in low amounts since overexpression caused embryonic lethality in transgenic
lines. PNG-1 was also shown to be expressed in various tissue and cells, including the
vulva at L3, L4 and adult stage (Habibi-Babadi et al., 2010).

Surprisingly, rad-23 (-/-) animals did not display the excessive VC4-5 neuronal
branching phenotype that is so prominent in png-1 (-/-) animals suggesting that PNG-1

must also have RAD-23 independent axon branching functions. Genetic redundancy
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would not account for the latter observation as both PNGase and RAD-23 are encoded
by single genes in the worm genome. Recent functional studies in yeast have also
provided evidence for parallel Rad23-dependent and independent PNGase pathways in
the ER-associated degradation of a glycosylated substrate (Kim et al., 2006, 2004). Those
pathways were defined as a deglycosylation pathway mediated by Rad23-free Pngl and
a proteasomal degradation pathway mediated by the Png1-Rad23 complex.

A limited survey of mutants that are known to disrupt ERAD or the adaption to
ER stress in C. elegans did not reveal axon branching phenotypes following treatment
with tunicamycin. In fact, png-1 (-/-) animals showed resistance to induced ER stress,
suggesting that png-1 and rad-23 may indeed identify a novel pathway independent of
their known function in maintaining ER-homeostasis. These results are consistent with
several genetic screens performed in our laboratory that resulted in the recovery of only
png-1 mutants with VC4-5 axon branch overgrowth phenotypes (A. Colavita,
unpublished results).

PNG-1 includes a unique thioredoxin domain at its N-terminus, which differs
from other animal PNGases, such as those of flies and mammals that contain a PUB
domain at their N-terminus (Suzuki et al., 2007). The PUB domain in mouse N-
glycanase is the site of interactions with several known ERAD components including the
AAA ATPase p97, the ubiquitin protein ligase AMFR, and Derlinl (Katiyar et al., 2005;

Li et al.,, 2005, 2006). The absence of this domain in PNG-1 may suggest that axon
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branching functions may be largely independent of possible PNG-1 roles in maintaining
ER homeostasis. Similarly, the predicted mannose binding C-terminal domain, which in
mouse PNGase has been shown to influence the rate of deglycosylation of an ERAD
substrate in vitro (Zhou et al., 2006), was shown to be dispensable for axon branching in
C. elegans (Habibi-Babadi et al., 2010) suggesting other roles to account for its
conservation in PNG-1. Furthermore, the absence of more widespread neuronal defects
outside of the vulval region in png-1 mutants as might be expected from loss of a general
ER quality control component and the lack of branching phenotypes in mutants with
elevated levels of ER stress are also consistent with an ERAD-independent role for PNG-
1 in axon branching.

My effort to gain further insight into PNG-1 mediated axon branching pathways
through genetic screens was successful in identifying a single mutation that enhanced
VC4-5 branching defects significantly in png-1 mutants. Enhancer and suppressor
screens are useful genetic tools for uncovering components of molecular pathways and
in this study it identified zy16, a mutation in the conserved sax-2 gene that is known to
play a significant role in axonal and dendritic branching and arborization (Zallen et al.,
1999, 2000).

Sensory axon guidance, sax-1 and sax-2 were initially identified in a genetic
screen for mutants with abnormal neuronal morphology in C. elegans (Zallen et al.,

1999). Mutant sax-1 and sax-2 worms display neuronal cell shape defects, as well as
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axon outgrowth and neurite branching defects (Zallen et al., 1999, 2000; Gallegos and
Bargmann, 2004). sax-1 belongs to a family of nuclear NDR kinases, a subclass of
evolutionarily conserved serine/threonine AGC group of protein kinases that are
involved various cellular functions such as regulation of cell morphology and growth as
well as cell division. NDR kinases, like other kinases, have a complex structure that
contains an N-terminal regulatory (NTR) domain, an insert of multiple residues between
VII and VIII subdomains of the core catalytic kinase domain, and finally a C-terminal
hydrophobic motif (HM) (Figure 3.10). All NDR kinases share two main regulatory
phosphorylation sites: the activation segment (AS)( Ser281 of human NDR1/Ser909 of
human LATS1) located upstream of VIII subdomain; the second phosphorylation site is
located within the HM domain (Thr444 of human NDR1/ Thr1079 in human LATS1)
(Hergovich et al., 2006). NDR kinases require the phosphorylation of the conserved
Ser/Thr residues for activation (Hergovish et al., 2006, 2005).

Several members of the NDR kinase family have been reported to interact both
genetically and physically with members of the Furry proteins (He et al, 2005a; Emoto et
al., 2004; Hergovich et al., 2006). These are conserved scaffolding proteins that include
Tao3 and Nud1 in S. cerevisiae, Salvador and Fry in Drosophila, SAX-2 in C. elegans, and
hWW45, hFURRY1, and hFURRY2 in humans (Hergovich et al., 2006). In fact these
scaffolding proteins facilitate localization and activation of NDR kinases (He et al.,

2005b; Emoto et al., 2004). In C. elegans, sax-2 encodes a large conserved protein with

155



HEAT/Armadillo repeats (Figure 3.10) (Gallegos and Bargmann, 2004). Numerous
genetic and biochemical studies describe a role for NDR kinases and their interacting
scaffolding partners in regulation of neuronal development, specifically neuronal cell
shape, neurite outgrowth, dendritic tiling as well as branching ( Bidlingmaier et al., 2001;
Zallen et al., 1999, 2000; Emoto et al., 2004, 2006; Gallegos and Bargmann, 2004; Jia and
Emmons, 2006).

Characterization of sax-1 and sax-2 (-/-) animals revealed similar neuronal defects
as described previously in png-1 mutants, where the most prominent defects were
increased axonal overgrowth and excessive branching in VC4-5. Consistent with our
data, mutation in the trc and fry, the fly homologs of sax-1, and sax-2, resulted in
branching of neuronal and cellular processes (Emoto et al., 2004). Trc inhibits the
growth of epidermal hairs, sensory bristles, and antenna in Drosophila, in addition to
regulating sensory neuron branching and dendritic arborization (Emoto et al., 2004; He
and Adler, 2002). Similarly, mutation in Cot-1, sax-1 homologue in N. crassa, results in
excessive hyphal branching (Tamaskovic et al, 2003). Overall, our results further
support a conserved role for sax-1 and sax-2 in limiting neuronal outgrowth and
branching during development in C. elegans.

Similarities in neuronal defects between png-1, sax-1 and sax-2 mutants
prompted further analysis of genetic interaction between these mutants. Analysis of sax-

1;sax-2 double mutants revealed neuronal defects that were not enhanced in comparison
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to single sax-1 and sax-2 mutants, suggesting that these two function within the same
genetic pathway to regulate axon outgrowth and branching. This interaction is
consistent with reports in other model organisms. Studies in C. elegans, Drosophila and
S. cerevisiae report that Trc/Cbk-1 fry/Tao3, homologues of C. elegans sax-1 and sax-2, are
components of a common molecular pathway (Zallen et al, 2000; Emoto et al, 2004; He et
al., 2005; Du and Novick 2002). Mutation in trc and fry caused similar neuronal defects
that were indistinguishable from trc;fry double mutants (Emoto et al., 2004). In vivo
analysis of Cbk-1 and Orb6 in yeast show they interact physically with the sax-2
orthologs Mor2 and Pagl (Du and Novick, 2002; Seiler et al., 2006). Thus, our data
provides further support to the conserved interaction between sax-1 and sax-2 and their
homologous which is required for proper neuronal development.

Several studies have shown that the vulva epithelium is a source of branch
promoting cues (Garriga et al., 1993; Li and Chalfie, 1990; Shen et al., 2004).
Characterization of png-1, sax-1, and sax-2 mutants suggest a vital role for these genes in
limiting axonal branching during vulva organogenesis. In C. elegans, sax-1 was reported
to function cell-autonomously from neurons to inhibit secondary neurite outgrowth
(Zallen et al., 2000); in Drosophila, sax-1 homologue also functions intrinsically within
neurons to limit dendritic branching and tilling (Emoto et al., 2004). Conversely, we
reported earlier (Chapter two) that PNG-1 acts within epithelial cells to limit neuronal

branching. Examination of VC neurons in png-1:sax-1 and png-1;sax-2 double mutants

157



showed strong synergistic phenotypes, where double mutants displayed significant
enhancement of VC morphology defects compared to either the single mutants. Based
on the genetic analysis reported in this study and differences in the function and site of
action of PNG-1 and SAX-1/SAX-2, we propose that these genes function through two
independent parallel pathways, the PNG-1 pathway and SAX-1 pathway, to limit axonal
branching and overgrowth, by controlling a common cellular process that regulates
cytoskeleton dynamics (Figure 3.14).

The extrinsic activity of PNG-1 within epithelial vulva cells may influences cell
surface expression or secretion of branching molecules (Habibi-Babadi et al., 2010).
Mutation in PNG-1 can present either excessive amounts of branch promoting factor or
little branch inhibitory factor that results in excessive branching phenotypes. This
branching factor could be derived from a specific N-glycoprotein or glycopeptide that is
retrotranslocated from the ER lumen and processed into a bioactive peptide by a
combination of PNGase activity and proteolytic degradation. The resulting active
peptide can interact directly by inhibiting axon branching, or indirectly by interacting
with cell surface receptors that trigger intracellular signalling pathways that regulate
cytoskeleton remodeling and consequently neuronal morphology. Although ERAD
substrates have been identified and characterized in yeast and mammals (Suzuki et al.,
2002; Hughes et al., 1997; Halaban et al., 1997; Yu et al., 1997), the identity of potential

substrate(s) in C. elegans remains unknown. In vitro and in vivo studies suggest a direct
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role for the NDR kinase pathway in mediating cytoskeleton dynamics by regulating Rho
GTPase expression and activity (He and Adler, 2002; Emoto et al., 2004; Chiba et al.,
2009). In Drosophila, Trc kinase activity inhibits antenna and hair branching through
Rho GTPase signalling (Emoto et al., 2004). Furthermore, dominant negative mutation
in Rho GTPases causes similar neuronal defects as sax-1 mutation in C. elegans (Zallen et
al., 2000). Therefore I propose that PNG-1 pathway is also involved in a similar process,
where the disruption of these two pathways can result in axon branching and
overgrowth due to overactive branch promoting signaling mechanisms and cytoskeleton
dynamics. Further experiments dissecting these two pathways are needed to determine

how they mediate neuronal development.
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RAD-23 PNG-1 SAX-1 SAX-2

Branch Promoting Rho GTPases

Factors

Axon Branching

Figure 3.14 PNG-1 and SAX-1 mediated pathways to regulate axon branching

PNG-1 and SAX-1 function through parallel pathways to regulate cytoskeleton
dynamics that underlie axon branching. In these pathways, PNGases regulate the
turnover of branch promoting factors secreted by vulva epithelial cells, and combined

with SAX-1 regulation of Rho GTPases, both pathways limit axon over branching.
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CHAPTER 4: CONCLUSION AND FUTURE DIRECTIONS
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4.1 Summary and Conclusion

Axon branching patterns are important determinants of neuronal circuit
assembly in the nervous system. Although studies in model organisms identified novel
genes and alternative functions for conserved guidance cues in this process, the
molecular mechanisms that regulate branching remain unknown. The egg-laying
neuronal system of C. elegans is an excellent system for the dissection and identification
of molecular mechanism and signalling molecules that regulate axon branching and
arborization. Consisting of eight motorneurons, 2 HSNs and 6 VC cells, this system
develops following an organized and specific pattern to innervate the egg laying vulva
muscles, and subsequently control egg-laying behavior in nematodes. Of the 6 VC
neurons, which normally orient anteroposteriorly, VC4 -5 orient mediolaterally, and
extend their axons along the vulva forming a circular tract with distinct stereotypical
branches (Schafer, 2006). VC4-5 are among the most branched neurons in C. elegans.

png-1 was identified in a genetic screen for VC4-5 axon branch morphology
defects. PNG-1 encodes Peptide: N-glycanase (PNGase), a cytosolic enzyme that
removes N-linked sugar moieties from glycoproteins and glycopeptides (Suzuki et al.,
2000, 2005). Cytosolic PNGases were identified to play a significant role in the
degradation of misfolded proteins through the conserved ERAD system that prevents
the accumulation of misfolded proteins (Park et al., 2001). The ER quality control system

actively retains misfolded aberrant proteins in the ER, and retrotranslocates them to the
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cytosol for degradation by the proteasome. Cytosolic PNGases deglycosylate ERAD-
targeted proteins to facilitate their transfer to the proteasome. Mammalian and yeast
PNGases interact directly with RAD23, an adaptor protein, which binds directly with
the proteasome to shuttle misfolded proteins into the proteolytic core (Suzuki et al, 2005;
Katiyar et al., 2004). Consistent with a role in ERAD, mutation in PNGase orthologous
in yeast leads to a decrease in the rate of degradation of misfolded protein (Suzuki et al.,
2000, 2002). The work presented in this thesis describes a novel role for the conserved
PNG-1 in the regulation of axon outgrowth and branching during development.

In Chapter two, examination of png-1 (-/-) animals revealed excessive axon
branching and ectopic neurite outgrowth in VC4-5 neurons as well as branching in the
normally unbranched AVL and DVB motor neurons. Additionally, these mutants
displayed DVB axons frequently extending past their normal termination sites.
Mutation in png-1 also effected egg-laying behavior where png-1 (-/-) animals displayed
a decrease in the egg-laying and in utero egg retention phenotypes. png-1 promoter
activity was observed embryonically and post embryonically in neurons, pharynx,
intestine, body wall muscles, vulval epithelial cells, and gonads. A PNG-1 translational
fusion to GFP revealed cytoplasmic localization, consistent with other animal model
PNGases.

Domain analysis revealed PNG-1 to contain a conserved thioredoxin and

transglutaminase domains whose function is vital for png-1 regulation of axon
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branching. Cell specific rescue studies determined that png-1 acts cell-non
autonomously from vulval epithelial cells to regulate axon branching in addition to
functioning cell autonomously from neurons, also. These results reveal a novel role
PNGase in neuronal development.

In Chapter three, I provided insight into PNG-1 mediated pathways in regulating
neuronal development in C. elegans. identified mutations in RAD-23, the sole homolog
of RAD23 in C. elegans, to cause axonal outgrowth and branching defects similar to png-1
(-/-) animals. DVB and AVL motor neurons displayed ectopic branching in an area
adjacent to the vulva. These mutants also exhibited DVB overextension defects. The
effect of the double mutation on AVL and DVB phenotype was indistinguishable from
what was observed in single png-1(-/-) and rad-23(-/-) animals suggesting that these two
genes function in the same pathway to limit axon outgrowth and branching. This data
is consistent with previously reported physical interaction between RAD23 and PNG1
(Suzuki et al, 2001, 2005, 2007; Katiyar et al., 2004). This work shows for the first time a
role for RAD-23 in neuronal development, where it works with PNG-1 in a common
pathway to regulate axonal outgrowth and branching independent of ERAD.

In Chapter three, I presented evidence for genetic interactions between png-1 and
sax-1/sax-2. sax-1(-/-) mutants were recovered from a png-1 modifier genetic screen.
Prior to this work, a role for sax-1 and sax-2 was reported in regulating neuronal

outgrowth, in addition to axonal and dendritic branching and arborization in C. elegans
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(Zallen et al, 1999, 2000; Gallegos and Bargman, 2004). sax-1 encode a highly conserved
NDR kinase, while sax-2 encodes a large protein with Armadillo/HEAT repeats that are
also found in scaffolding proteins. NDR kinases and their scaffolding proteins are
important for the development of cellular processes and neuronal morphology. Loss of
sax-1 and sax-2 homologs in Drosophila, trc and fry, results in neurite overextension,
dendritic and axonal branching, and cell body shape defects in a subset of neurons
(Emoto et al., 2004). trc and fry are also involved the development and branching of
sensory bristles, antennas, and epidermal hairs (Geneg et al., 2000;, Huang et al, 2005;
Emoto et al., 2004; He et al, 2005). Similarly a mutation in Cot-1, yeast homologs of sax-
1, causes hyphal branching (Maerz et al., 2008).

Examination of neuronal phenotypes in sax-1 and sax-2 (-/-) mutants revealed
neuronal defects similar to png-1(-/-) mutants, albeit less penetrant. Our analysis of png-
1, sax-1 and png-1;sax-2 double mutants showed strong synergistic phenotypes
indicating png-1 and sax-1/sax-2 function in two parallel pathways to regulate axon

branching and outgrowth.

4.2 Future Directions

The proposed pathways for regulation of axon branching presents a challenge as
it suggests multiple components and possible mechanisms are involved. Future
experiments will be required to dissect each of these pathways separately to identify

these components.
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As mutation in png-1, rad-23, sax-1 and sax-2 resulted in similar neuronal defects,
it is possible that these pathways act on the same substrate, albeit through different
mechanisms. Thus it is important to identify the branch promoting factor secreted by
the vulva epithelial cells to gain more information about the proposed pathways. Yeast
two-hybrid (Y2H) systems are powerful and efficient techniques to identify proteins-
protein interactions. A yeast two-hybrid screen utilizing full length PNG-1 and C-
terminal, a construct containing an in-frame deletion of the C-terminal, as baits against a
C. elegans cDNA library (prey) will identify proteins that interact with PNG-1.
Structure/function analysis showed that the PNG-1 C-terminal domain is not required
for axon outgrowth and branching. Even though Y2H screens are very useful, they are
also known to result in many false positives. To overcome this problem, interactions can
be validated by examining available mutants and analyze their neuronal morphologies
and genetic interactions with png-1. Furthermore, RNAi knockdown can be performed
to test candidate interactors and genes with no mutants available, for abnormal neuronal
morphologies.

Given that sax-1 and sax-2 act in parallel pathways to png-1 in limiting axon
outgrowth and branching, it is important to identify new component of these pathways.
Genetic screens can be helpful in identifying such components. Screening for sax-1 and
sax-2 enhancers of VC4/5 and DVB defects would identify new components of the png-1

pathway. In fact an enhancer screen of sax-1 performed in our laboratory identified
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several mutants that displayed branching defects similar to png-1 (-/-) mutants (Claudia
Arauz, Master’s thesis, 2010). Characterization of these mutants would provide further
insight into PNG-1 pathway. As VC4-5 branching defects are easy to visualize but
harder to score, enhancer screens should be performed in the 0tIs92 [Pflp-10::GFP]
reporter background. This reporter transgene is used to visualize the DVB
motorneuron. DVB overextension and branching defects were significantly enhanced in
png-1;sax1 and png-1;sax-2 mutants.

An important discovery in this study was the identification of sax-2 as an
enhancer of png-1 branching defects. sax-1 and sax-2 have been widely characterized in
neuronal development C. elegans. Even though I show a role for sax-1 and sax-2 in
limiting neuronal outgrowth and branching, it is important to identify how they do so.
Therefore modifier genetic screens for enhancer and suppressor of png-1 would be
valuable in recovering components of this pathway. Furthermore, it will be interesting
to know if Rho GTPases play a role in VC4-5 branching. Translational fusion constructs
driving the expression of dominant negative forms of Rho-1 in VC4-5 and DVB
motorneurons will shed some light on the possibility that defects at these neurons is due
to cytoskeleton remodeling mediated through Rho GTPases.

In summary, this thesis represents the first description of the role of conserved
cytoplasmic PNG-1 in neuronal development, where it revealed for the first time a role

for cytoplasmic PNGases in regulating axon morphology and branching. The results
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reported in this thesis shed more insight about novel pathways and genes that are
involved in the formation of neuronal circuits. Understanding the molecular pathways
involved in axon branching is vital for the development of therapeutic treatments for

neurodevelopmental diseases such as Autism and mental retardation.
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