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Abstract

We sought to investigate the role of the Planar Cell Polarity (PCP) pathway in neuronal
positioning along the Anterior-Posterior (AP) axis of C. elegans, and chose the worm’s DD-
type motor neurons as a model. The six DD neurons (DD1-DD6) are evenly spaced in the
ventral nerve cord of wild type animals. Here we showed that mutations in core PCP genes
caused DD neuron spacing and positioning defects. prkl-1 double mutant combinations
with vang-1 and fmi-1 showed a suppression of the more severe prkl-1 single mutant defects,
which was evidence of genetic interactions between these PCP components. We also
conducted a candidate screen of Frizzled, Dishevelled, Wnt, and ROCK genes, and found that
dsh-1/Dishevelled, mom-2/Wnt and let-502/ROCK also played roles in DD neuronal
positioning. Both vang-1 and prkl-1 were found to function within the nervous system to
guide DD neuronal positioning, and prkl-1 was further identified as playing a cell
autonomous role. The origins of observed DD neuron anterior positioning defects were
investigated during embryogenesis, in which 1.5 fold stage prkl-1(ok3182) embryos
displayed delayed intercalation of the DD neurons. This represents a novel role for the PCP

pathway in mediating DD neuronal intercalation.
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Chapter 1: Introduction

As animals grow, they must develop from single cells into complex moving organisms. Of
the many stages involved in this development, one integral aspect is nervous system
formation. This is the process by which neurons are born, migrate to their final locations,
send out axons and dendrites, and finally make synaptic connections. Once connected,
nervous systems allow animals to sense and process information from their environments,
and communicate various outputs to their muscles and other tissues. A properly connected
nervous system is crucial for the survival of complex moving organisms. There are many
cellular signaling pathways involved in choreographing the various facets of nervous system
development, and one such pathway is the Planar Cell Polarity, or PCP, pathway (Fanto and

McNeill, 2004), which is a non-canonical Wnt signaling pathway.

Discovered in Drosophila through forward genetic screens, the PCP pathway was originally
identified to cause polarity defects in mutant fly ommatidia and wing hairs (Adler, 2002).
Since this discovery, the PCP pathway has been linked to regulating cell intercalations
during vertebrate convergent extension (Jones and Chen, 2007), as well as axon guidance
(Shafer et al., 2011) and neuronal polarity (Sanchez-Alvarez et al., 2011). In humans, the
PCP pathway and its core components have been identified as playing roles in spina bifida
(Juriloff and Harris, 2012) and seizures (Tao et al., 2011).  As time goes on, it is becoming
more apparent that this pathway plays several diverse and important roles during nervous
system development. Understanding how this pathway functions at the molecular level

will help develop future treatments for human diseases associated with the PCP pathway.



1.1 The canonical Wnt-Frizzled pathway

The PCP pathway is termed “non-canonical” because is it a derivative of the canonical Wnt-
Frizzled pathway. This canonical pathway features the core proteins Wnt, Frizzled,
Dishevelled, and B-catenin (Wang and Malbon, 2004). The hallmark of this pathway is the
activation of Frizzled by Wnt, leading to the stabilization of B-catenin via Dishevelled (Liu
etal., 2002). B-catenin is normally ubiquitinated and degraded by a complex involving
Axin and GSK (Liu et al., 2002). Dishevelled interacts with the Axin/GSK complex and
stabilizes B-catenin by inhibiting its degradation; B-catenin then accumulates and
translocates to the nucleus, where it activates gene transcription and canonical signaling (Liu
etal.,, 2002).  The canonical is well understood, and plays numerous crucial roles during
development, including regulating neurogenesis (Gulasci and Anderson, 2008) and neuronal
differentiation (Hirabayashi et al., 2004). A schematic diagram of the canonical Wnt-

Frizzled pathway is shown in Figure 1.
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Figure 1. Schematic representation of the canonical Wnt-Frizzled pathway, signaling through
B-catenin. The ligand Wnt activates the 7-TM GPCR Frizzled, which then activates
Dishevelled. B-catenin is normally ubiquitinated and degraded by the Axin/GSK complex.
Activated Dishevelled binds the Axin/GSK complex and relieves the degradation of -
catenin, allowing it to accumulate. Once this occurs, B-catenin is free to enter the nucleus
and ultimately leads to gene transcription and canonical pathway signaling.



1.2 Non-canonical Wnt pathways

In addition to the canonical Wnt-Frizzled pathway, there are many non-canonical Wnt
pathways, which lack the involvement of B-catenin (Kihl, 2002). For example, the Wnt-
Ca®* pathway (Calisto et al., 2005) features CamKIl and PKC signaling (Khl et al., 2000).
There are also two Wnt pathways with receptor tyrosine kinases, Wnt-ROR (Receptor
tyrosine kinase-like Orphan Receptor) pathway featuring downstream c-Jun N-terminal
Kinase (JNK) signaling (Oishi et al., 2003), as well as the Receptor-like Tyrosine Kinase
(RYK) Wnt pathway (Clark et al., 2014) which can act as a Wnt co-receptor. There is also
the Planar Cell Polarity, or PCP, pathway. Interestingly, the RYK pathway has been shown
to interact with the PCP pathway component VVan Gogh (Andre et al., 2012), indicating that

these pathways may not necessarily be mutually exclusive.

1.3 The Planar Cell Polarity pathway

The PCP pathway features the canonical proteins Wnt, Frizzled, and Dishevelled, and is
distinguished by the addition of the core PCP components Prickle, Van Gogh, and Flamingo
(Gao, 2012). Wnt is a secreted glycoprotein capable of forming morphogen gradients
(Bovolenta, 2005), which binds to and activates Frizzled, a seven transmembrane G-Protein
coupled receptor (Ingham, 1996). Frizzled complexes with the scaffolding protein
Dishevelled (Formstone and Mason, 2005), which leads to the activation of the small
GTPases Rho or Rac (Saburi and McNeill, 2005).  Rho signals through Rho activated
kinase, or ROCK (Strutt, 2001), and both Rho and Rac ultimately cause cytoskeletal

rearrangement (Tahincia and Symesa, 2003).



PCP signaling is thought to be regulated by the core PCP components Van Gogh (Vang) and
Prickle (PK/prkl). Vang is a four transmembrane protein, and is known to recruit Prickle to
the cell membrane (Jenny et al., 2003).  Prickle is an inhibitory cytosolic protein, and has
been shown to antagonize Frizzled-Dishevelled complexes by preventing the recruitment of
Dishevelled to the membrane (Tree et al., 2002).  Lastly, the core PCP component
Flamingo is a seven transmembrane G-protein coupled receptor with a large extracellular
cadherin domain (Usui et al., 1999). Flamingo may also be required for the proper

asymmetric localization of PCP complexes (Strutt, 2002).

1.3.1 Wnt and Frizzled

As previously mentioned, the glycoprotein Wnt is an extra-cellular ligand that can be
secreted from specific cells, creating morphogen gradients that guide development
(Bovolenta, 2005). The primary receptor for Wnt is the 7-TM GPCR Frizzled (Ingham,
1996). In fact, work in C. elegans first confirmed the link between Wnt and Frizzled:
Herman et al. (1995) discovered that lin-44 (Wnt) mutations caused asymmetric cell division
defects in the C. elegans male B and T cells of the tail, while Sawa et al. (1996) discovered
the same defects for lin-17 (Frizzled). These respective papers determined lin-44 acted cell
non-autonomously and lin-17 acted cell autonomously within the B and T cells, ultimately
confirming that lin-44 (Wnit) binds lin-17 (Frizzled) to produce the same phenotype.
Subsequent studies confirmed that Wnt physically binds to Frizzled, requiring a cysteine rich

extracellular domain of Frizzled (Bhanot et al., 1996; Lin et al., 1997).



From a mechanistic point of view, the binding of Wnt to Frizzled leads to heterotrimeric G-
protein signaling via the Ga subunit of Frizzled; the Ga subunit is activated by exchanging
bound GDP for GTP, and either Gog or Go, subunits can be activated (Wang, Liu, and
Malbon, 2006). Activation of Frizzled by Wnt can also lead to complex formation with
Dishevelled, which ultimately signals either canonical or non-canonical Wnt-Frizzled
signaling (Li, Chong, and Maiese, 2005; Gao and Chen, 2010). Interestingly, the type of
Frizzled Ga subunit activated may determine whether canonical or non-canonical signaling
occurs: Bikkavilli et al. (2008) note that canonical B-catenin mediated signaling involves

Frizzled Gagy, subunits, whereas PCP signaling only involved Go, subunit activation.

1.3.2 Dishevelled

Dishevelled is a scaffolding protein involved in both the canonical and PCP pathways, and
acts dynamically to localize and catalyze the reactions of many signaling molecules
(Formstone and Mason, 2005). The protein itself has three domains: a PDZ domain, a DIX
domain, and a DEP domain, of which the DEP domain may be responsible for translocating
Dishevelled to the membrane (Pan et al., 2004), where it is known to interact with Vang
(Bastock et al., 2003). Dishevelled has been shown to interact with formins (Tanegashima
et al., 2008), and leads to downstream PCP signaling via the small GTPases Rho (Strutt et
al., 1997) and Rac (Habas et al., 2003); WGEF may connect Dishevelled signaling to Rho

activation (Tangeshima et al., 2008).



1.3.3 Prickle and Van Gogh

Prickle is a cytosolic protein with one PET domain and three LIM domains; this structure is
evolutionarily conserved from C. elegans to humans (Katoh and Katoh, 2003).

Structurally, Prickle is farnesylated at its C-terminus; this farnesyl helps anchor Prickle to
the membrane and also promotes strong interactions with Vang (Strutt et al., 2013). In
zebrafish null mutants for Vang, Prickle is not recruited to the membrane, whereas Prickle
was recruited to the membrane in a “web-like fashion” in wild type animals (Jenny et al.,
2003). Additional evidence shows that Prickle may translocate to the nucleus to
establish cell polarity (Tao et al., 2012), but this has not shown to be a consistent aspect of

PCP signaling.

One consistent function of Prickle appears to be inhibiting Dishevelled in a cell autonomous
manner (James et al., 2008). Indeed, Prickle competes for Dishevelled binding (Jenny et
al., 2005) and causes its degradation (Fujimura et al., 2009). However, the interaction
between Dishevelled and Prickle is not strictly inhibitory, as Prickle has been shown to
amplify Dishevelled-Frizzled signaling in a cell non-autonomous fashion within the
Drosophila wing system (Tree et al., 2002). Therefore, Prickle may simultaneously inhibit

Dishevelled within a cell and activate it in neighboring cells (Tree et al., 2002).

Vang is a 4-TM protein with cytoplasmic N- and C-termini, and with a C-terminal PDZ
binding motif (Jenny et al., 2003). Vang binds Prickle and recruits it to the membrane

(Bastock, 2005), where Prickle and Vang form a functional complex (Jenny et al., 2003).
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Vang also has other functions. For example, Vang binds to Dishevelled (Bastock et al.,
2005), and thus may be capable of activating Dishevelled signaling itself. In addition, Vang
regulates adherens junctions through the small GTPase Rac (Lindqvist et al., 2010). Mouse
Vangl2 (Vang-like protein 2) was found to physically bind Racl and alter its localization;
both Vangl2 and Racl loss-of-function mice displayed impaired adherens junctions and
reduced cell-cell adhesion (Lindgvist et al., 2010). Lastly, evidence suggests that the
extracellular domain of Frizzled may interact with Vang across cells (Wu and Mlodzik,
2008). This helps explain how the cytosolic protein Prickle would be capable of
upregulating Frizzled-Dishevelled signaling in neighboring cells (Tree et al., 2002), which

could occur through Vang.

1.3.4 Flamingo

The core PCP component Flamingo is a 7-GM GPCR with an extracellular cadherin domain
(Usui et al., 1999). The cadherin domain is capable of cross-cell homophilic binding (Chen
etal., 2008). These homophilic interactions may be important for cross-cell interactions, as
Flamingo binds to Frizzled and Vang and may help mediate cross cell signaling between
them (Chen et al., 2008). It is worth noting that although it is a core PCP component,
Flamingo also has PCP-independent functions. For example, Najarro et al. (2013) showed
that fmi-1 (Flamingo) mutant worms displayed anterior/posterior axon guidance defects in

the VVD-type neurons of C. elegans.  This function was independent of the PCP pathway.



1.4 The PCP pathway acts to establish polarity in Drosophila wings

The Planar Cell Polarity pathway was originally discovered in Drosophila, where it was
determined to coordinate groups of cells within a plane to adopt a common polarity. In this
paradigm, PCP components are able to communicate with each other across cell membranes;
polarized cells will then communicate this polarity with further neighboring cells,
presumably in a cascade effect. PCP components are polarized in the proximal-distal plane
of wing cells (Shimada et al., 2001).  There is also an apical-basal polarity in fly wings, in
which PCP components are recruited to the apical membrane; this apical recruitment is a
prerequisite for proximal-distal planar cell polarity (Strutt, 2002). When Flamingo is
knocked out, none of the PCP components are asymmetrically recruited to the apical

membranes (Strutt and Strutt, 2008), preventing proximal distal polarity.

After Flamingo recruits Frizzled to the apical membrane, Frizzled then causes Flamingo to
localize to the proximal and distal sides of cells, called the adherens junction zone (Strutt,
2002). This subsequently causes Dishevelled to localize to the distal membrane of wing
cells (Strut, 2002). A loss of Prickle, Vang, or Dishevelled results in the failure of
proximal-distal polarity formation, indicating that these proteins work together with
Flamingo and Frizzled to establish proximal-distal polarity (Strut, 2002). Once this
polarity is established, Flamingo, Frizzled, and Dishevelled form a functional complex at the
distal edge of wing cells, which promotes cytoskeletal remodeling and ultimately causing

hair formation in the wing cells (Shimada et al., 2001).



Until recently no firm evidence of a role for Wnt in Drosophila wing polarity had been
identified. However, Wu et al. (2013) found a redundant role for the Drosophila Wnts
Wingless and dWnt4, as double mutant flies for Wingless and dWnt4 displayed PCP type
defects in the fly wing.  The over-expression of either Wingless or dWnt4 was sufficient to
significantly impair the recruitment of Vang to the membrane by Frizzled (Wu et al., 2013).
This implies that the selective inhibition of Frizzled-Vang interactions by Wnt is important in
the initial establishment of PCP polarity within the fly wing, and provides further insights

into the nuances of the PCP pathway.

1.5 The PCP regulates axon guidance, growth cones, and neurite polarity

The PCP pathway is involved in growth cone dynamics. Mouse Vangl2 was shown to be
localized to the tips of filopodia in the growth cones of commissural axons (Shafer et al.,
2011). Vang was found to antagonize Dishevelled in these growth cones and promoted the
internalization of Frizzled (Shafer et al., 2011), although a role for Prickle was not
investigated. These Vangl2 -/- mice displayed significantly impaired anterior axon turning
of commissural neurons (Shafer et al., 2011), indicating a role for Vang in growth cone
guidance. In fact, Wnt, Frizzled, Flamingo, and Vang were all shown to guide
monaminergic axons in the mouse brain stem (Fenstermaker et al., 2010). Evidence from
our lab indicated that C. elegans prkl-1/Prickle and vang-1/Van Gogh cooperated to
negatively regulate VC4/VVC5 neurite formation (Sanchez-Alvarez et al., 2011).  As neurite
formation is known to depend on growth cone dynamics, this implies a further role for the

PCP pathway in both promoting and inhibiting growth cone formation.
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1.6 PCP signaling during convergence and extension in vertebrates

Another major process the PCP helps regulate is the convergent extension, or CE, of
chordate embryos (Roszko et al., 2009). CE involves mediolateral cell movements and
intercalations, which ultimately drive embryo extension (Roszko et al., 2009). These
dynamic cells are polarized by the PCP pathway (Roszko et al., 2009) and are in physical
contact with one and other, which differs from the Drosophila wing system and its static
polarized cells. One example of the PCP pathway regulating CE is neurulation (Ybot-
Gonzalez et al., 2007). Mutations in PCP genes cause neural tube closure defects (Jones
and Chen, 2007). These neural tube closure defects can result in open spinal cords in

mammals, and include the condition spina bifida in humans (Simons and Mlodzik, 2008).

The neural tube is an embryonic structure in chordate development, which ultimately gives
rise to the brain and spinal cord (Karfunkel, 1974). Neural tube formation involves primary
and secondary neurulation (Lawson, 2009), with neural tube closure occurring during
primary neurulation. Primary neurulation consists of neural plate formation, thickening of
the plate edges to create neural folds and the neural groove, and lastly convergence and
fusion of these folds to close the neural tube (Nievelstein et al., 1993). This process takes
place on top of the notochord, and involves mediolateral convergence and fusion of the

neural folds (Nievelstein et al., 1993).

Most of the core PCP components appear to have roles in regulating chordate neural tube
closure. In mouse neural tube development Wnt5a was necessary for proper Vangl2

localization, and Wnt5a knockout mice enhanced Vangl2 neural tube closure defects (Qian et

11



al., 2007). Mutations in the Flamingo homologue Celsrl were also found to cause neural
tube defects in mice (Curtin et al., 2003; Robinson et al., 2012). In fact, homologues for
Dishevelled, Frizzled, and Vang have also been found to cause neural tube closure defects
when knocked out in vertebrate animals (Simons and Mlodzik, 2008).  Additionally, human
patient data indicates that Prickle2 mutations may be a pre-disposing factor for open spinal
cord diseases, indicating a role for Prickle in human neural tube closure (Bosoi et al., 2011).

Thus, the PCP pathway plays crucial roles in guiding neural tube closure in vertebrates.

The molecular mechanisms for the PCP pathway in mediolateral cells during CE are not
fully understood, however some insights exist. For example, Wnt11 functions to regulate
CE in the anterior of the zebrafish embryos (Heisenberg et al., 2000), whereas Wnt5 guides
CE in the posterior (Kiliana et al., 2003).  This data supports the idea that Wnt ligands may
be giving these dynamic cells spatial clues prior to or during their mediolateral movements.
Also discovered in zebrafish, Prickle protein localizes to the anterior cell membrane of
intercalating neural keel cells in wild type animals (Ciruna et al., 2006). This membrane
localization of Prickle was abolished in Vang and Wnt morpholino knockdown animals
(Ciruna et al., 2006), which also displayed notable cell polarity defects in the left-right axis.
Cell intercalations were also impaired in these same knockdown animals (Ciruna et al.,
2006). Taken together, this evidence suggests a general role for the PCP pathway in
guiding mediolateral cell movements and intercalation during CE, and also implies that
physical cell polarity established by the asymmetric localization of PCP pathway

components is important for guiding proper cell intercalations.

12



1.7 Summary of PCP signaling

Thus, literature evidence suggests numerous and varied roles for PCP signaling. This

pathway regulates hair polarity in sheets of static cells within the Drosophila wing, growth
cone formation and guidance, and dynamic mediolateral cell movements and intercalations
during convergent extension. A generalized schematic representation of PCP signaling is
shown (Figure 2), which incorporates elements of static and dynamic cell signaling, and is

also quite similar to a recent review (Lapebie et al., 2011).
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Figure 2. Schematic model of PCP signaling. 1. The PCP pathway is capable of responding
directly to Wnt gradients, a process that is regulated by Vang. 2. PCP components form complexes
at the membrane interfaces of two cells, which can be either static or dynamic moving cells. This
generally involves the asymmetric localization of Vang and Prickle to one side of cells, and Frizzled
and Dishevelled the opposite side of a neighboring cell. PCP signaling ultimately results in
cytoskeletal rearrangement via signaling from the small GTPases Rho and Rac.
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1.8 C. elegans as a model organism

Caenorhabditis elegans is a microscopic nematode, and is an important model organism for
developmental biology. C. elegans offers many advantages as a model organism: It is
transparent, allowing for simple in vivo microscopy; it has a 3-day life cycle, which permits
a rapid timetable for experiments and genetic crosses; and it has detailed cell lineages

(Sulston et al., 1983) with maps of nervous system connectivity (White et al., 1986).

Studies of nervous system development are often complicated by the staggering number of
neurons present in most animals, as even the simple fruit fly, Drosophila melanogaster, has
upwards of 100,000 neurons (Kohl and Jefferis, 2011). At only 302 neurons out of 959
total cells in the adult hermaphrodite, C. elegans is a very simple, elegant organism, which is

highly amenable to studying individual neurons as they develop (White et al., 1986a).

The six DD-type motor neurons (named DD1-DD6) are a set of GABAergic inhibitory
motor neurons born during embryogenesis (White et al., 1986). These neurons have
stereotyped positions (Figure 3), and are evenly spaced within the ventral cord of wild type
animals. They have axonal commissures that branch out of the ventral cord and cross over
to the dorsal side of the worm; there, the DD neurons function to inhibit the dorsal muscles
during sinusoidal worm locomotion (White et al., 1986). We hypothesize that the PCP
pathway plays a role in the development of C. elegans embryonic motor neurons. We will
therefore use the DD neurons as our model for studying the role of the PCP pathway in

neuronal positioning.

16
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Figure 3. GFP image and schematic diagram of the DD neurons during the L1 larval stage.
The DD neurons (DD1-DD6) are shown by (A) GFP and (B) schematic diagrams, in the same
orientation. The DD neurons are located in in the ventral nerve cord of the worm, with DD1 being
located at the anterior end of the worm, just posterior to the grinder of wild type animals. The DD
neurons are numbered in an anterior to posterior order, ending with the DD6 neuron, which is just
anterior of the anus. Arrowheads mark the DD neurons in the GFP image.
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In addition to the DD neurons, there are two other sets of embryonic motor neurons, which
are the cholinergic DA and DB type motor neurons (White et al., 1986a). The nine DA and
seven DB neurons are also located in the ventral cord of C. elegans, and act to innervate
muscles during sinusoidal movement (White et al., 1986). The DA, DB, and DD neurons
are born just after the 300 minute mark of embryogenesis (Sulston et al., 1983). The DD
neurons are born in the left (DD1, DD3, and DD5) and right (DD2, DD4, and DD®6) sides of
the embryo, and must migrate towards the midline during the bean stage embryo (Sulston et
al., 1983). By the 1.5 fold embryo stage, the DD neurons have entered the ventral cord and
begun to migrate apart in wild type animals (Sulston et al., 1983). It is not clear how the
DD neurons transition from bean stage DD neuron positioning to the 1.5 fold DD neuron
positioning. However, we speculate that the DD neurons must converge at the midline of
the comma stage embryo and intercalate as they enter the ventral cord. Therefore, one of
our goals is to establish that the DD neurons do in fact converge at the midline and
intercalate between the comma and 1.5 fold embryo stages. The embryo stages and
timelines can be seen, along with a brief embryonic lineage of the DD neurons is shown
(Figure 4). The embryonic lineages depict the DD neurons arising from the left and right
embryo, three on each side. Lastly, schematic diagrams of the DD neurons during the
comma and 1.5 fold stages are shown (Figure 5), which are based on literature observations

(Sulston et al., 1983).

18



Bean stage Comma stage

Ay

1.5 oId stage

2 Fold sfage

350 min 400 min 450 mi 500 min
360 min 430 min 460 min 480 min
Zygote
Right | Left

—

DD4

__l
DD6

D

] ]

RIGR DD5

1
' > 4 Successive cell divisions
1

19

D

-

—

RIGL



Figure 4. C. elegans embryonic development timeline from the bean stage to the 2-fold stage
and developmental lineage of the DD neurons. (A) The bean stage is marked by embryos shaped
like lima beans, and begins at approximately the 360 minute mark of embryonic development, with
the fertilization of the zygote marking the 0 minute. The comma stage arises at approximately the
430 minute of embryonic development, with rapid changes beginning thereafter. The 1.5 fold stage
arises 30 minutes after the comma stage, and the 2-fold stage arises only another 20 minutes after
that. This change to a quicker pace of embryonic development marks the beginning of embryonic
elongation. (B) A lineage schematic diagram of DD neuron cell fate during C. elegans
embryogenesis, in which the DD neurons arise from the left (DD1, DD3, and DD5) and right (DD2,
DD4, and DD6) embryo. Information in images obtained from Sulston et al. (1983) and White et al.
(1986).
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Figure 5. Embryonic schematic diagram of the left-right DD origins before and after
hypothetical intercalation. (A) Bean stage embryos are shown from ventral and left side views,
with DD neurons migrating towards the midline as described in the literature. From there, the DD
neurons hypothetically line up and intercalate, as the literature describes (B) 1.5 fold embryos as
having the DD neurons DD1-DD6 already in proper order, lined up within the ventral cord. These
images describe the extent of literature descriptions of DD neuron embryonic origins, and are based
on Sulston et al. (1983) and White et al. (1986).
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1.9 Objectives

Characterize DD neuron defects in prkl-1, vang-1, and fmi-1 mutants, and determine
whether or not there are any genetic interactions between these genes.

Conduct a candidate screen of both canonical and non-canonical Wnt-Frizzled
pathway components with respect to regulation of DD neuron AP positioning.
Attempt cell tissue specific rescues of prkl-1 and vang-1, and confirm cell specific
rescues with genetic mosaic rescue.

Determine the origins of prkl-1 DD neuronal positioning defects by examining three

dimensional deconvoluted images of the embryonic DD neurons.

1.10 Hypotheses

prkl-1 and vang-1 will show DD neuron positioning defects and genetic interactions
between phenotypes.

Multiple canonical and non-canonical Wnt-Frizzled pathway components will be
found to regulate DD neuron positioning along the AP axis.

Both prkl-1 and vang-1 will function within the nervous system, and may function
cell-autonomously within the DD neurons.

The embryonic origin of DD neuron positioning defects will be either defective

neuronal migration or defective DD neuron intercalation.
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Chapter 2: Materials and Methods

2.1 Solutions and reagents:

M9 Buffer:
30mM KH,PO,4, 40mM Na,HPO,4, 85 mM NaCl, and 1mM MgSO, dissolved in ddH,O
(solution is then autoclaved). “M9” is an isotonic solution used for washing and collection

of C. elegans, and can also be used to rescue desiccated worms.

Bleaching Solution:

20% bleach by volume, 1M NaOH. Bleaching solution should be made on a regular basis
to maintain effectiveness. For 1mL of bleaching solution, add 100puL 10M NaOH and
200puL pure bleach to 700uL ddH,O. Bleaching solution is used to either clean up
contaminated worm plates, or to synchronize worms (C. elegans eggs will survive bleaching

and hatch).

Lysis Buffer:

85uL ddH,0, 10pL 10X PCR buffer (100mM Tris, 500mM KCI, 15mM MgCl,), 5L
20mg/mL proteinase K (stock held at 4°C). Lysis buffer is used to isolate genomic DNA
from C. elegans. ~10puL of lysis buffer is placed in a PCR tube, and approximately 20-50
worms are then placed in the lysis buffer. Worms are then placed at -80°C for 5 minutes to
freeze crack their cuticles. Lastly, lysis tubes are placed at 65°C for 90 minutes to dissolve

the worms, ending with a 20 minute 95°C denaturation.
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Growth and maintenance of C. elegans:

Worms are grown on 10mm diameter polystyrene, sterile plates (Fisher Scientific) on
Nematode Growth Media (NGM), seeded with OP50 bacteria. NGM is made in large
flasks, 5 liters at a time:  Mix 4.8L ddH,0, 85¢g bacto-agar, 12.5g bacto-peptone, and 15g
NaCl, then autoclave. Once autoclaved, add 5mL Cholesterol (5mg/mL dissolved in
ethanol), 5mL 1M MgSO,, 5mL 1M CaCl,, and 125mL phosphate buffer (KH,PO4/K;HPO,
50/50 mix) to the 5 Liter NGM mix —mix. OP50 bacteria are cultured and seeded onto

these plates once dried, and ready to use once the OP50 dries.

Tetramisole (20mM):

(-)-Tetramisole hydrochloride (Sigma-Aldrich) is used to paralyze larval and adult C.
elegans for in vivo microscopy. 20mM solutions are prepared by dissolving tetramisole in
M9 isotonic solution, which prevents lysis in the paralyzed worms. 20mM tetramisole is

dropped onto 4% agarose padded microscope slides with cover slips on top.

2.2 Microscopy:

Immobilized worms were imaged using either a Zeiss Axiolmager M2 epifluorescent
microscope (with Zeiss AxioVision release 4.8 image acquisition software) or a Zeiss
LSM510 confocal microscope (with Zeiss Zen software for image acquisition). In order to
image the DD neurons in 3D during embryogenesis, Zeiss Axiovision 4.8 deconvolution
software was used on Z-stacks embryos taken at 40X magnification. The resulting images
could be rotated in 3D to give a view of DD neurons lining up in the embryo, prior to and

during intercalation.
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2.3 Genetics:

All animals were crossed into an N2 background as described in Brenner (1974) and grown
at 20°C, unless otherwise specified. C. elegans loss of function alleles used were: bar-
1(ga80), dsh-1(ok1445), dsh-2(or302), mig-5(tm2639), fmi-1(tm306), cfz-2(ok1201), lin-
17(n677), mig-1(n687), prkl-1(ok3182), prkl-1(zy11), let-502(sb118), cam-1(gm122), vang-
1(tm1422), vang-1(ok1142), cwn-1(0k546), cwn-2(0k895), egl-20(n585), lin44(n1792), and
mom-2(ne874). All alleles are presumed to be strong loss of function, unless otherwise
stated. mom-2(ne874) and let-502(sb118) are temperature sensitive alleles, which are
healthy at 20°C and lethal at 25°C; they were grown at 24°C, where they were marginally
viable. Unless otherwise stated, all mutant alleles were received from the C. elegans
Genomic Center at the University of Minnesota. Table 1 lists these genes and alleles, and

names their corresponding component as well as the nature of allelic mutations.
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Component Gene name Allele name Mutation
[-Catenin bar-1 ga80 Nonsense
Dishevelled dsh-1 ok1445 Deletion
Dishevelled dsh-2 or302 Deletion
Dishevelled mig-5 tm2639 Deletion
Flamingo fmi-1 tm306 Deletion
Frizzled cfz-2 0k1201 Deletion
Frizzled lin-17 ne77 Nonsense
Frizzled mig-1 n687 Nonsense
Prickle prkl-1 0k3182 Deletion
Prickle prkl-1 zyl1* Nonsense
ROCK let-502 sb118 Substitution
ROR cam-1 gmi122 Nonsense
Vang vang-1 ok1142 Deletion
Vang vang-1 tm1422 Deletion
Wnt cwn-1 0k546 Deletion
Whnt cwn-2 0k895 Deletion
Whnt egl-20 n585 Nonsense
Whnt lin-44 n1792 Nonsense
Wnt mom-2 ne874 Substitution

Table 1. C. elegans loss of function alleles used. Unless otherwise stated, all loss of function alleles

were received from the C. elegans Genomic Center at the University of Minnesota. *The zy1l
allele was obtained from Sanchez-Alvarez et al. (2011).
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2.4 Transgenic Arrays:

Inserted sequences (Is) are concatemers of transgenic DNA (usually several plasmids),
which have been integrated into C. elegans chromosomes via treatment with UV light.  As

such, these arrays are stable and inherited in a Mendelian fashion.

Inserted Sequences: ynls37 (flp-13p::GFP); zyls7(prkl-1p::GFP);

zyls22 (vang-1p::GFP::vang-1); zyls24 (unc-30p::GFP; unc-119p::tagRFP).

Extra-chromosomal Arrays are large concatemers of plasmids resulting from DNA micro-
injection into the gonads of gravid young adult worms. These arrays are not stable and not
inherited in a Mendelian fashion. DNA concentrations of these extra-chromosomal arrays
is approximated from the DNA concentration in the injection mix (ng/uL). It is worth
noting that actual DNA copy number for different transgenic lines from the same injection

mix will vary.

Extra-chromosomal Arrays: Ex[unc-30p::tagRFP 5ng/uL];Ex[unc30p::tagRFP 40ng/uL];
Ex[prkl-1p::prkl-1 fosmid 1ng/uL; rgef-1p::tagRFP 25ng/uL];

Ex[mom-2p::tagRFP 20ng/uL; unc-30p::GFP 10ng/uL]; Ex[cwn-1p::mom-2 20ng/ulL]
Ex[unc-119p::tagRFP 25ng/uL];Ex[unc-119p::GFP::prki-1 10ng/uL];
Ex[unc-119p::GFP::vang-1 15ng/uL]; Ex[unc-30p::GFP::prkl-1 4ng/ulL];

Ex[ajm-1p::GFP::prki-1 10ng/ulL];
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2.5 Molecular Biology

Standard restriction-enzyme based cloning techniques were used to generate plasmids.
prkl-1 and vang-1 rescue constructs were created by cloning various promoters into pre-
existing plasmids, containing either GFP::prkl-1 or GFP::vang-1 genomic constructs
(Sanchez-Alvarez et al., 2011). These genomic constructs were in pPD95.77 background
vectors (gift from Andrew Fire, Stanford University). 3.4kb of the unc-119 promoter was
amplified, digested, and ligated into plasmids containing genomic constructs to yield unc-
119p::GFP::prkl-1 (Pstl/Sall) and unc-119p::GFP::vang-1 (Pstl/Xbal). 2.5kb of the unc-
30 promoter was amplified, digested, and inserted into digested genomic vectors to produce
unc-30p::GFP::prki-1 (Pstl/Sall) and unc-30p::GFP::vang-1 (Pstl/Xbal). The ajm-
1p::GFP::prkl-1 plasmid was made by amplifying and digesting a 1.6kb ajm-1 promoter

into a digested unc-30p::GFP::prkl-1 plasmid (Pstl/Sall).

All RFP vectors used were made by cloning promoters into a shuttle vector containing
tagRFP cDNA. 2.5kb unc-30, 3.4kb unc-119, 2.4kb rgef-1, and 2kb mom-2 promoters
were amplified and stitched into the SL2 tagRFP vector, which made: unc-30p::tagRFP,
unc-119p::tagRFP, rgef-1p::tagRFP, and mom-2p::tagRFP, respectively. Additionally,
mom-2 cDNA was inserted into PSK bluescript vector. This mom-2 cDNA was then cloned
into a pPD95.77 vector, along with the amplified cwn-1 promoter, to produce the cwn-
1p::mom-2 plasmid. In all cases, the Gibson Assembly method (Gibson et al., 2009) was

used to stitch promoters into the tagRFP shuttle vector.
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2.6 C. elegans Strains Used:

ynls37

cam-1(gm122); ynls37
prkl-1(0k3182); ynis37
vang-1(ok1142); ynls37

prkl-1(zy11); ynls37

fmi-1(tm306); ynls37
vang-1(tm1422); ynls37

bar-1(ga80); ynls37

prkl-1(0k3182); vang-1(ok1142); ynls37
prkl-1(0k3182); vang-1(tm1422); ynls37
prkl-1(0k3182); fmi-1(tm306); ynls37
vang-1(ok1142); fmi-1(tm306); ynls37
cfz-2(0k1201); ynls37

lin-17(n677); ynls37

mig-1(n687); ynls37

dsh-1(ok1445); ynls37

dsh-2(or302); ynls37

mig-5(tm2639); ynls37

cwn-1(0k546); cwn-2(0k895); ynls37
egl-20(n585); ynIs37

1in44(n1792); ynls37

cwn-1(ok546); cwn-2(0k895); egl-20(n585); 1in44(n1792); ynls37
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mom-2(ne874); ynls37

let-502(sb118); ynls37

prkl-1(0k3182); ynis37; Ex[unc119p::GFP::prkl-1 10ng; odr-1p::dsRED 40ng]
prkl-1(0k3182); ynIs37; Ex[uncl19p::tagRFP 25ng]

ynls37; Ex[unc119p::tagRFP 25ng]

prkl-1(0k3182); vang-1 tm1422; ynIs37;

Ex[uncl19p::GFP::vang-1 15ng; myo-2p::tagRFP 20ng]
prkl-1(0k3182); vang-1(tm1422); ynls37; Ex[uncl119p::tagRFP 25ng]
prkl-1(0k3182); ynis37; Ex[unc30p::GFP::prkl-1 4ng; odr-1p::dsRED 40ng]
prkl-1(0k3182); ynls37; Ex[unc30p::tagRFP 4ng]

Ex[mom-2p::tagRFP 20ng; unc-30p::GFP 10ng]
ynls37; Ex[cwn-1p::mom-2 20ng]

zyls7; Ex[unc-30p::tagRFP 40ng]

zyls22; Ex[unc-30p::tagRFP 40ng]
prkl-1(0k3182); ynIs37;

Ex[prkl-1p::prkl-1 fosmid 1ng; rgef-1p::tagRFP 25ng]
ynis37; Ex[uncl19p::GFP::prkl-1 10ng; odr-1p::dsRED 40ng]
zyls24

prkl-1(ok3182); zyls24
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2.7 DNA Micro-injection:

Our method for expressing cDNA of interest in C. elegans is by creating “extra-
chromosomal arrays”, via the DNA micro-injection technique (Stinchcomb et al., 1985).
This technique works because the developing haploid germ cells are permeable to DNA.
Plasmids injected into the worm gonads enter germ line cells and concatemerize, forming
large extra-chromosomal arrays (Evans, 2006). Arrays contain multiple copies of each
plasmid injected, and will eventually be expressed by the injected worm’s offspring. These
arrays are inherited in a non-Mendelian fashion, and can be selected for by fluorescent co-
injection markers. These transgenic arrays are not always inherited by every cell lineage
during mitotic developmental divisions, resulting in mosaic animals that lack transgenic

arrays in some of their cells but not others.

Plasmids and co-injection markers were mixed to final concentrations between 1ng/mL and
40 ng/mL. DNA solution was then loaded into micro-injection needles, pressurized by an
Eppendorf Femtojet™ injection machine. Gravid young adult animals are placed on long
cover slips in halocarbon oil on top of dried 2% agarose pads (so they stick to the pad), and
DNA solution is injected directly into the worms’ gonads. Worms are then rescued with
M9 solution and placed onto a recovery plate, and screened three days later under a
fluorescent dissecting microscope for the co-marker.  These animals positive for the co-
marker are F1 animals; they are cloned out onto fresh plates and screened 3 days later for F2
(fluorescent positive) worms.  F2 worms represent stable transgenic “lines”, which contain
a stable extra-chromosomal array that can be replicated by cell machinery and passed onto

the worms’ offspring.
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2.8 Quantification of DD Neuron Positioning and Spacing defects:

The DD neurons of each worm strain were measured from the grinder to the anus,
calculating the location of each DD neuron as a percentage position along this axis;
percentage positions were also calculated from DD1 to the anus for each DD neuron in each
worm strain.  These neuron locations were then used to generate scatter plots, means, and
standard deviations for each DD neuron in each worm strain.  Worms were imaged with a
Zeiss Axiolmager M2 and measured with AxioVision release 4.8 Software. \Worms were
measured from DD1, DD1 to DD2, DD2 to DD3, etc., ending with the DD6 to the anus
measurement. These measurements were then summed in Microsoft Excel and the
positions of the DD neurons calculated as a percentage of the worm’s length. These scatter

plots were created in MatLab using a code written by Dr. Theodore Perkins (OHRI).

Before choosing DD1 as a 0% start location for our percentage position plots, three start
locations were considered: The tip of the worm head, the grinder at the posterior end of the
pharynx, and DD1. We eliminated the tip of the head as an option, as this introduced great
variability in the location of DD1 and ultimately all of the DD neurons.  This may have
been due to variability in head length, which in theory could introduce significant variability
to the location of DD1. To confirm this, we used regression analysis on worm length data
from the three start points: The tip of the head, the grinder, and DD1 (all measured to the
anus). We graphed these worm lengths against the locations of each DD neuron in wild

type animals.  This regression can be seen in Figures 6A-C.
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Figure 6. Regression analysis to determine start location for DD neuron position measurements.
Total worm length for each worm measured from (A) the tip of the head, (B) the grinder and (C) DD1 to
the anus, with their DD neurons plotted as a percentage of total worm length.  Regression lines are
shown for each DD neuron in each measurement paradigm. A completely vertical line indicates no
correlation (good) and lines closer to 45 degrees indicate stronger correlations (bad). Measurements
beginning at the tip of the head showed greater correlation between body length and DD neuron location,
which would increase variability in the measurement data. This made it an unsuitable choice for our
plots. The grinder and DD1 showed essentially the same amount of correlation overall, making them
both viable choices as start points for our measurement plots.
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Neurons measured from the grinder (Figure 6B) and DD1 (Figure 6C) to the anus showed
lesser correlation between DD neuron percentage location along the A-P axis, and worm
length than those measured from the tip of the head (Figure 6A). An ideal measurement
scheme would see completely vertical correlational lines for all of the DD neurons, which
would indicate little variability in DD neuron mean locations between worms of varying
lengths. We ultimately chose to use DD1 as a start point for the majority of cases. The
DD neurons seem to have the ability space themselves equidistant from each other through
an unknown mechanism. As a result, if DD1 is shifted forward (for example in cam-1
mutants, as well as others), the other DD neurons tend to shift forward as well. Figures 7A
and 7B display how an anteriorly localized DD1 neuron can influence the location of all DD

neurons, while still maintaining a mostly wild type-like DD neuron spacing.
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Figure 7. Comparison of DD neuron measurement systems. (A)Wild type worms versus cam-1
mutant worms, measured from the grinder to the anus. (B) Wild type worms versus cam-1 mutant
worms, measured from DD1 to the anus. The cam-1(gm122) worm strain appeared to have a
general anterior shift of the DD neurons, when worm length was measured from the grinder to the
anus. However, normalizing the data by plotting neuron position as a percentage of animal length
from DD1 to the anus resulted in almost identical DD neuron distributions for wild type and cam-
1(gm122) worms. Because we wanted to investigate the role of the PCP pathway on neuronal
positioning relative to DD1, we chose to normalize all of our DD neuron plots with DD1 as a start
point, to avoid potential caveats from worm strains such as cam-1.
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When using measurements beginning at the grinder, it was clear that cam-1 mutants had
anteriorly positioned DD neurons (Figure 7A). Conversely, the cam-1(gm122) worms
appeared mostly normal when plotted as a percentage of animal length from a DD1 start
point to the anus (Figure 7B). As we were interested in mutant worms whose DD neurons
showed spacing defects, we chose to use DD1 as a starting point for all of our graphs. Itis
worth noting that PCP mutants such as vang-1 and prkl-1 did not display significant DD1

location shifts, and thus were not affected by this measurement system.

2.9 Alternative DD neuron data presentation as 95% confidence interval bar graphs

Although the DD neuron scatter plots are highly encompassing, displaying all pertinent
information, they suffer from the potential weakness of simply presenting too much data at
once. For this reason, bar graphs were created which plot the percentage of anteriorly and
posteriorly positioned neurons for each DD neuron of each worm strain.  Neurons were
considered anterior or posterior if they are outside of a 95% confidence interval for the
corresponding wild type DD neuron percentage position. These bar graphs more clearly
highlighted DD neuron positioning defects. We also generated tables that correspond to
each Anterior-Posterior bar graph, which give exact numbers for each defect in each worm

strain. These are shown in the Appendix A.

37



2.10 Mosaic Analysis:

As previously mentioned, extra-chromosomal arrays are not inherited in a Mendelian
fashion, and are not necessarily passed onto both daughter cells of mitotic divisions. When
cells in transgenic animals fail to receive an array after mitotic divisions, that array will be
lost to all subsequent daughter cells as well.  Should this occur during C. elegans
embryonic development, any cell that loses an array will result in that cell’s downstream
lineage also lacking the array. This mosaicism can be harnessed to conduct genetic mosaic

rescue experiments.

For example, prkl-1 mutant defects in the DD neurons could be rescued by an extra
chromosomal array containing a prkl-1p::prkl-1 fosmid. Mosaic animals lacking the array
within the DD neurons may not rescue the phenotype, indicating a requirement for prkl-1
within the DD neurons.  This could be confirmed by searching for mosaic worms
expressing prkl-1 in just the DD neurons, and looking for rescue of the prkl-1 mutant
phenotype. This method has the advantage of rescuing phenotypes in a cell specific
manner, but from a wild type copy of the prkl-1 gene with full introns and a full promoter.
This avoids any pitfalls of rescuing phenotypes with cDNA’s from unnatural promoters. In
our experiments, we marked prkl-1p::prkl-1 fosmid arrays with a pan-neuronal rgef-
1p::tagRFP co-marker. The presence of RFP within a cell marked the presence of the prkl-
1 fosmid; those RFP expressing cells were said to be “prkl-1+”.  We looked for various
types of prkl-1+ mosaic worms with respect to the DD neurons in a prkl-1 mutant

background, and looked for rescue of DD neuron positioning defects.
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Chapter 3: Results

3.1 The DD neurons of prkl-1 and vang-1 mutant worms showed cell body spacing and

positioning defects

We wanted to investigate the role of the Planar Cell Polarity (PCP) pathway in guiding C.
elegans neuronal cell body positioning and spacing, and chose the worms’ DD-type motor
neurons as a model. The six DD neurons of wild type worms are born during
embryogenesis, and must space themselves in stereotyped positions within the ventral nerve
cord of the worm (White et al., 1986). We used the ynls37 (pflp-13::GFP) reporter to
visualize the DD neurons, which showed this stereotypical spacing in wild type animals
(Figure 8A). In contrast, worms homozygous for the prkl-1(ok3182) deletion mutation
displayed distinct DD neuron cell body spacing and positioning defects (Figure 8B).

These prkl-1 mutants had their DD1 and DD2 & DD3 and DD4 neurons spaced more closely
together than did wild type animals, and also showed a general anterior shift of the DD
neurons relative to DD1. Similar DD neuron spacing and positioning defects were
observed in vang-1(ok1142) mutant worms (Figure 8C). Taken together, this evidence

suggested to us a role for the PCP pathway in guiding DD neuron spacing and positioning.
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Figure 8. L1 stage prkl-1 and vang-1 mutant worms display DD neuron spacing and
positioning defects. (A) Wild type, (B) prkl-1(0k3182), (C) vang-1(ok1142) L1 stage
worms, with six DD neurons (DD1-DD6, Anterior-Posterior) marked. prkl-1 and vang-1
mutant worms showed anteriorly positioned DD neurons, as well as DD1-DD2 and DD3-
DD4 spacing defects, whereas wild type animals displayed evenly spaced DD neurons.
There also appeared to be a general anterior shift of the DD neurons relative to DD1 in the
prkl-1 and vang-1 mutants.  All animals carry the ynIs37 (flp13p::GFP) DD neuron GFP
reporter.
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3.2 prkl-1 and vang-1 single mutant worms display significant DD neuron positioning

defects

We next sought to quantify DD neuron positioning defects in core PCP mutant worm strains
for prkl-1/Prickle, vang-1/Vang, and fmi-1/Flamingo. We also investigated a bar-1/5-
catenin mutant to determine whether or not the canonical pathway also guides DD neuron
positioning. The prkl-1(ok3182) worms had the most penetrant DD neuron defects, with
DD1 and DD2 & DD3 and DD4 mean locations spaced closely together, as well as a general
shift of the DD neurons relative to DD1 (Figure 9A). The most severe prkl-1(0k3182) DD
neuron anterior positioning defects were DD2 (70%), DD4 (80%), and DD5 (86%). prkl-

1(zy11) had similar defects to prkl-1(ok3182) (Figure 9B).

The vang-1(tm1422) and vang-1(ok1142) mutant worms also displayed DD1 and DD2
spacing and positioning defects, with DD2 being anteriorly positioned in 44% of vang-
1(tm1422) and 41% of vang-1(ok1142) mutants. However, DD3 and DD4 and DD5
spacing and positioning defects were weaker in vang-1 mutants compared to prkl-1. For
example, DD4 was anteriorly positioned in only 21% of vang-1(tm1422) and 39% of vang-
1(ok1142) mutants versus 80% in prkl-1(0k3182). fmi-1(tm306) showed no significant DD
neuron defects. The p-catenin bar-1(ga80) did display significant DD neuron positioning
defects, with DD2 being anteriorly positioned in 95% of worms, as well as weaker but
significant DD4, DD5.  Although these bar-1 defects are qualitatively different than prkl-1
and vang-1 defects, these results suggest roles for both the PCP and canonical pathways in

guiding the positioning of the DD neurons.
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Figure 9. prkl-1 and vang-1 single mutant worms display significant DD neuron spacing
and positioning defects. The DD neurons of prkl-1, vang-1, fmi-1, and bar-1 single mutant
worms are compared to wild type animals. (A) Each DD neuron (DD1-DD6) in each worm
strain was plotted as a percentage of animal length (measured DD1 to the anus). Vertical
lines represent mean DD neuron locations; error bars represent standard error of the mean.
(B) Bar graphs for each DD neuron of each worm strain represent the percentage of neurons
anterior to (red) and posterior to (blue) a wild type 95% confidence interval. Exact % values
for bar graphs available in Appendix Al. Significance was calculated by comparing each
mutant DD neuron data set to the corresponding wild type DD neuron control, using two-
tailed t-tests for scatter plots and Chi-squared tests for bar graphs. * P-value <0.01. ** P-
value < 0.001. All animals carry the ynIs37 (flp-13p::GFP) inserted sequence.
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3.3 The more severe prkl-1(0k3182) DD neuron positioning defects are suppressed in

double mutant combinations with vang-1 and fmi-1.

We next asked if the core PCP components prkl-1 and vang-1 act in the same genetic
pathway by creating double mutant combinations. If these genes function within the same
pathway, there should be no additive phenotypic penetrance of DD neuron defects.
Surprisingly, prkl-1; vang-1 double mutants displayed defects that were less severe than
those of the prkl-1(ok3182) mutant (Figure 10). For instance, the prkl-1(ok3182); vang-
1(tm1422) double mutant had DD2 / DD4 / DD5 anterior positioning defects of 33% / 28% /
25% versus 70% / 80% / 86% in the prkl-1(0k3182) single mutant. The prkl-1(ok3182);
vang-1(ok1142) double mutant worms also showed significant phenotypic suppression.
These results prompted us to look at prkl-1 and vang-1 double mutant combinations with
fmi-1. As was the case with vang-1, the prkl-1(ok3182); fmi-1(tm306) double mutants
showed significant DD neuron phenotypic suppression versus prkl-1(o0k3182) single
mutants, with double mutants having anterior positioning defect penetrance of 43% (DD2)
and 46% (DD4) versus prkl-1(ok3182), at 70% and 80% respectively. vang-1(ok1142);
fmi-1(tm306) double mutant worms were not significantly different from the vang-1(ok1142)

single mutants, with the exception of DD6.

The double mutant data indicates that prkl-1 may interact genetically with vang-1 and fmi-1,

and this genetic interaction suggests that PRKL-1 may act to negatively regulate VANG-1

and FMI-1.
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Figure 10. vang-1 and fmi-1 suppress the prkl-1(ok3182) phenotype in double mutant
animals. (A) Scatter plots and (B) Anterior/Posterior bar graphs are shown for each DD
neuron in prkl-1 double mutants with vang-1(tm1422), vang-1(ok1142), and fmi-1(tm306),
respectively; these are compared to the prkl-1(0k3182) mutant.  Also shown is the vang-
1(ok1142); fmi-1(tm306) double mutant strain, which is compared to the vang-1(ok1142)
single mutant strain.  ynIs37 wild type worms are shown for comparison. P-values for the
prkl-1 double mutant worms were calculated relative to the prkl-1(0k3182) single mutant
animal.  Significance for the vang-1(ok1142); fmi-1(tm306) double mutant was calculated
relative to the vang-1(ok1142) single mutant. Exact % values for bar graphs available in
Appendix A2. P-values were generated using two-tailed t-tests for scatter plots and Chi-
squared tests for bar graphs. * P-value <0.01. ** P-value <0.001. All animals carry the
ynls37 (flp-13p::GFP) inserted sequence.
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3.4 Conserved Wnt-Frizzled signaling regulates DD neuron positioning

In addition to Prickle, Vang, and Flamingo, PCP signaling also involves the secreted Wnt
glycoproteins, their Frizzled receptors, and cytoplasmic components such as Dishevelled and
Rho/ROCK. To determine if these other PCP genes are involved in DD neuron positioning,
we investigated mutant worm strains for their genes in C. elegans.  Single knockout mutant
worms for four of the five Wnts, three of the four Frizzled genes, and all three Dishevelled
genes in C. elegans were investigated for DD neuron defects, as was the C. elegans ROCK
homologue let-502 (Figure 11). As both vang-1 and fmi-1 previously suppressed the DD2
and DD4 anterior positioning defects of prkl-1(0k3182), any other gene with mutants
showing anterior positioning defects of DD2 and DD4 could be considered to have PCP-type

defects.

We found that none of the three C. elegans Frizzled genes investigated (cfz-2, lin-17, mig-1)
display any significant DD neuron defects with respect to DD3- DD4 spacing or anterior
positioning of DD4; a similar situation is observed with the dishevelled genes (Figure 11A-
B). Afourth Frizzled gene in C. elegans, mom-5, is embryonically lethal (Rocheleau et al.,
1997), and was therefore not characterized. Despite single Frizzled and Dishevelled
mutants not having PCP-type defects, they may still act redundantly to regulate DD neuron
positioning. cfz-2/Frizzled displayed mild anterior shifts of DD2 and DD3, and mig-
5/Dishevelled displayed a 53% strong anterior shift of DD2 with a milder 25% shift of DD3.
Interestingly, dsh-1/Dishevelled showed mild but significant posterior shifts of the DD
neurons relative to DD1, which is opposite to the phenotypes observed in prkl-1 and vang-1

mutants. Complication aside, this data is consistent with Frizzled and Dishevelled having
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roles in Wnt-Frizzled pathways that guide DD neuron positioning. As for the Wnt ligand
itself, only C. elegans mom-2/Wnt mutants result in significant defects that could be said to
resemble those of prkl-1 and vang-1 mutants (Figure 11C-D). However, the Wnt genes in
C. elegans may also be capable of acting redundantly, and thus we created a quadruple
cwnl-;cwn-2;lin-44;egl-20 mutant to confirm that these Wnts did not play a role in PCP-
type defects. This quadruple Wnt mutant did display significant anterior shifts of DD2
(23%), DD5 (23%) and DD6 (77%), but lacked significant DD4 defects. mom-2/Wnt was
the only gene to display a significant anterior shift of DD4 (35%), but lacked significant
DD1 defects. As for the Rho Activated Kinase let-502/ROCK, it too displayed a significant

DD4 anterior shift (46%) but lacked significant DD1 defects.

These mom-2 and let-502 alleles displayed full embryonic lethality at 25-26°C, and were
marginally viable when grown at 24°C.  As such, mom-2 and let-502 L1 animals measured
were hypomorphs, and only represented mild losses of function at 24°C. It is reasonable to
assume stronger defects would be seen in hypothetical full knockout animals for these genes.
Regardless, ROCK is known to signal downstream of Rho (Strutt, 2001), a PCP pathway
effector; as similar phenotypes were seen between mom-2/Wnt and let-502/ROCK, the data

indicates these genes may regulate DD neuron positioning as part of the PCP pathway.

In general, Wnt, Frizzled, Dishevelled, and ROCK mutants showed various DD neuron

positioning defects, indicating that conserved Wnt-Frizzled signaling acts to guide DD

neuron positioning.
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Figure 11. Conserved Wnt-Frizzled signaling regulates DD neuron positioning. (A)
Scatter plots and (B) Anterior/Posterior bar graphs are shown for each DD neuron in Frizzled
and Dishevelled mutant worms. (C) Scatter plots and (D) Anterior/Posterior bar graphs for
the Wnt mutants, as well as the ROCK mutant let-502. Exact % values for bar graphs
available in Appendix A3-4. Significance was calculated by comparing each mutant DD
neuron data set to the corresponding wild type DD neuron control, using two-tailed t-tests
for scatter plots and Chi-squared tests for bar graphs. * P-value < 0.01.

** P-value < 0.001. All animals carry the ynls37 (flp-13p::GFP) inserted sequence.
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3.5 MOM-2/WNT may function instructively to guide DD neuron positioning

With a potential role identified for mom-2/Wnt in a PCP pathway guiding DD neuronal
positioning, we asked whether mom-2 could be acting instructively. We hypothesized that
any instructive role from Wnts would occur during embryogenesis, where the DD neurons
are born and develop (White et al., 1986). Thus, we first sought to visualize cells
expressing mom-2 in comma stage embryos.  We created a mom-2p::tagRFP plasmid and
co-injected this plasmid with unc-30p::GFP into wild type animals; the transgenic animal
generated expressed RFP in mom-2 producing cells and GFP in the embryonic DD neurons.
As can be seen from a left point of view confocal slice, mom-2 secreting cells were
positioned posterior of the DD neurons during the comma stage (Figure 12A). A ventral
point of view from collated confocal slices indicated that cells expressing mom-2 were also
positioned asymmetrically left of the DD neurons in the same embryo (Figure 12B). This
asymmetric distribution suggested that mom-2 may be acting instructively. To confirm this
we cloned the cwn-1/Wnt promoter into a plasmid with mom-2 cDNA and injected into wild
type ynls37 animals, which then expressed MOM-2 from the cwn-1 promoter roughly
anterior of the DD neurons (Harterink et al., 2011). These worms showed significant
anterior shifts of the DD neurons relative to DD1 (Figure 12C-D), and resembled mom-
2(ne874). This evidence suggested that an endogenous MOM-2 gradient may be disrupted
in cwn-1p::mom-2 worms, and that MOM-2 may act instructively to guide DD neuron

positioning.
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Figure 12. mom-2 exploratory experiments investigating mom-2 promoter expression
and mom-2 cDNA ectopic expression. (A) Left side and (B) ventral views of a comma
stage embryo expressing unc-30p::GFP in the DD neurons and mom-2p::tagRFP in mom-2
expressing cells, with GFP, RFP, and merge channels shown. The mom-2 promoter is
expressed posteriorly and to the left of the developing DD neurons. (C) Scatter plots and (D)
Anterior/Posterior bar graphs of cwn-1p::mom-2 worms expressing MOM-2 from the more
anterior embryonic cwn-1 promoter.  This transgenic animal is compared to wild type and
mom-2(ne874) worms, and shows similar defects to the mom-2 mutant. Scatter plot vertical
lines represent mean DD neuron and error bars represent standard error.  Exact % values for
bar graphs available in Appendix A5. Significance was calculated by comparing each
mutant DD neuron data set to the corresponding wild type DD neuron control, using two-
tailed t-tests for scatter plots and Chi-squared tests for bar graphs. * P-value <0.01. ** P-
value <0.001. All animals carry the ynIs37 (flp-13p::GFP) inserted sequence. Scale bar
represents 10pm.
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3.6 prkl-1 and vang-1 are expressed in the embryonic DD neurons

We wanted to determine whether or not prkl-1 and vang-1 might act cell autonomously to
guide DD neuron positioning.  Our first step was to confirm that they were expressed in the
DD neurons during embryogenesis, as the DD neurons develop. We cloned the early DD
neuron promoter unc-30p into a tagRFP shuttle vector to create unc-30p::tagRFP, with
which we produced a transgenic reporter line expressing RFP in the DD neurons.  This

allowed us to visualize the embryonic DD neurons.

Next, we crossed this unc-30p::tagRFP reporter into a prkl-1p::GFP transcriptional reporter.
A 2-fold stage embryo from this double reporter strain is shown, with cytoplasmic RFP
expressed in the DD neurons and GFP expressed under the prkl-1 promoter (Figure 13). It
can be seen that GFP is co-localized with RFP in the DD neurons, implying that prkl-1 is
expressed in the embryonic DD neurons of C. elegans.  Additionally, GFP from the prkl-1
promoter was expressed in cells around the DD neurons, which appear to be the DA and DB

neurons of the embryonic ventral cord.

We crossed the unc-30p::tagRFP line into a vang-1p::GFP::vang-1 transcriptional reporter
background, which resulted in a worm strain that expressed RFP in the DD neurons and
GFP::VANG-1 under the vang-1 promoter. In general, VANG-1 is widely expressed
throughout the nervous system and is mostly membrane localized at the 1.5 fold embryo
stage (Figure 14). Specifically, GFP::VANG-1 protein seemed to localize to the cell
membranes of the DD neurons, confirming that VANG-1 may be expressed in and localize to

the cell membrane of the embryonic DD neurons.
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Figure 13. The prkl-1 promoter is expressed in C. elegans embryonic DD neurons.

A 2-fold C. elegans embryo is shown with unc-30p::tagRFP expressing RFP in the DD
neurons and prkl-1p::GFP expressing GFP under the prkl-1 promoter. Confocal GFP, RFP,
and merge images are shown. RFP-GFP co-localization indicates that the prkl-1 promoter
is expressed in DD3, DD4, DD5, and DD6. GFP expression in DD1 and DD2 was too
weak to be conclusive. Arrow heads indicate the DD neurons in the merged image.

Scale bar represents 10pm.

56



Figure 14. VANG-1 protein is expressed in the DD neurons of C. elegans embryos, and
localizes to cell membranes. A 1.5-fold C. elegans embryo is shown with unc-
30p::tagRFP expressing RFP in the DD neurons and vang-1p::GFP::vang-1 expressing
GFP::VANG-1 under the vang-1 promoter. Confocal GFP, RFP, and merge images are
shown. RFP-GFP co-localization indicates that that GFP::VANG-1 is expressed in all of
the embryonic DD neurons, where it localizes to the cell membranes. Arrow heads indicate
the DD neurons in the merged image. Scale bar represents 10pm.
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3.7 prkl-1 and vang-1 function autonomously in the C. elegans nervous system to guide

DD neuron positioning, and prkl-1 functions cell autonomously within the DD neurons

With evidence that prkl-1 and vang-1 are widely expressed in the C. elegans embryonic
neurons, we sought to determine if these genes were acting within the nervous system to
regulate DD cell positioning along the A-P axis.  Cell specific rescue lines with prkl-1 or
vang-1 cDNA expressed under either a pan-neuronal promoter (unc-119) were assessed for

rescue of the appropriate mutant phenotype.

Expressing prkl-1 cDNA throughout the C. elegans nervous system from the unc-119
promoter yielded a successful and statistically significant rescue in the prkl-1(ok3182);unc-
119p:prkl-1 worms, compared to the prkl-1(ok3182); unc-119::tagRFP control mutants
(Figure 15A-B). An unc-119p::tagRFP wild type control is shown without DD neuron

positioning defects for reference.

Because the vang-1 single mutant defects were quantitatively weak, statistically significant
rescue may have been difficult to attain. Thus, we decided to express vang-1 cDNA under
the unc-119 promoter in prkl-1(ok3182); vang-1(tm1422) double mutant worms. In theory,
this would rescue vang-1 and in effect create a prkl-1(ok3182) single mutant, restoring the
more severe prkl-1(ok3182) single mutant phenotype. Indeed, this prkl-1(ok3182);vang-
1(tm1422); unc-119p::vang-1 rescue strain showed the more severe prkl-1(0k3182) type
defects (Figure 15A-B), compared to the double mutant prkl-1(0k3182); vang-1(tm1422)

control strain expressing unc-119p::tagRFP.
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Lastly, we conducted a cell autonomous rescue experiment for prkl-1 within the DD neurons.
We used the early DD neuron promoter unc-30 to drive prkl-1 cDNA expression in a prkl-
1(0k3182) mutant background. This prkl-1(0k3182); unc-30p::prkl-1 rescue strain shows a
clear restoration of wild type DD neuron positioning, with the exception of DD2. This
raises the possibility that DD1-DD2 spacing is regulated, at least in part, cell non-
autonomously. The unc-30p::prkl-1 rescue strain was compared to prkl-1(ok3182) mutant

worms expressing the control unc-30p::tagRFP construct.

Thus, both prkl-1 and vang-1 rescued autonomously within the C. elegans nervous system,
from the unc-119 promoter.  Additionally, prkl-1 rescued cell autonomously within the DD
neurons from the unc-30 promoter. Unfortunately, we were unable to successfully generate
a rescue line for vang-1 cDNA driven under the unc-30 promoter.  An unc-30p::vang-1
rescue plasmid was generated and injected at various concentrations into prkl-1(ok3182);
vang-1(tm1422) double mutant worms, but no rescue was observed. Nonetheless, this
evidence suggests that vang-1 functions within the nervous system to specify DD neuron
positioning, and that prkl-1 functions cell autonomously within the DD neurons themselves

to help regulate their locations relative to DD1.
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Figure 15. prkl-1 and vang-1 act autonomously within the C. elegans nervous system,
and prkl-1(0k3182) acts cell autonomously within the DD neurons. (A) Scatter plots and
(B) Anterior/Posterior bar graphs of prkl-1 and vang-1 pan-neuronal rescue. The prkl-
1(ok3182) DD neuron defects were restored to a wild type distribution by unc-119p::prkl-1,
and the prkl-1(ok3182); vang-1(tm1422) double mutant was successfully restored the more
severe prkl-1(0k3182) single mutant phenotype. Taken together this evidence suggests a
tissue specific role for prkl-1 and vang-1 within the C. elegans nervous system. Wild type,
prkl-1(ok3182), and prkl-1(ok3182);vang-1(tm1422) worms are shown, which express the
unc-119p::tagRFP control construct. (C) Scatter plots and (D) Anterior/Posterior bar graphs
of prkl-1 cell specific rescue are shown, in which the unc-30p::prkl-1 construct successfully
rescued the prkl-1(ok3182) defects. Wild type and prkl-1(0k3182) control mutants are
shown, expressing the unc-30p::tagRFP construct. Exact % values for bar graphs available
in Appendix A6. Significance was calculated by comparing each rescue strain to the
corresponding mutant control strain.  Wild type unc-119p::tagRFP control strain shown for
comparison. * P-value <0.01. ** P-value <0.001.

All animals carry the ynls37 (flp-13p::GFP) inserted sequence.
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3.8 Genetic mosaic rescue experiments confirm prkl-1 acts cell autonomously.

Extra-chromosomal arrays expressing transgenic DNA in developing C. elegans embryos are
not always inherited by every cell, which can leave entire embryonic cell lineages without
any transgenic DNA. These transgenic animals with arrays in some cells, but not others,
are referred to as genetic mosaic animals, or “mosaics”. We used mosaic animals
expressing a prkl-1p::prkl-1 fosmid to conduct cell autonomous rescue experiments for prkl-
1 within the DD neurons. A transgenic worm line was created with an array expressing
both the prkl-1 fosmid and a pan-neuronal rgef-1p::tagRFP co-marker. The co-marker
expressed RFP in all larval neurons; any cell expressing RFP was said to be “prkl-/+ ",
containing the prkl-1 fosmid transgenic DNA. This array was expressed in prkl-1(0k3182)

mutant worms, looking for phenotypic rescue in various types of mosaic animals.

The DD neurons arise from the left (DD1/DD3/DD5) and the right (DD2/DD4/DD6) sides
of the embryo (Sulston et al., 1983). If an array is lost after this left/right divergence of DD
neuron lineage, then that set of DD neurons will lack transgenic arrays. If an array is lost
before this left/right divergence, all larval DD neurons will lack transgenic arrays. Thus,
we searched for four types of prkl-1+ mosaics: All DD neurons prkl-1+, zero DD neurons
prkl-1+, DD1/DD3/DD5 prkl-1+, and DD2/DD4/DD6 prkl-1+. We hypothesized that
prkl-1 fosmid in all six DD neurons would rescue defects from the prkl-1(ok3182) mutant
background. Furthermore, we speculated that these mutant defects would not be rescued in
mosaics where none of the DD neurons were prkl-1+, and that mild phenotypic rescue

would occur with prkl-1 fosmid in only DD1/DD3/DD5 or DD2/DD4/DD6.
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When the prkl-1 fosmid array was present in all six DD neurons of mosaic animals, the
positioning defects of the prkl-1(ok3182) mutant background were rescued (Figure 16A-B).
Conversely, there was no rescue of the prkl-1(ok3182) defects for mosaics in which none of
the DD neurons were prkl-1+. DD1/DD3/DD5 were prkl-1+ mosaics still displayed DD
neuron positioning defects, but nonetheless showed significant rescue. Lastly, mosaic
animals that were prkl-1+ for DD2/DD4/DD6 showed almost complete rescue of DD neuron

defects in the prkl-1(ok3182) mutant background.

These results, combined with the previous unc-30p::prkl-1 rescue, provide further evidence
that prkl-1 functions cell autonomously to regulate DD neuron positioning.  Additionally,
this experiment suggests that prkl-1 acts both cell autonomously and non-autonomously
within the DD neurons themselves, as the prkl-1 fosmid was able to rescue prkl-1(0k3182)

positioning defects for all six DD neurons when expressed in only DD2, DD4, and DD6.
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Figure 16. Genetic mosaic rescue experiments confirm prkl-1 acts cell autonomously.
(A) Scatter plots and (B) Anterior/Posterior bar graphs are shown for each of the four types
of mosaic animals investigated. The prkl-1p::prkl-1 fosmid successfully rescued the prkl-
1(0k3182) defects when all six DD neurons were prkl-1+.  Animals with no DD neurons
prkl-1+ were not rescued, and displayed prkl-1(ok3182) defects. DD1/DD3/DD5 prkl-1+
mosaics showed mild rescue, and DD2/DD4/DD6 prkl-1+ mosaics showed strong rescue.
These results indicate a cell autonomous role for prkl-1 within the DD neurons. Exact %
values for bar graphs available in Appendix A7. Significance was calculated by comparing
each mutant DD neuron data set to the corresponding wild type DD neuron control, using
two-tailed t-tests for scatter plots and Chi-squared tests for bar graphs. * P-value <0.01. **
P-value < 0.001. All animals carry the ynls37 (flp-13p::GFP) inserted sequence.
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3.9 Over-expressing prkl-1 pan-neuronally produces posteriorly positioned DD neurons

Loss of function in prkl-1 and vang-1 results in anteriorly shifted DD neurons. We
therefore hypothesized that a gain of function for these genes may have the opposite effect,
resulting in posteriorly shifted DD neurons.  To test this hypothesis, we chose to over-
express prkl-1 from the pan-neuronal unc-119 promoter. The unc-119p::prki-1 rescue line
used earlier was crossed into a wild type background, over-expressing prkl-1 cDNA on top
of endogenous prkl-1 within the C. elegans nervous system. Consistent with our
hypothesis, these prkl-1 over-expression worms displayed posteriorly positioned DD
neurons, with DD3-DD6 in the posterior half of the worm (Figure 17A). Subsequent
quantification of these unc-119p::prkl-1 over-expression worms confirmed that there were
significant posterior shifts in DD neuron positioning. These animals showed 41% of DD3
and 28% of DD4 neurons posteriorly positioned when compared to wild type (Figure 17B-
C). This data suggests that PRKL-1 plays a key role in DD neuron positioning, as loss of

prkl-1 shifts the DD neurons anterior and gain of prkl-1 shifts the DD neurons posteriorly.
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Figure 17. prkl-1 over-expression animals have posterior DD neuron positioning
phenotypes. (A) Scatter plots and (B) Anterior/Posterior bar graphs are shown for each DD
neuron in each worm strain. The unc-119p::prkl-1 over-expression worms display significant
posterior shifts of DD3, DD4, and DD5 versus a wild type unc-119p::tagRFP control

animal.

Exact % values for bar graphs available in Appendix A8. Significance was

calculated by comparing each mutant DD neuron data set to the wild type control, using two-
tailed t-tests for scatter plots and Chi-squared tests for bar graphs. * P-value <0.01.
** P-value < 0.001. All animals carry the ynls37 (flp-13p::GFP) inserted sequence.
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3.10 DD neuron positioning defects are likely caused by delayed DD neuron

intercalation during embryogenesis.

Although we had characterized DD neuron positioning defects in PCP mutants, as well as
identified a cell autonomous role for prkl-1 in guiding DD neuron positioning, we still
lacked the developmental mechanism regulated by the PCP pathway. Because prkl-
1(0k3182) mutant worms hatch with DD neuron defects already present, we presumed the
role of prki-1 lies in DD neuron development during embryogenesis.  Another clue came
from the fact that the DD neurons originate from the left and right sides of bean stage
embryos (Sulston et al., 1983), which we hypothesized must stagger and intercalate as they
meet in the midline of embryos.  This interested us, as the PCP pathway is known to guide
cell intercalations during vertebrate convergence and extension (Ciruna et al., 2006). Thus,
we sought to visualize the DD neurons during embryogenesis as they intercalate around the
comma stage, and again at the 1.5 fold stage when wild type DD neurons are known to have

entered the ventral cord (White et al., 1986).

To image the embryonic DD neurons we used the zyls24 (unc-30p::GFP) reporter and
deconvoluted epifluorescent Z-stack images of comma and 1.5 fold stage embryos.  This
allowed us to generate three dimensional images of the embryonic DD neurons.
Examination of comma stage embryos for both wild type (Figure 18A) and prkl-1(ok3182)
(Figure 18B) showed the DD neurons lining up in a left-right fashion at the midline, and
beginning to intercalate. At this point, there were no obvious differences between wild
type and prkl-1(ok3182) embryos (although the prkl-1 mutant embryo in Figure 18B has a

gap between DD3 and DD4, gaps are also observed in some wild type embryos).
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However, 1.5 fold stage images illustrated that the DD neurons had fully finished
intercalation in wild type embryos (Figure 18C). We defined completion of intercalation
as embryos showing all six DD neurons in the same plane, which was the case with 1.5 fold
wild type embryos. In contrast, the DD neurons of 1.5 fold stage prkl-1(ok3182) embryos
had not finished intercalation (Figure 18D). DD1 and DD2 & DD3 and DD4 were still
staggered on top of each other, and thus not in the same plane at the midline. This was
confirmed by rotating the three dimensional DD neuron images of wild type and prkl-
1(0k3182) 1.5 fold stage embryos (Figure 18E). Taken together, these observations

suggest that intercalation is delayed in prkl-1(ok3182) embryos.
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Figure 18. Prkl-1(0k3182) comma stage embryos are mostly normal, whereas prkl-
1(0k3182) 1.5 fold embryos display delayed completion of intercalation. Deconvoluted
epifluorescent images of the DD neurons in C. elegans embryos expressing zyls24 (unc-
30p::GFP) at the comma stage and the later 1.5 fold stage. The DD neurons of (A) wild type
and (B) prkl-1(ok3182) comma stage embryos show the DD neurons lining up and beginning
to intercalate normally. However, (C) wild type 1.5 fold embryos have finished
intercalation, whereas the DD neurons of (D) prkl-1(0k3182) 1.5 fold embryos display
delayed intercalation. A DIC image of each embryo stage is shown directly above it for
staging purposes. (E) Three dimensional rotations to ventral views, left side views, and
angled views were used to examine wild type and prkl-1(ok3182) 1.5 fold embryos in further
detail. This analysis indicates that wild type 1.5 fold embryos have finished intercalation
and begun to migrate apart, whereas prkl-1(0k3182) 1.5 fold embryos show delayed
intercalation with DD1 and DD2 & DD3 and DDA4 still staggered on top of each other.
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Chapter 4: Discussion

4.1 DD neuron positioning defects may result from delayed intercalation

Our investigation into the role of the PCP pathway in C. elegans neuronal positioning
concluded with the observation that prkl-1(ok3182) 1.5 fold stage embryos show delayed
DD neuron intercalation.  Specifically, prkl-1(ok3182) 1.5 fold stage embryos showed
delayed intercalation of the DD1 and DD2 & DD3 and DD4 neuron pairs. The prkl-1 and
vang-1 larval mutants also showed a pattern in which DD1 and DD2 & DD3 and DD4 were
spaced more closely than in wild type. It may not be a coincidence that both embryonic
and larval PCP mutant defects involved the same DD1-DD2 and DD3-DD4 neuron pairs.
Thus, delayed DD neuron intercalation during embryogenesis may be the cause of the later

observed DD neuron positioning defects in PCP mutant worms.

The planar cell polarity pathway has been shown to regulate mediolateral cell intercalations
during both notochord formation and neural tube closure (Ciruna et al., 2006; Yin et al.,
2008; Doudney and Stanier, 2005). Asymmetric distribution of PCP components seen in
these models may apply to the DD neurons.  For example, Prickle has been shown to form
punctae on the anterior side (Ciruna et al., 2006) of these intercalating cells, requiring Vang
for its localization. The PCP pathway in C. elegans may also require asymmetric
localization of Prickle. Thus, prkl-1 and vang-1 mutant worms may have improperly

polarized DD neurons, which may affect the abilities of these neurons to intercalate properly.
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From a more speculative point of view, intercalating cells during notochord and neural tube
closure were summarized to adhere to each other, providing traction for cellular migration as
they pull themselves past each other (Walck-Shannon and Hardin, 2014). In this paradigm,
delayed intercalation might result from either defective cell migration or excessive cell
adhesion. We identified a role for let-502/ROCK, which is known to regulate cell
migration and motility downstream of Rho signaling (LaMonica et al., 2009). A loss of
function of let-502/ROCK could reduce motile force during DD neuron intercalation,
resulting in a delay. We also found a role for fmi-1/Flamingo, which is known to form
cross-cell homophilic interactions (Chen et al., 2008) and regulate cell adhesion (Halbleib
and Nelson, 2006). Delayed DD neuron intercalation could therefore also result from over-
active fmi-1/Flamingo causing excessive cell adhesion.  Although highly speculative, these

represent possible mechanisms by which these PCP genes regulate DD neuronal positioning.

4.2 Both canonical and non-canonical pathways regulate DD neuronal positioning

After we identified roles for core PCP components in C. elegans neuronal positioning, we
conducted a candidate genetic screen to investigate other canonical and non-canonical genes.
For example, the non-canonical ROR receptor tyrosine kinase cam-1(gm122) was shown to
have anteriorly positioned DD neurons, including DD1, but did not seem to affect DD
neuron spacing. cam-1 has been shown to act with cwn-2/Wnt and mig-1/Frizzled to guide
C. elegans nerve ring development, in which the nerve rings of mutant worms were
anteriorly positioned (Kennerdell et al., 2009): As both the nerve ring and DD1 are located in
the head portion of the worm, it is possible that cam-1 may play a general role in marking

anterior neuronal boundaries.
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The C. elegans gene bar-1 displayed DD neuron spacing defects in mutant worms, with a
strong anterior positioning defect of DD2 leading to DD1 and DD2 spaced closely together.
BAR-1 is a B-catenin and a canonical Wnt-Frizzled pathway component (Eisenmann et al.,
1998). Interestingly, B-catenins are known to have dual roles, acting both within the
canonical pathway to promote gene transcription and interacting with Cadherins to regulate
cell adhesion (Brembeck, Marta Rosario and Walter Birchmeier, 2006). Does bar-1
regulate DD neuron adhesion during intercalation? Whatever the mechanism, bar-1 was
shown to have a general anterior shift of the DD neurons, a phenotype we might consider to
be PCP-like. Thus, the question must be answered as to whether bar-1 functions with the

PCP pathway, or functions redundantly in a parallel pathway?

Lastly, our candidate screen identified mild DD neuron defects in Frizzled, Dishevelled,
Whnt, and ROCK mutant worm strains.  From this we concluded that conserved Wnt-
Frizzled signaling acts to specify DD neuronal positioning. Three genes of interest that
may function in a PCP pathway were identified from this candidate screen: dsh-
1/Dishevelled, mom-2/Wnt, and let-502/ROCK. Firstly, the dsh-1(ok1445) DD neuron
defects were not similar to prkl-1 or vang-1 loss of function DD neuron positioning defects.
However, the posteriorly shifted DD neurons of dsh-1(ok1445) did resemble the unc-
119p::prkl-1 over-expression posterior positioning phenotypes. This data indicates that
prkl-1 may inhibit dsh-1, and that the prkl-1 over-express phenotype occurs because of its
suppression of dsh-1.  This is consistent with literature observations that Prickle inhibits

Dishevelled, possibly through causing its degradation (James et al., 2008).

74



As for mom-2/Wnt, there are two broad possibilities for its function: mom-2 may act
permissively, simply needing to be expressed at the right time, or mom-2 may act
instructively. mom-2 acting instructively would mean it is expressed in asymmetric
morphogen gradients, and that these gradients are important for DD neuron development.

A mom-2 morphogen gradient would be consistent with literature observations of Wnt
gradients in both embryos and larval worms (Harterink et al., 2011). The observation that
cwn-1p::mom-2 ectopic MOM-2 expression caused defects similar to mom-2(ne874) tends to
support the idea that MOM-2 acts instructively. Lastly, let-502/ROCK is a known effector
of the PCP pathway downstream of Rho, leading to cytoskeletal rearrangement (Strutt.
2001). let-502/ROCK shows similar defects to prkl-1 and vang-1, which indicates that

Prickle and Vang may activate ROCK. Exactly how this might occur is unclear.

4.3 PCP signaling in DD neuronal intercalation

Our data for core PCP components yielded interesting genetic interactions, as both vang-1
and fmi-1 double mutants with prkl-1 showed suppression of the more severe prkl-1(0k3182)
single mutant defects. From a simple genetic perspective, this implied that vang-1 and fmi-
1 are over-active in prkl-1 loss of function animals, and thus prkl-1 may inhibit vang-1 and
fmi-1. However, literature evidence points to the fact that Vang recruits Prickle to the
membrane, where they form a functional complex (Jenny et al., 2003; Bastock et al., 2005;
Strutt et al., 2013). Vang is also known to promote Flamingo’s association with adherens
junctions (Strutt and Strutt, 2008), indicating that vang-1 may activate both prkl-1 and fmi-1.
prkl-1 may then inhibit fmi-1, as prkl-1 was previously hypothesized to inhibit fmi-1 in C.

elegans VC4/VC5 neurite polarity (Sanchez-Alvarez et al., 2011).
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Combining this speculative interaction of prkl-1, vang-1, and fmi-1 with data from mom-2
and let-502 yields a possible model for PCP signaling in DD neuron intercalation. mom-2
may function instructively to establish DD neuron polarity, which may lead to prkl-1 and
vang-1 asymmetric distribution at the membrane interfaces of neighboring DD neurons.
This may cause a neuronal polarity required for proper intercalation, and any loss of prki-1
or vang-1 would result in delayed intercalation. prkl-1 and vang-1 induced polarity may
lead to downstream activation of ROCK, which would then facilitate the actin cytoskeletal
rearrangements that physically cause intercalation. fmi-1 could act as a non-essential
regulator of intercalation, and is inhibited by prkl-1. This speculative model of PCP
signaling in C. elegans neuronal intercalation is shown, with DD3-DD4 intercalation used as

an example (Figure 19).
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Figure 19. A speculative model for the role of PCP signaling in DD neuronal intercalation.
prkl-1 and vang-1 might act together to regulate DD3-DD4 neuronal intercalation, leading to
downstream let-502/ROCK activation via and unknown mechanism. fmi-1/Flamingo mediates cell-
cell homophilic interactions, playing a non-essential in DD neuron intercalation. mom-2/Wnt may
give the DD neurons spatial cues, although a receptor for mom-2 was not identified.
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This speculative model, if proven correct, would help explain the various DD neuron defects
in different PCP mutant backgrounds. For example, how do prkl-1(0k3182) worms have a
stronger DD neuron positioning defects than vang-1 mutants? And how do vang-1 and fmi-
1 suppress prkl-1(0k3182) in the double mutant worms?  According to this model, vang-1
may upregulate both prkl-1 and fmi-1. prkl-1 would then inhibit fmi-1 and possibly vang-1,
in what resembles a feedback loop. In a prkl-1(0k3182) mutant, fmi-1 could become
overactive and lead to excessive cell adhesion through its homophilic cross cell binding,
potentially delaying DD neuron intercalation.  This would be ameliorated in either a vang-1
or fmi-1 double mutant with prkl-1(ok3182), which would abolish the homophilic
interactions of fmi-1. vang-1 mutants would still have baseline DD neuron intercalation
defects, as Vang/Prickle complexes be required for proper let-502/ROCK activation. It
must be emphasized that, at this point, this model is purely speculative. Nonetheless, it

does help explain how some of the genetic interactions seen between PCP components.

However, more detailed questions about the role of the PCP pathway in C. elegans neuronal
positioning remain: Does mom-2/Wnt play a permissive or instructive role? What is the
mom-2 receptor? No role for Frizzled was found; could two or more C. elegans Frizzled
genes be acting redundantly?  And how does the over-expression of unc-119p::prkl-1 or the
loss of function of dsh-1/Dishevelled result in posterior positioning DD neuron defects?
Does fmi-1/Flamingo mediate DD neuron adhesion during intercalation? And lastly, how
does the bar-1 mutant cause anteriorly positioned DD neurons? Does the canonical bar-1
function with the PCP pathway to produce the same phenotypes? Or does bar-1 regulate a
similar process in a parallel pathway? All of these questions represent possible avenues of

future research.
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4.4 Future Directions

4.4.1 Answering key questions raised by our speculative model

Our findings of a PCP pathway regulating DD neuron intercalation and cell positioning, and
subsequent speculative model, raised many questions about the molecular mechanisms

involved. However, with limited time and resources, efforts must be focused on answering
a few key questions. Two such key questions are: What is the role of mom-2? And what is

the role of fmi-1?

Does mom-2/Wnt act instructively? mom-2 may simply be permissive. Should this be
true, then cwn-1p::mom-2 expression should rescue the mom-2(ne874) defects.  If mom-2
does act instructively, conducting over-expression titrations of mom-2 from the ectopic cwn-
1 promoter may give an answer. cwn-1p::mom-2 may cause more severe DD neuron
positioning defects with increasing dose, which would provide further evidence that mom-2
acts instructively. In addition, mom-2(ne874) should be crossed into zyls24, having its

embryonic DD neurons imaged, deconvoluted, and examined for delayed intercalation.

Lastly, does fmi-1 act to regulate DD neuron adhesion during intercalation? Although fmi-
1(tm306) has no phenotype on its own, if fmi-1 is truly over-active in prkl-1 mutants then
over-expressing fmi-1 from its own promoter might produce anterior positioning defects.

Should fmi-1 over-expression result in these DD neuron positioning defects, the next step

would be to examine fmi-1 over-expression embryos for delayed intercalation.
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4.4.2 Time lapse imaging of intercalation and actin dynamics

The identification of a role for let-502/ROCK in delayed DD neuron intercalation tells us
that actin cytoskeletal rearrangement may play a role in our phenotypes, as ROCK is a
known effector of the PCP pathway that leads to actin rearrangement (Strutt, 2001). One
important experiment would be to co-image the embryonic DD neurons alongside a marker
for F-actin, such as GFP tagged F-actin. The embryonic DD neuron marker would need to
express a membrane bound protein tagged with CFP, YFP, or RFP to mark the DD neurons
without interfering with any F-actin signal. Both wild type and PCP mutant embryos could
then be imaged via time-lapse confocal microscopy from the bean to 1.5 fold embryo stages,
as intercalation occurs. Differences in DD neuron F-actin dynamics between wild type and
PCP mutants would give further evidence that a PCP pathway acts to regulate DD neuron
intercalation, which may occur via the regulation of actin cytoskeletal dynamics. Embryos
in PCP loss of function backgrounds could also be simultaneously assayed for delayed DD

neuron intercalation, providing further power to this experiment.
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4.4.3 Conducting a forward genetic screen for DD neuron positioning defects

prkl-1 and vang-1 loss of function animals show anteriorly positioned DD neurons in larval
worms, with a pattern that has DD1 and DD2 & DD3 and DD4 spaced closely together.

This pattern is simple to identify, even under an epifluorescent dissecting microscope.

Thus, a good experiment to follow up our results would be a forward genetic screen, looking
for prkl-1 and vang-1 like defects in mutagenized worms. Worms with a ynls37 DD neuron
reporter background could be mutagenized with EMS and screened for these PCP type
defects. Screening of worm plates with an epifluorescent dissecting microscope would
allow for thousands of genomes to be scanned in a reasonable amount of time.  Any new
mutants identified could represent new PCP pathway components with respect to regulation

of DD neuronal positioning.
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4.5 Conclusion and significance

In conclusion, we identified a role for the core PCP components in specifying DD neuron
cell positioning and regulating DD neuronal intercalation.  Our evidence indicated that
prkl-1 may function within the DD neurons to guide their positioning and intercalation. A
candidate screen also identified mom-2/Wnt and let-502/ROCK as playing a role in DD
neuronal positioning.  Although the PCP pathway has been previously linked to cell
intercalations during convergence and extension of embryos, our results represent a novel
role for the PCP pathway in guiding the intercalation of neurons.  Future studies should
focus on time lapse confocal imaging of F-actin dynamics during DD neuronal intercalation
in wild type and PCP mutant embryos. Lastly, forward genetic screens should be

conducted, searching for prkl-1 and vang-1 like defects in new mutants.
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Appendix A: Anterior-Posterior DD neuron bar graph numerical values

Bar graphs shown in the results section do not display exact percentage values for each bar.

Thus, Appendix figures in this section display charts with the corresponding percentages for

each bar graph.

v3



DD2 DD3 DD4 DD5 DD6

Ant 0% 0% 0% 0% 0%
Post 0% 0% 0% 0% 0%

Wild Type

Ant 70% 25% 80% 86% 36%

prkl-1(ok3182)
Post 0% 0% 0% 0% 0%

Ant 82% 51% 79% 72% 31%
Post 0% 0% 0% 0% 0%

prkl-1(zy11)

Ant 44% 10% 21% 28% 5%
Post 3% 0% 0% 0% 15%

vang-1(tm1422)

Ant 41% 16% 39% 45% 18%
Post 0% 0% 0% 7% 2%

vang-1 (ok1142)

Ant 4% 4% 4% 4% 4%

fmi-1(tm306)
Post 0% 0% 4% 7% 4%

Ant 95% 13% 36% 56% 77%

bar-1 80
ar-1(9a80) oot 0% 0% 0% 0% 0%

Appendix Al. Anterior-Posterior bar graph numerical values for PCP single mutants.
Ant = Percentage of neurons anterior to 95% confidence interval.

Post = Percentage of neurons posterior to 95% confidence interval.
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DD2 DD3 DD4 DD5 DD6

Ant 0% 0% 0% 0% 0%
Post 0% 0% 0% 0% 0%

Wild Type

Ant 70% 25% 80% 86% 36%
Post 0% 0% 0% 0% 0%

prkl-1(ok3182)

prkl-1(ok3182)| Ant 33% 8% 28%  25% 11%
vang-1(tm1422)| post 3% 6% 0% 0% 0%

prkl-1(ok3812)| Ant 39% 9% 52% 39% 27%
vang-1(0k1142)| post 0% 0% 0% 3% 0%

prkl-1(ok3182)| Ant 43% 18% 46% 71%  36%
fmi-1(tm306) | post 0% 4% 4% 4% 0%

Ant 41% 16% 39% 45% 18%

vang-1(ok1142)
Post 0% 0% 0% 7% 2%

vang-1(ok1142)| Ant  35%  19%  39%  58%  65%
fmi-1(tm306)| Post 0% 3% 3% 0% 0%

Appendix A2. Anterior-Posterior bar graph numerical values for prkl-1 and vang-1
double mutant animals.
Ant = Percentage of neurons anterior to 95% confidence interval.

Post = Percentage of neurons posterior to 95% confidence interval.
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DD2 DD3 DD4 DD5 DD6

Ant 0% 0% 0% 0% 0%
Post 0% 0% 0% 0% 0%

Wild Type

Ant 17% 17% 13% 7% 27%

cfz-2(o0k1201)
Post 0% 0% 0% 0% 3%

Ant 9% 9% 2% 4% 15%
Post 0% 2% 6% 2% 6%

lin-17(n677)

Ant 11% 9% 11% 17% 66%
Post 0% 3% 3% 3% 0%

mig-1(n687)

Ant 0% 5% 10% 14% 19%
Post 24% 24% 14% 19% 10%

dsh-1(ok1445)

Ant 12% 7% 5% 29% 56%

dsh-2(or302)
Post 2% 2% 2% 2% 0%

Ant 53% 25% 9% 22% 53%
Post 0% 9% 9% 9% 3%

mig-5(tm2639)

Appendix A3. Anterior-Posterior bar graph numerical values for Frizzled and
Dishevelled mutants.
Ant = Percentage of neurons anterior to 95% confidence interval.

Post = Percentage of neurons posterior to 95% confidence interval.
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DD2 DD3 DD4 DD5 DD6

Ant 0% 0% 0% 0% 0%
Post 0% 0% 0% 0% 0%

Wild Type

cwn-1(ok546);| Ant 15% 9% 3% 9% 9%
cwn-2(ok895)| Post 9% 18% 3% 3% 6%

Ant 2% 2% 5% 5% 10%
Post 2% 0% 0% 0% 5%

lin-44(n1792)

Ant 8% 0% 3% 14% 14%

egl-20(n585)
Post 5% 0% 0% 3% 3%

cwn-1(n546);cwn-2(0k895); Ant 23% 9% 1% 23% 7%
lin-44(n1795);egl-20(n585) Post 17% 17% 39, 0% 0%

Ant 4% 2% 35% 24% 13%

mom-2(ne874)
Post 0% 2% 0% 0% 0%

Ant 4% 12% 46% 42% 12%

let-502(sb118)
Post 0% 0% 4% 0% 0%

Appendix A4. Anterior-Posterior bar graph numerical values for Wnts and ROCK.
Ant = Percentage of neurons anterior to 95% confidence interval.

Post = Percentage of neurons posterior to 95% confidence interval.
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DD2 DD3 DD4 DD5 DD6

Ant 0% 0% 0% 0% 0%
Post 0% 0% 0% 0% 0%

Wild Type

Ant 9% 7% 41% 33% 13%
Post 0% 4% 0% 0% 0%

mom-2(ne874)

Ant 31% 22% 34% 22% 19%
Post 0% 3% 3% 9% 0%

cwn-1p::mom-2

Appendix A5. Anterior-Posterior bar graph numerical values for cwn-1p::mom-2.
Ant = Percentage of neurons anterior to 95% confidence interval.

Post = Percentage of neurons posterior to 95% confidence interval.

98



DD2 DD3 DD4 DD5 DD6

Wild Type| Ant 0% 0% 0% 0% 0%
uncl19p:tagRFP| post 0% 0% 0% 0% 0%

prii-1(ok3182)| Ant  54%  36%  82%  82%  59%
unclldp:tagRFP| post 3% 0% 0% 0% 0%

pril-1(ok3182)| Ant 17% 10% 15% 12% 7%
uncli9p:prkl-1| Post 12% 24% 20% 12% 7%

prkl-1(0k3182)| Ant 22% 6% 25% 14% 6%
vang-1(tm1422)
unc119p:tagRFP| Post 3% 3% 0% 0% 0%

prkl-1(ok3182)| Ant 57% 32% 96% 93% 71%
vang-1(tm1422) . . . . .
uncl Igp::vang_j pOSt 0 A) 0 /;3 0 /El 0 A) 0 /;3

Wid Type| At 0% 0% 0% 0% 0%
unc30p:tagRFP| post 0% 0% 0% 0% 0%

pril-1 ok3182| Ant 61% 6% 50% 50%  39%
unc30p:tagRFP| post 3% 0% 0% 0% 0%

prkl-1 0k3182 Ant 40% 0% 6% 9% 1%
unc30p:prkt-ll post 9% 6%  11% 9% 0%

Appendix A6. Anterior-Posterior bar graph numerical values for prkl-1 and vang-1
tissue specific and cell autonomous rescue experiments.
Ant = Percentage of neurons anterior to 95% confidence interval.

Post = Percentage of neurons posterior to 95% confidence interval.
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DD2 DD3 DD4 DD5 DD6
prkl-1prpril-1| At 0% 0% 0% 0% 0%
Inallneurons| Post 0% 0% 0% 0% 0%

prkl-1p::prki-1) Ant 20% 35% 80% 85% 50%
In no neurons| post 0% 0% 0% 0% 0%

prkl-1p::prkl-1| Ant 25%  13% 38% 50%  38%
In DD1/DD3/DD5| post 0% 0% 0% 13% 0%

prkl-1p::prki-1| Ant 5% 5% 16% 16% 21%
In DD2/DD4/DD6| post 0% 0% 5% 0% 0%

Appendix A7. Anterior-Posterior bar graph numerical values for prkl-1 genetic
mosaic rescue experiments.
Ant = Percentage of neurons anterior to 95% confidence interval.

Post = Percentage of neurons posterior to 95% confidence interval.
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DD2 DD3 DD4 DD5 DD6

Wild Type| ANt 0% 0% 0% 0% 0%
unc-119p::tagRFP| Post 0% 0% 0% 0% 0%

unc-119p:pril-1| At 10% 0% 0%  10% 3%
over-expression| post  14%  41%  28% 17% 3%

Appendix A7. Anterior-Posterior bar graph numerical values for unc-119p::prkl-1
over-expression of prkl-1.
Ant = Percentage of neurons anterior to 95% confidence interval.

Post = Percentage of neurons posterior to 95% confidence interval.
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