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Abstract 
 

To date, little is known about positive regulators of proneural gene 
expression. Using C. elegans as a model, we aim to address the cellular and 
molecular mechanisms required for the regulation of proneural gene expression 
during C-lineage neurogenesis. The C. elegans C-lineage is largely L/R bilaterally 
symmetric, however the anterior (left) lineage branch undergoes an asymmetric 
neurogenesis event, giving birth to two glutamatergic interneurons, DVC and PVR. 
We have previously shown that the proneural gene hlh-14/achaete-scute is 
expressed asymmetrically in the C-lineage and is required for this asymmetric 
neurogenesis event (Poole et al., 2011). In an effort to identify mechanisms that 
regulate hlh-14 expression, we have performed two screens: a GFP-based forward 
genetic screen and a 4D-lineage-based screen. To date, we have generated a 
collection of six asymmetric neurogenesis defective (and) mutants.  

In this thesis, I will show through mapping, complementation testing, and 
rescue experiments that one of the isolated mutants, and-4(t3273) is an allele of let-
19/mdt-13, part of the Mediator complex, a conserved transcriptional regulator of 
asymmetric cell fate decisions (Yoda et al., 2005). I will also show that and-6(drp6) is 
an allele of hlh-2/daughterless, a bHLH transcription factor that heterodimerises with 
many other bHLH transcription factors, including hlh-14, to activate transcription 
(Grove et al., 2009).  

We find that in let-19 mutants hlh-14 expression is lost, the mother of DVC 
divides early, and DVC acquires a hypodermal fate. In hlh-2 mutants, a similar set of 
phenotypes is observed. Temporally, we find that let-19, likely acts just before the 
birth of Caap. Intriguingly, Caap is born from an unequal division regulated by let-19 
and aligns with our observations of hlh-2 expression and its maintenance until the 
birth of DVC and PVR.  Also interestingly, hlh-2 expression is abolished in let-19 
mutants. Together our data suggest a novel role for the Mediator complex as a 
regulator of proneural gene expression. In this work, I will show that let-19 likely 
executes its role by regulating hlh-2, which in turn regulates hlh-14 asymmetric 
expression. Interestingly, let-19 regulation is independent of asymmetric localisation 
of POP-1, a known downstream regulator of asymmetric fate divisions. This 
suggests that let-19 acts either downstream or in parallel to POP-1.   
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Impact statement 
 

Research both in vertebrate and invertebrate systems have shown that a 
group of genes known as proneural genes, which encode for the basic helix-loop-
helix (bHLH) transcription factors, are both necessary and sufficient for initiating 
neuronal cell lineages as well as neural differentiation. Previous studies have 
uncovered various mechanisms for restricting proneural gene expression into 
distinct progenitor domains, but how proneural gene expression is initiated within 
these domains is still not fully understood. In this work, I describe efforts made in 
discovering genes necessary for neuron development by using the C. elegans C-
lineage as a model.  
 

In taking a genetic screening approach, we have identified two genes 
essential to hlh-14/achaete-scute expression, a conserved proneural gene and main 
neuron fate determinant for the C-lineage. Our findings show that loss of function 
mutations in let-19/Mediator, a component of the Mediator complex and hlh-
2/daughterless, a Class I bHLH transcription factor, results in a loss of C-lineage 
proneural gene (hlh-14) expression and neuron formation. Moreover, we find that in 
let-19 and hlh-2 mutants, C-lineage cells normally fated to become neurons not only 
fail to undergo neural programing but also adopt hypodermis (skin) fate. Mutant 
animals introduced with a healthy copy of their respective genes results in a reversal 
of let-19 and hlh-2 mutant phenotypes, thus illustrating both causality and 
importance in the formation of C-lineage neurons. Interestingly, our results also 
revealed that let-19 mutants fail to properly express hlh-2, suggesting the potential 
for all three genes acting in the same pathway to promote neuron formation in the C-
lineage.    
 

Combined, the thesis results presented provides strong evidence in support 
of further investigation into the roles of both the Mediator complex and Class I bHLH 
proteins in positively regulating proneural gene expression and neuron formation 
more broadly. With the rising age of the global population neurological disorders 
such as Parkinson’s disease, Alzheimer’s disease and stroke have been identified 
as one of the greatest threats to public health. A greater understanding of the 
mechanisms essential for the development of the nervous system as well as the 
genes regulating such events may provide insight into effective treatments. 
Additionally, understanding how proneural genes are regulated will aide in the 
discovery of treatment strategies for diseases ranging from cancer to 
neuropsychiatric illnesses which are shown to be linked with aberrant proneural 
gene expression.  
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Chapter 1 

General Introduction 
 

1.1 Developmental stages of early neurogenesis 

 
Development of the nervous system requires the specification of diverse 

neuronal and glial cell types, which must be generated in the correct proportions and 

positions. Cells that adopt a neuronal fate arise from the embryonic ectodermal 

layer, which forms when the endoderm and mesoderm become internalised during 

gastrulation (Fig 1.1). The progression from a naive ectodermal cell to a fully 

differentiated neuron is known as neurogenesis. Neurogenesis can be separated 

into several steps, each requiring a coordinated complement of transcription factors 

and signalling molecules. Before I discuss in detail C. elegans neurogenesis, I will 

first give an overview of our understanding of neurogenesis more broadly in 

vertebrate and invertebrate systems. 

 

1.1.1 Neural induction default theory 

 
In most vertebrates, the fertilised egg rapidly divides forming a blastula, which 

is comprised of a spherical cell layer surrounding a fluid-filled cavity. Next, the 

blastula undergoes gastrulation, a process in which the three germ layers are 

organized spatially in the embryo (Fig 1.1).  



Figure 1.1: The amphibian blastula and gastrula (Adapted from Kelly and Melton, 1995).
(A) Diagram of the blastula stage with presumptive germ layers: ectoderm (in dark blue), 
mesoderm (dorsal in red, ventral in orange) and endoderm (in yellow). (B) Diagram of the 
gastrula stage. Neural inducing signals (arrows) originating from the dorsal mesoderm (in red) 
promote nearby ectoderm tissue to change fate to neuroectoderm (shown in intermediate blue). 
The remaining ectoderm adopts epidermal fate (light blue).  
 

13
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During gastrulation, surface cells migrate inwards into the interior embryo and 

form the mesodermal and endodermal germ layers. Induction is thought to begin 

during gastrulation, when the dorsal mesoderm makes contact with overlaying 

ectoderm. The central nervous system (CNS) originates from the dorsal region of the 

ectoderm which thickens and flattens after gastrulation to form the neural plate, a 

region in the embryo that will go on to form all neural structures in the animal. The 

neural plate separates from surrounding epidermis, forming the neural tube, which 

generates the brain (anterior) and spinal cord (posterior) of the animal (Gallera, 

1971). 

 

Insights into fundamental principles of early neurogenesis originated from the 

prominent newt transplant experiments conducted by Mangold and Spemann in 

1924 (Spemann and Mangold, 1924). In an early newt gastrula, tissue from the 

dorsal blastopore lip was dissected and grafted onto the ventral side of a second 

embryo. The receiving host embryo surprisingly developed an additional set of 

dorsal structures on the ventral side, including a complete nervous system. Lineage-

tracing experiments showed that while the origins of the second mesodermal 

structures came from the newly grafted donor tissue, the second nervous system 

spawned from host tissue, with the exception of floor plate regions (Spemann, 1921; 

Spemann and Mangold, 1924; Gimlich and Cooke, 1983). These experiments 

demonstrated that signalling from the dorsal lip (Spemann’s organizer) was sufficient 

to drive nearby ectodermal tissue to a neural fate. Similar experiments were 

repeated with similar results in mouse, chick (Hensen’s node), and fish 
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demonstrating a conserved mechanism involving the  “organizer” to influence 

ectoderm fate (Oppenheimer, 1936; Oppenheimer, 1953; Beddington, 1994; 

Waddington, 1952).  

 

It was not until the early 1990s and the development of newer molecular 

biology techniques that the underlying molecules involved in neural induction began 

to be revealed. The newfound ability to tag fate-specific molecules and test purified 

potential inducer molecules soon led to the discovery that fibroblast growth factors 

(FGF) and members of the transforming growth factor-β (TGFβ) family were 

sufficient to induce mesodermal fates in the animal cap (Kurth et al., 2005; Schier, 

2009). Subsequent experiments examined the effects of inhibiting Activin (TGFβ) 

signalling by creating a dominant negative Activin receptor (DN-ActRIIB; Mathew 

and Vale, 1991). Surprisingly, in the control animal caps expressing DN-ActRIIB that 

were left alone in pond water and not exposed to any ligand, the tissue adopts a 

neural fate (Fig 1.2)(Hemmati-Brivanlou and Melton, 1994). This result sparked a 

shift in thought that maybe signalling from the organizer was actually inhibiting 

epidermal-inducing signals and allowing dorsal ectoderm to maintain its neural 

default state (Hemmati-Brivanlou and Melton, 1997). Experiments in which animal 

caps were treated (Fig 1.2) with purified proteins and tested with dominant negative 

receptors and ligands revealed neural suppressing and epidermal inducing roles for 

the bone morphogenetic proteins BMP2, BMP4, and BMP7 (TGFβ superfamily; 

Schmidt et al., 1995; Sasai et al.,1995; Xu et al., 1995; Hawley et al., 1995).  

 



Figure 1.2: Xenopus explant experiments illustrating neural default state 
(Adapted from Muñoz-Sanjuán and Brivanlou, 2002)
(A) Animal cap experiments in which explants are cultured absent of signalling cues and BMP is 
inhibited results in neuralisation of ectodermal cells. When cultured alone, animal cap cells produce 
epidermis. Conversely, dissociated animal cap cells absent of external signalling cues form neural 
tissue. Additionally, dissociated explants exposed to FGFs adopt neural fate as well. (B) Diagram 
depicting models in Xenopus and mouse for the roles of BMP, BMP antagonist, Wnts and FGFs.

A B

16
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During gastrulation, BMPs are expressed throughout the ectoderm and their 

expression decreases in the neural plate (Fainsod et al., 1994; Hemmati-Brivanlou 

and Thomsen, 1995; Schmidt et al., 1995). Moreover, BMP2, BMP4, and BMP7 

signalling is blocked by DN-ActRIIB receptor (Suzuki et al., 1997).  

 

In Xenopus, the isolation of organizer-expressing genes and testing of TGFβ 

inhibitors candidates as well as cDNA library screens led to the discovery of BMP 

antagonists noggin, chordin, and follistatin (Smith and Harland, 1992; Sasai et al., 

1994; Hemmati-Brivanlou et al., 1994). All three genes encode conserved 

extracellular inhibitor ligands that bind to TGFβ signalling ligands, thus preventing 

them from activating the TGFβ pathway (Piccolo et al., 1996; Zimmerman and 

Mathews, 1996). In combination, these results suggest that a gradient tug of war is 

at play in the ectoderm. High levels of BMP signalling in the ventral side promotes 

epidermal fate, whereas neural fate is induced on the dorsal side via BMP signalling 

antagonists noggin, chordin, and follistatin originating from the dorsal mesoderm 

organizer.  

 

1.1.2 Alternative theories to the induction default state theory 

 
Several studies have questioned the neural default state model and suggest 

that neural induction may require positive inducing signals prior to BMP antagonism 

(Bainter et al., 2001; Muñoz-Sanjuán and Brivanlou, 2002; Wawersik et al., 2005; 

Wilson and Edlund, 2001). One of these positive factors is FGF signalling; chemical 

interference of FGF signalling blocks neural induction in both early stage chick 
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epiblast explants and embryos (Streit et al., 2000; Wilson et al., 2000). Furthermore, 

blocking FGF signalling suppresses genes expressed in response to neural inducer 

signalling from the Hensen’s node, suggesting the role of FGF signalling acts prior to 

inducing factors from the organizer. In Xenopus embryos injected with a dominant-

negative FGF receptor, it was shown that neither Chordin nor Noggin were able to 

induce neural tissue in the absence of FGF signalling (Launay et al., 1996; Sasai et 

al., 1996). Moreover, in competent chick epiblasts, the misexpression of BMP 

antagonist is not sufficient to induce neural markers and ectopic sourcing of BMP via 

grafted tissues does not inhibit neural induction (Streit and Stern, 1999a; Streit and 

Stern, 1999b; Streit et al., 1998). Interestingly, it was also shown in the chick that 

down-regulation of BMP mRNA and its effector phosphor-Smad1 occurs after the 

expression of early neural plate markers, SOX3 and SOX2 (Faure et al., 2002; Streit 

and Stern, 1999a; Streit and Stern, 1999b).  

 

If neural induction is initiated prior to BMP inhibition: What are the early 

factors regulating neural induction? To address this question, a screen was 

conducted in search of factors expressed during the initial 5 hours of exposure to the 

organiser (Sheng et al., 2003). Genes identified from the screen include: ERNI (early 

response to neural induction), a coiled-coiled domain protein that is induced after 1 

hour and Churchill, a zinc finger transcription factor that is induced after 4-5 hours. 

Both are expressed in the prospective neural plate; however neither requires BMP 

antagonist for induction, but instead require FGF. Combined, these results provide 
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convincing evidence that FGF signalling is required prior to BMP antagonist and that 

BMP inhibition is possibly a later maintenance step in neural induction (Stern, 2005).  

 

Studies in the chick and Xenopus embryo find that the earliest steps of neural 

induction occur prior to gastrulation and are indicated by the expression of ERNI and 

SOX3 (Streit et al., 2000; Wilson et al., 2000). Furthermore, ERNI and SOX3 require 

FGF signalling and their knock-down phenotypes mimic one another. 

Notwithstanding these findings, a study from the Stern lab showed that combinations 

of FGFs together with BMP and Wnt antagonists are unable to induce ectopic 

epiblast SOX2 (neural plate marker) expression in vivo (Linker and Stern, 2004). 

This means that in the chick, some other unknown factor(s) contributes to the 

expression of SOX2 and neural induction. In the chick, SOX2 expression is initiated 

at the end of gastrulation and is observed throughout the neural plate. Analysis of 

the SOX2 promoter revealed two conserved (chick and mammals) cis-regulatory 

elements, N1 and N2, which account for SOX2 expression throughout the neural 

plate (Uchikawa et al., 2003; Uchikawa et al., 2004). One proposed mechanism for 

direct regulation of SOX2 expression via the N2 enhancer was described in a study 

from the Stern lab (Papanayotou et al., 2008). They found that the N2 enhancer of 

SOX2 is regulated by several positive and negative interactions between coiled-

coiled domain proteins, heterochromatin proteins (repressors) and a chromatin-

remodeling enzyme (activator) as well as showing several of the components act 

prior to FGF signalling.  
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In summary, described in this section are some of the critical steps for neural 

induction in vertebrate models. Mangold and Spemann’s newt transplant 

experiments and the discovery of BMPs and their antagonists showed that signalling 

from the orginizer is an important step for inducing neural fate in the embryo. 

However, evidence from studies looking at FGF signalling and its induction of 

prospective neural plate marker ERNI, SOX3, and Churchill suggest that neural 

inducing events actually occur prior to BMP antagonism. Furthermore, discovery and 

analysis of SOX2 cis-regulatory sites (N1 and N2) have provided insight into how the 

earliest events in neural induction are regulated.  

 

 Conversely, not much is known about the earliest inductive steps of 

neurogenesis in C. elegans. Neurons come from different invariant lineages in the 

worm, many of which are non-clonal, meaning different cell types (muscle, neuron 

and epidermis) descend from common blastomeres (Hobert, 2005). The 

establishment of early blastomere (lineage founder cells) identity is controlled by 

Notch signalling (Evans et al., 1994; Mango et al., 1994; Mello et al., 1994; Mickey et 

al., 1996; Priess and Thomson, 1987). Subsequent cell type identities are 

established by a binary stepwise mechanism controlled by the Wnt/b-catenin 

asymmetry pathway (Kaletta et al., 1997). Furthermore, SoxB proteins are not 

required during neurogenesis in the worm embryo (Vidal et al., 2015), suggesting 

the earliest steps of embryonic neurogenesis are regulated differently between 

worms and vertebrates. However, there are several downstream events that share 

common themes between worm, vertebrates and fly. In the next section, I will 
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describe subsequent steps in the neural tube that pattern neural tissue and establish 

distinct regional domains. These domains establish temporal and spatial control 

during development, thus ensuring the proper type and position of various neuronal 

cell types in the nervous system.  

 

1.2 Regulatory factors critical for patterning the vertebrate neural tube  
 
 

Early development of the vertebrate spinal cord has been a well-

characterised example of neural patterning in vertebrates. Along the dorsal-ventral 

(D/V) axis in the spinal cord, motor neurons occupy ventral regions, interneurons 

form throughout the entire spinal cord, and axons of the sensory dorsal root ganglion 

neurons enter dorsally (Fig 1.3). The neuroepithelium in the ventral half of the spinal 

cord produces the floor plate (fp), motor neurons (MNs) and V3, V2, V1 and V0 

interneurons, each of which is positioned orderly along the D/V axis. The 

regionalisation of ventral neuroepithelium originates from dorsoventral patterning in 

the early neural tube which subdivides the spinal cord into distinct corresponding 

progenitor domains: fp, pMn, p3, p2, p1 and p0 (Briscoe and Ericson, 2001; Jessell, 

2000)(Fig 1.3). In the next sections, I will describe several factors responsible for 

regulating patterning in vertebrate and fly CNS. 
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Figure 1.3: Ventral patterning in the vertebrate spinal cord (Adapted from Lupo, Harris and 

Lewis, 2006).

Regionalisation of ventral neuroepithelium is determined by dorsoventral patterning in the early 
neural tube which subdivides the spinal cord into distinct progenitor domains: fp, pMn, p3, p2, p1 
and p0. The inhibition of bone morphogenetic protein (BMP) by the antagonists noggin, chordin, 
and follistatin is required for proper ventral domain specification. Additionally, Sonic hedgehog (SHH) 
represses the formation of the repressor form of GLI3 (GLI-Kruppel family member 3), thus 
preventing GLI3 from inhibiting specification in the pMN, p2 and p1 domains. SHH signaling also 
induces floor plate and p3 domain specification. Retinoic Acid (RA) is required for p0, p1 and pMN 
domains. Fibroblast growth factor (FGF) signaling is critical in specifying pMN (High levels in bold) 
with RA and in specifying p3 (low levels) along with SHH. The combinatorial expression of 
homeodomain patterning proteins confers progenitors cells with spatial and temporal identities. 
Patterning proteins execute their roles by promoting regulatory specification programs that control 
each class of post-mitotic neuron from individual progenitor domain. Class I and Class II patterning 
proteins sharpen their distinct boundary domains via cross-repression, thus ensuring the proper 
proportions of each cell type and location. Ventral domains are colour coded with corresponding 
neuron fates. Gene interactions are indicated by arrows (activation) and bars (repression). Class I
and Class II patterning proteins are highlighted in red and purple colours respectively. 
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1.2.1 Signalling proteins regulate patterning of ventral progenitor domains 

 
Sonic hedgehog (SHH), a member of the Hedgehog (HH) family of secreted 

proteins is initially secreted from the notochord (Echelard et al., 1993; Roelink et al., 

1995) and later on from the floor plate (fp) of the neural tube (Marti et al., 1995; 

Roelink et al., 1995). SHH expression is both necessary and sufficient in generating 

the fp and all other ventral progenitor domains (Briscoe and Ericson, 1999; Hynes et 

al., 2000; Litingtung and Chiang, 2000; Wijgerde et al., 2002). In the neural tube, 

overexpression of SHH in vivo results in a ventralised spinal cord. Moreover, spinal 

cord explants incubated in high concentrations of SHH in vitro generates progenitor 

domains of more ventral identity at the expense of dorsal ones. Conversely, both 

spinal explants incubated in anti-SHH antibodies as well as Shh knockout mice fail 

to specify fp, p3, pMN and p2 domains while p1 and p0 domains translocate to more 

ventral regions of the spinal cord (Chiang et al., 1996; Wilson and Maden, 2005). 

patched 1 (Ptc1), a SHH receptor and main readout of SHH signalling, is expressed 

in a gradient with high concentrations ventrally and low dorsally (Jessell, 2000). 

Additionally, spinal cord explants exposed to increasing concentrations of SHH 

protein adopt increasingly more ventral fates (Briscoe and Ericson, 1999; Litingtung 

and Chiang, 2000). Combined, this suggests that in the spinal cord SHH signalling 

acts in a concentration-dependent manner as a long-range morphogen and that 

ventral domains respond to distinct thresholds of SHH signalling. 

  

Nodal proteins, which are members of the transforming growth factor-β 

(TGFβ) family, have been shown to play a role in ventral patterning in the spinal 
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cord, specifically in the most ventral floor plate progenitor region (Conlon et al., 

1994). In zebrafish, Nodal signalling has been shown to directly regulate shh 

enhancer elements to drive its expression in the ventral neural tube (Muller et al., 

2000). Additionally, zebrafish with mutations in the Cyclops (cyc) gene, which 

encodes a nodal-related 2 (Ndr2) gene, results in floor plate specification failures 

along the entire A/P axis (Hatta et al., 1994; Rebagliati et al., 1998; Sampath et al., 

1998). In the spinal cord, Nodal signalling appears to have dual roles. Ventralisation 

occurs via its regulation of HH genes (Placzek and Briscoe, 2005; Strähle et al., 

2004). Conversely, in a role independent of HH, Nodal directly specifies subsets of 

floor plate cells (Etheridge et al., 2001; Rebagliati et al., 1998; Sampath et al., 1998). 

 

Similar to the role that SHH plays in the ventral spinal cord, BMP signalling 

plays a critical role in establishing D/V patterning and specification of the dorsal 

spinal cord (Barth et al., 1999; Chizhikov and Millen, 2005; Nguyen et al., 2000; 

Wine-Lee, 2004). The interplay between BMPs expression and their antagonists 

(Noggin, Chordin, and Follistatin) generates a dorsal (high) to ventral (low) gradient 

of BMP signal activity for the creation of distinct dorsal domains in the spinal cord. In 

fact, either increasing or decreasing BMP signals in the dorsal neural tube results in 

the expansion or reduction of specification of dorsal cell types, respectively 

(Chesnutt et al., 2004; Timmer et al., 2002; Wine-Lee, 2004). However, BMP 

signalling also has a converse effect in the ventral domains of the spinal cord, 

evident by noggin knockout mice exhibiting a loss of MNs and ventral interneurons 

(McMahon et al., 1998). Additionally, when spinal cord explants incubated in SHH 



	 25	

alone are compared with those explants incubated with SHH/BMP7 and 

SHH/follistatin, the former results in a reduction of ventral fates, whereas the latter 

exhibits an increase of ventral fates (Liem et al., 2000), suggesting the inhibition of 

BMP signalling is also critical for ventral spinal cord fate. All together, these results 

provide evidence that opposing gradients of dorsal BMP and ventral SHH signalling 

as well as BMP antagonist all play an important role in D/V patterning of the spinal 

cord. 

 

In the neural tube, signalling proteins including BMPs, FGFs and SHH, 

regulate spatial domains for progenitors of different neural cell types. Loss of 

function mutants for these proteins results in abolishment and/or restrictions of 

certain domains as well as expansion of others. This means that progenitor cells 

must integrate responses to signalling proteins and translate that response into cell 

fate specification. In the sections below, I will describe well-characterised 

mechanisms that regulate how neural tube progenitor cells respond to SHH 

signalling.  

 

1.2.2 Factors regulating the response to SHH signalling in neural tissues 

 
In neural progenitor cells, SHH binding to Ptc1 releases its inhibition of the 

transmemebrane protein Smoothened (SMO), thus allowing intracellular SHH 

transduction (Hynes et al., 2000). SHH signalling, transduced via SMO, ultimately 

converges to control the production and activity of effector Gli proteins (Gli1, Gli2 

and Gli3), a family of zinc-finger transcription factors that regulate the expression of 
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downstream SHH target genes (Jacob and Briscoe, 2003; Jiang and Hui, 2008; 

Vokes et al., 2007; Vokes et al., 2008). Depending on the presence or absence of 

SHH signalling, Gli proteins act as either activators (GliA) or repressors (GliR) 

respectively. Gli1 acts exclusively as a transcriptional activator (Persson et al., 

2002). Gli2 also predominantly functions as an activator, whereas Gli3 functions 

mostly as a repressor (Ding et al., 1998; Matise et al., 1998). In the absence of SHH 

signalling, Gli2 protein is degraded and Gli3 is converted into Gli3R, a truncated 

isoform with repressive functions (Aza-Blanc et al., 2000; Pan et al., 2006; Persson 

et al., 2002; Tempe et al., 2006; Wang et al., 2000). Embryos with a mutation in Gli3 

exhibit ectopic ventral gene expression in the dorsal neural tube. This phenotype 

can be rescued with a Gli3 allele containing only the transcriptional repressor 

isoform, suggesting that the repressive activity of Gli3 is required for establishing 

dorsal domains in the neural tube (Persson et al., 2002).  

 

In the presence of SHH, the truncated Gli3 isoform (GliR) is inhibited, thus 

allowing for the promotion of ventral domain fates. This is supported by the partial 

rescue of the SHH null phenotype observed in embryos with inactivate SHH and Gli3 

(Persson et al., 2002). In mouse embryos lacking proper Gli2 activity, loss of both fp 

and p3 identity is observed and the phenotype is enhanced by mutations to Gli1 

(Ding et al., 1998; Matise et al., 1998; Park et al., 2000). These results indicate that 

identities of p3 and fp cells not only require the inhibition of GliR but also the positive 

transcriptional activity of GliA. Taken together, these results demonstrate that 

varying levels of GliA and GliR activity, which react to the presence and absence of 
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SHH, modulate the graded response of cells in different domains to SHH. How this 

difference in GliA/R gene expression results in the restricted expression of 

patterning transcription factors that regulate progenitor domain identity will be 

describe in the next section.  

 

1.2.3 Regulation of homeodomain patterning transcription factors  

 
Studies looking at the cis-regulatory regions of SHH target genes have 

provided insight into how patterning transcription factor expression is regulated 

(Kutejova et al., 2016; Nishi et al., 2015; Oosterveen et al., 2012; Oosterveen et al., 

2013; Peterson et al., 2012; Vokes et al., 2007; Vokes et al., 2008). Via chromatin 

immunoprecipitation (ChIP) and bioinformatics, Gli binding sites have been found in 

many of the SHH target genes and transgenic reporter analysis has confirmed the 

sites role in target gene expression (Peterson et al., 2012; Vokes et al., 2007). 

Moreover, transgenic reporter and perturbation assays show that Gli binding sites 

within Shh target gene’s cis-regulatory regions affects how they integrate SHH 

signalling (Oosterveen et al., 2012; Peterson et al., 2012). For example, when Gli 

binding affinity is increased in target genes associated with short-range induction 

(expressed more ventrally), gene expression boundaries are expanded (Peterson et 

al., 2012). Conversely, when Gli binding affinity of the same target genes is 

decreased, expression boundaries are restricted. Interestingly, this is not consistent 

for target genes associated with long-range (expressed more dorsally) SHH 

induction (Oosterveen et al., 2012). Reducing Gli binding affinity of dorsal target 

genes expands their range of expression.  
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In summary, different patterning determinant genes have different responses 

to GliA and GliR activity. Ventrally expressed genes require GliA input; thus 

increasing their affinity results in an increased response and broader expression. 

Dorsally expressed genes are restricted by GliR input; thus decreasing their affinity 

results in an increased response and broader expression. Additionally, binding sites 

for homeodomain and SoxB proteins have been identified in SHH target genes 

(Oosterveen et al., 2012; Peterson et al., 2012). SoxB family members (Sox1, Sox2 

and Sox3) are broadly expressed in the neural tube and function as activators of 

neural fate determinant genes. The number, affinity, and arrangement of SoxB1 

binding site could act as another modulating influencer for target gene response to 

Shh-Gli graded inputs.  

 

1.2.4 Homeodomain transcription factor code establishes patterning domains 
in ventral spinal cord 
 
 

As discussed above, spatial patterning via signalling cues imparts precise 

identities on neural progenitors based on their dorsal/ventral positions within the 

neural tube. As a consequence of this signalling, progenitors express particular 

homeodomain transcription factors known as patterning proteins that organize the 

production of various neural cell types in a position-dependent manner. In essence, 

patterning proteins act as an intermediary factor bridging SHH graded signal 

patterning and later cell fate specification steps (Briscoe and Ericson, 1999; Briscoe 

et al., 2000; Ericson et al., 1997; Mansouri and Gruss, 1998; Pierani et al., 1999; 
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Sander et al., 2000). Homeodomain patterning proteins can be divided into two 

classes (Fig 1.3). These classes are defined based on expression patterns and the 

manner in which SHH regulates their expression (Briscoe et al., 2000). For Class I 

proteins, each protein’s expression is repressed at specific SHH concentrations, 

which defines both their ventral boundaries and progenitor domains. For Class II 

proteins, each protein’s expression is activated at specific SHH concentrations, 

which also defines both their dorsal boundaries and progenitor domains.  

 

Both gain of function and loss of function experiments in chick and mouse 

respectively, showed cross-repressive interaction between pairs of Class I and Class 

II proteins (Fig 1.3; Briscoe et al., 2000; Dessaud et al., 2007; Ericson et al., 1997). 

For example, in the neural tube, Nkx2.2 is expressed in a domain that ventrally 

borders the Pax6 expression domain. Embryos lacking Pax6 and Olig2 exhibit 

ectopic expression of Nkx2.2 into more dorsal progenitor regions and neuronal 

subtypes generated from these progenitors increases as well. Patterning proteins 

not only establish spatial domains but also have been shown to act during cell type 

specification (Hack et al., 2005; Heins et al., 2002; Tanabe et al., 1998; Zhou and 

Anderson, 2002). This role in specification is most evident when looking at loss of 

function and overexpression experiments. For example, in mutant mice lacking 

Olig2, both motor neurons and oligodendrocytes fail to generate in the pMN, 

whereas overexpression of Olig2 in a stage-dependent manner in chick embryos 

results in neurogenesis or oligodendrogenesis (Zhou and Anderson, 2002). 

Similarly, Pax6 expression promotes progenitors in the spinal cord and forebrain to 
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adopt neuronal fate. However, in the absence of Pax6, these progenitors 

precociously produce oligodendrocytes and astrocytes precursors at the expense of 

neurogenesis (Hack et al., 2005; Heins et al., 2002). The combinatorial expression 

of homeodomain patterning proteins confers progenitors cells with spatial and 

temporal identities. Additionally their activity promotes regulatory specification 

programs that will determine each class of post-mitoitc neuron that derives from 

individual progenitor domain. This feature illustrates the importance of Class I and 

Class II proteins role in the specification of neural cell types but also in regulating the 

proper proportions of each cell type and location via cross-repression. 

 

In summary, patterning of the spinal cord in the neural tube requires 

coordination from multiple regulatory events. First, signalling proteins must confer 

spatial information onto progenitor cells. Next, responding cells must interpret this 

information and translate (Gli activity) it into expression of patterning transcription 

factors. Lastly, patterning transcription factors sharpens the boundaries between 

progenitor domains and promotes downstream specification determinant gene 

expression. 

 

1.2.5 Drosophila patterning in the neuroectoderm  

 
In Drosophila, neural prepatterning has been well-characterised in the developing 

ventral cord (Rusch and Levine, 1996). Ventral cord neurogenesis begins during the 

blastoderm stage with the establishment of the neuroectoderm region. The position 

of the neuroectoderm is determined by the gradient localisation of the transcription 
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factor Dorsal with the highest concentrations in the most ventral cells. Dorsal 

activates prepattern genes as well as antagonizes the activity of Dpp, a dorsal 

epidermis fate inducer (Von Ohlen and Doe, 2000). Similar to the vertebrate spinal 

cord, the Drosophila neuroectoderm is split dorsal/ventrally into three domains by 

the expression of a combination of prepattern genes (Fig 1.4). The three homeobox 

genes ventral nervous system defective (vnd), intermediate neuroblast defective 

(ind), and muscle segment homeobox (msh) establish the D/V domains of the 

neuroectoderm, creating non-overlapping longitudinal bands (Chu et al., 1998; 

Isshiki et al., 1997; Jiménez et al., 1995; McDonald et al., 1998; Weiss et al., 1998; 

Yagi et al., 1998). Each domain generates neuroblast in five successive waves (SI-

SV). vnd is expressed in the most ventral domain and is required for neuroblast 

formation from SI to SII. However, neuroblasts created after SII develop normally in 

vnd mutants, suggesting there are additional genes regulating ventral 

neuroectoderm patterning (Skeath et al., 1994). Ind and the epidermal growth factor 

receptor (EGFR) expression in the intermediate domain induces neuroblast 

formation until SII (Skeath et al., 1994; Weiss et al., 1998).  After SII, neuroblast 

formation depends on the Sox-domain genes SoxNeuro and Dichaete (Buescher et 

al., 2002; Overton et al., 2002; Zhao et al., 2002a). SoxNeuro is expressed in all 

three neuroectoderm domains, whereas Dichaete expression is restricted to the 

ventral and intermediate domains. 
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Figure 1.4: Dorsoventral patterning in the Drosophila neuroectoderm
The Drosophila neuroectoderm is split into three domains. The expression of the homeobox genes 
ventral nervous system defective (vnd), intermediate neuroblast defective (ind), and muscle segment 
homeobox (msh) defines the D/V domains of the neuroectoderm. The neuroectoderm boundaries are 
established by the gradient localisation of Dorsal (DI) with the highest concentrations in ventral cells. 
DI establishes limits ventrally by activating snail, a mesoderm inducing gene that restricts ventral 
boundaries via the repression of vnd and EGFR. Conversely, Dpp establishes dorsal boundaries 
through the repression of msh and SoxN. DI expression activates rhomboid (rho), which in turn 
activates the EGFR pathway.  DI and EGFR signaling activates and maintain vnd, ind and Dichaete. 
The direct activators of msh are still unknown. Inhibitory interactions between vnd, ind, and msh 
restrict their expression to their respective domains. Regulatory interactions are indicated with arrows 
(activation) and bars (repression).
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The opposing activities of both Dorsal and Dpp determine the extent to which 

the neuroectoderm can occupy (Biehs et al., 1996; Ferguson and Anderson, 1992; 

Jaźwińska et al., 1999; Wharton et al., 1993). Dorsal establishes limits ventrally by 

activating snail, a mesoderm inducing gene that dictates ventral boundaries in 

neuroectoderm by repressing vnd and EGFR (Von Ohlen and Doe, 2000; Zhao et 

al., 2002b). Conversely, Dpp establishes dorsal boundaries through the repression 

of msh and SoxN. Dorsal expression in the intermediate domain activates rhomboid 

(rho), which in turn activates the EGFR pathway (Bier et al.., 1990). Dorsal and 

EGFR signalling activates and maintains vnd, ind and Dichaete. Inhibitory 

interactions between vnd, ind, and msh restrict their expression to their respective 

domains. The anteroposterior (A/P) axis in the neuroectoderm is established by 

segment-polarity genes such as wingless, hedgehog, patched, and engrailed, which 

activate their own set of transcription factors (Bhat, 1999). In combination, the A/P 

and D/V patterning genes confer a bidirectional code onto neuroectodermal cells to 

determine both position and identity for neuroblasts.  

 

1.3 Proneural genes interpret patterning cues to drive neurogenesis 
 

While establishing progenitor regions via patterning molecules and 

transcription factors contribute to the complexity and diversity of the nervous system, 

additional steps are required for proper production of different neural cell types. For 

instance, multipotent progenitors must produce daughter progenitors that are 

committed to generating progeny of one particular cell type. Next, committed 

progenitors undergo the process of specification, by which they express specific 
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genes for particular classes of neurons i.e. motor and interneurons. Finally, neuron 

progenitors stop replicating, migrate out of the progenitor zone and undergo terminal 

differentiation. It is during terminal differentiation when specific batteries of gene 

expression modulate the morphology, neurotransmitters, and receptors specific to 

the neuron. Studies both in vertebrate and invertebrate models provide evidence 

that a group of genes known as proneural genes, which encode transcription factors 

of the basic helix-loop-helix (bHLH) class, are both necessary and sufficient for 

initiating neuronal lineages and progenitor differentiation.  

 

1.3.1 Identification of proneural genes 

 
Proneural genes were first identified to regulate neural development in the 

late 1970s through the isolation of a collection of Drosophila mutants that fail to 

produce external sensory organs (bristles; Garcia-Bellido, 1979; Ghysen and 

Dambly-Chaudiere, 1989). These mutants achaete (ac), scute (sc), lethal of scute 

(lsc) and asense (ase) are conserved from fly to mouse and human. Additional 

identification and characterisation revealed that these genes have common 

sequences coding for a basic helix-loop-helix (bHLH) domain; this domain gives the 

proteins their DNA binding and dimerization properties (Murre et al., 1989b). 

Proneural transcription factors bind to specific sequences of DNA known as an E-

box (CANNTG) via heterodimeric complexes with other bHLH proteins or E proteins 

(Drosophila DA and mammalian E2A, HEB and E2-2; Murre et al., 1989b; Villares 

and Cabrera, 1987). The basic region of the bHLH domain is mostly responsible for 

DNA binding; seven of ten residues in the basic domain make direct contact with 
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DNA, whereas helix 1 and 2 domains form a four-helix bundle with the dimer partner 

(Chien et al., 1996; Murre et al., 1989a; Murre et al., 1989b).  

  

Similar bHLH proteins are divided into families based on their differences both 

in residues of the 1st helix and loop as well as the contexts in which they act 

(González et al., 1989; Goulding et al., 2000b; Jarman et al., 1993; Villares and 

Cabrera, 1987). The proneural gene atonal (ato) was isolated from a PCR screen for 

genes similar to achaete-scute (asc) family, along with its cousins amos (absent MD 

neurons and olfactory sensilla) and cato (cousin of atonal), which together form the 

second proneural family of genes. In vertebrates, genes related to asc and ato were 

initially found by RT-PCR and yeast-two-hybrid experiments (Goulding et al., 2000a; 

Goulding et al., 2000b; Huang et al., 2000). Vertebrate asc family gene counterparts 

like ash1 are found in all species (Mash1, Cash1, Zash1, and Xash1) whereas 

others are only present in one class (i.e. Mash2 in mammals and Cash4 in chick; 

Guillemot, 1999; Lee, 1997). In the case of ato vertebrate counterparts, only the 

mouse Math1 and Math5 are considered similar enough to be classified as 

orthologues. However, other ato-related genes are grouped into their own families 

(i.e neurogenin (Ngn) and NeuroD; Hassan and Bellen, 2000; Lee, 1997). Proteins 

belonging to the families asc, ato, and ngn are classified as proneural due to their 

early expression in the ectoderm as well as being both necessary and sufficient for 

neural progenitor production in the ectoderm.  
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1.3.2 The role of proneural genes in cell type specification 

 
The process by which uncommitted progenitor cells undergo cell type 

selection is known as specification. This process ensures that particular classes of 

neurons and glial cells are produced in specific regions of the embryonic neural tube 

in a specific order: first neurons, next oligodendrocytes, and last astrocytes. In 

vertebrates, the commitment of progenitor cells to neural cell types requires first that 

proneural proteins inhibit the self-renewing properties of pluripotent progenitors. This 

is achieved by inhibiting SoxB1 genes (Sox1, Sox2 and Sox3) via the activation of 

Sox21, which is an antagonistic SoxB1 gene expression (Bylund et al., 2003; 

Sandberg et al., 2005). Proneural genes also promote neural specification through 

the negative regulation of astrogliogenesis. Proneural genes block this process by 

sequestration of the CBP-Smad1 transcription complex, thus preventing their binding 

to promoters of astrocyte differentiation genes as well as inhibiting the activation 

JAK-STAT transcription factors necessary for gliogenesis (He et al., 2005; Sun et al., 

2001).  

 

1.3.3 The role of proneural genes in cell cycle exit  

 
Proneural genes can also indirectly control the fate of progenitor cells by 

affecting when they exit the cell cycle (Farah et al., 2000; Ohnuma et al., 2001). Due 

to changes in extrinsic fate determining signals, different neuronal types are 

produced during different periods in neuronal development. Thus, controlling when 

progenitors exit the cell cycle acts as a way of determining what signalling cues 
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progenitors are exposed to at the time of final division (Edlund and Jessell, 1999; 

Ohnuma et al., 2001). For instance, in the chick neural tube, overexpression of Ngn2 

results in premature cell cycle exit and neuronal differentiation in neuroepithelial 

cells (Mizuguchi et al., 2001; Novitch et al., 2001). Additionally, transient expression 

of proneural genes in P19 cell lines causes cell cycle withdrawal and neuronal 

differentiation (Farah et al., 2000). 

 

1.3.4 The role of proneural genes in differentiation 

 
Once a progenitor cell has committed to a neuronal cell type, a subsequent 

differentiation process must occur in order to generate a fully mature and 

differentiated neuron. In the vertebrate neural tube, proneural gene expression is 

down-regulated prior to differentiation (Ben-Arie et al., 1996; Gradwohl et al., 1996; 

Ma et al., 1996). In Drosophila, proneural gene expression is down-regulated before 

progenitors begin to divide and produce sensory organs (PNS) and ganglion mother 

cells (CNS; Cubas et al., 1991; Jarman et al., 1993; Skeath and Carroll, 1991). This 

means proneural genes must activate expression of downstream targets prior to 

their down-regulation in order to regulate neuronal differentiation. Studies in both 

Drosophila and vertebrates have identified bHLH genes that are capable of 

ectopically driving neuronal differentiation and whose expression is dependent on 

proneural gene targeted activation (Jan and Jan, 1993; Kintner, 2002; Lee, 1997).  

 

In Drosophila, the gene ase, a direct target of ac and sc, is expressed in CNS 

and PNS neuronal precursors and has been shown to have a general role in 
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neuronal differentiation (Domínguez and Campuzano, 1993; Jarman et al., 1993). 

Deletion mutations in ase cause a loss in many sensory organs (bristles) and 

abnormal differentiation in those that remain (Domínguez and Campuzano, 1993). 

The role of ase in differentiation is further evident when looking at mutants that lack 

ac and sc but carry ase, as bristles that exist differentiate normally. In vertebrates, 

members of the NeuroD family are expressed in immature neurons and exhibit the 

capacity to ectopically initiate differentiation (Farah et al., 2000; Lee et al., 1995). In 

the mouse, Math2 and NeuroD2 mutants fail to undergo proper differentiation 

resulting in cell death in the granule layers of the cerebellum and hippocampus. This 

phenotype differs from the loss of precursors phenotype observed in Mash1 and 

Ngn mutants (Liu et al., 2000; Miyata et al., 1999; Olson et al., 2001; Schwab et al., 

2000). In mice olfactory neurons, Mash1 is required for neuronal differentiation by 

activating Math4 and NeuroD in olfactory epithelium (Cau et al., 1997). In Mash1 

mutants, Math4 and NeuroD expression is lost and neuronal precursors are blocked 

from differentiating and die. Other vertebrate examples include the Xenopus ngn-

related gene, ngnr, which activates NeuroD to regulate differentiation and the AS-C 

homologue Cash4, which is suggested to have both determination and differentiation 

roles (Henrique et al., 1997; Lee et al., 1995; Ma et al., 1996; Perron et al., 1999). 

 

1.3.5 Subtype specification in vertebrates and Drosophila  

 
Before differentiating, neural progenitors undergo a process known as 

neuronal subtype specification in which proneural transcription factors activate 

neuronal homeodomain (HD) proteins required for adoption of specific neuronal 
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identities (i.e. neuron classes) (Lee and Pfaff, 2003; Poitras et al., 2007; Saba, 

2005). For example, the neuronal HD proteins distal-less homeobox 1 and 2 (Dlx1 

and Dlx2) are directly induced by Mash1 and mutations in these genes result in 

striatal neurons that fail to differentiate (Anderson et al., 1997; Yun et al., 2002). 

Mice mutant for Hb9, a direct Ngn2 target gene, display motor neuron axon 

guidance defects (Arber et al., 1999; Lee and Pfaff, 2003; Thaler et al., 1999). In 

Drosophila, analysis conducted on loss of function mutants showed that the 

proneural genes asc and ato are required to promote the formation of distinct types 

of sensory organs in the PNS (Huang et al., 2000; Jarman et al., 1993; Jarman et 

al., 1994; Parras et al., 1996; Skeath and Doe, 1996). For example, ato can 

transform wild type external sense organs to chordotonal organs through the 

repression of cut, a gene necessary for external sense organ fate (Jarman and 

Ahmed, 1998). Moreover, chimeric studies in which the basic domain of Scute was 

replaced with that of Atonal demonstrated that mutant expression can induce ectopic 

chordotonal neurons as well as rescue ato-null mutant phenotypes (Chien et al., 

1996). This result suggests that the basic domain of Atonal encodes essential 

information for the specification of chordotonal fate. 

 

Proneural genes play a pivotal role during neurogenesis in the integration of 

positional information and its translation into promoting neural lineages.  Proneural 

genes achieve this through the positive and negative regulation of various steps 

during and at the end of progenitor specification. Proneural gene repression of self-

renewing properties in pluripotent progenitors and astrogliogenesis ensure that 
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progenitors commit only to a neural fate. Proneural gene positive regulation of 

subtype specification, via the activation of HD determinants, as well as controlling 

the timing of cell cycle withdrawal both endow neuron subtype identity to progenitor 

cells. In the next section I will describe ways in which proneural gene expression and 

activity is regulated.     

1.4 Proneural gene regulation 

 
In order to ensure proper proportions and fates during neural development, a 

transition must occur from a growth phase where progenitor cells proliferate to a 

differentiation phase. As mentioned earlier, the advent of the latter event is 

characterised by proneural gene expression. A class of conserved HLH proteins 

function as proneural gene antagonists. These genes function both as active and 

passive repressors of proneural protein activity to keep cells in an undifferentiated 

precursor state. Active repressors are distinguished from passive repressors by the 

mechanisms in which they act on proneural gene expression. Passive repressors 

inhibit proneural gene function by interfering with the proneural protein’s ability to 

activate downstream target genes. This repression can occur through competition of 

target gene DNA binding sites or by forming inactive heterodimers with proneural 

proteins (Cowell, 1994). Conversely, active repressors negatively regulate proneural 

genes via direct binding to repressor-specific sites within target proneural genes, 

affecting transcription of the proneural gene itself. In this section, I will describe 

various mechanisms in which proneural gene expression and protein function are 

regulated.  
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1.4.1 Proneural regulation via inhibition of protein function 

	
extramacrochaetae (emc) and inhibitor of DNA binding (ID)  

During neurogenesis, suppression of proneural gene expression and function 

ensures appropriate numbers and positioning of neurons in the PNS and CNS. In 

order to function properly, proneural bHLH proteins require heterodimerization 

partner (E proteins) to facilitate transcription of downstream target genes. 

extramacrochaetae (emc) and its mammalian homolog inhibitor of DNA binding (ID) 

encode for proteins of the HLH family that act as passive negative regulators of 

proneural gene function (Benezra et al., 1990; Campuzano, 2001; Ellis et al., 1990; 

Garrell and Modolell, 1990; Kee, 2009; Ross et al., 2003). emc proteins lack the 

basic region required for DNA binding (Ellis et al., 1990) and thus antagonize 

neurogenesis by forming non-DNA-binding heterodimers with proneural bHLH 

proteins to negatively affect their proneural function (Cubas and Modolell, 1992; 

Martínez et al., 1993; Van Doren et al., 1991; Van Doren et al., 1992).  

 

In vertebrates, Id protein members consist of four proteins: ID1, ID2, ID3 and 

ID4 (Benezra et al., 1990; Christy et al., 1991; Ellmeier et al., 1992; Jen et al., 1992; 

Sun et al., 1991). Like their Drosophila homolog, ID proteins primarily function as 

repressors of proneural activity by forming dysfunctional dimerization partners with 

bHLH transcription factors (Benezra et al., 1990; Tzeng, 2003). Id members 

sequester E-proteins and MyoD family bHLHs resulting in suppression of 

differentiation and the promotion of proliferative states for neural and muscle 

precursor cells (Kreider et al., 1992; Jen et al., 1992). E proteins, E12 and E47, 
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promote cell cycle exit by forming homodimers and activating CDK inhibitors 

(Pagliuca et al., 2000; Prabhu et al., 1997; Sloan et al., 1996). Through inactive 

dimerisation binding with E proteins, ID proteins inhibit E protein function and 

initiation of cell cycle progression (Lasorella et al., 2014; Ling et al., 2014; Peverali et 

al., 1994). In embryonic neural stem cells (NSCs), cell maintenance and 

differentiation are regulated by Notch signalling and oscillation of Hes1 and 

proneural gene expression (Imayoshi et al., 2013; Shimojo et al., 2008). Id4 is a 

transcriptional target of Notch signalling and functions in embryonic NSCs to down-

regulate proneural activity and promote Hes auto-repression, thus maintaining 

oscillation of Hes and proneural gene expression (Boareto et al., 2017; Li et al., 

2012; Sharma et al., 2015).  

 

Phosporylation of proneural genes  

The phosphorylation of proneural proteins at distinct residues has been 

shown to regulate their activity by influencing which proteins they bind with as well 

as what target genes they activate (Ali et al., 2011; Ali et al., 2014; Hindley et al., 

2012; Li et al., 2012; Yang et al., 2012). For example, phosphorylation of 

mammalian-specific tyrosine residues in Ngn2 is necessary for its role during 

neuronal migration and dendrite morphology but not its proneural function.  

Phosphorylation of serine residues in Ngn2 and Ascl1, via cyclin-dependent kinase, 

progressively dictates their binding affinity of target genes. This mechanism is 

suggested to act as a means of reducing proneural activity as progenitors exit the 

cell cycle. Proneural proteins with low amounts of phosphorylation are able to bind to 
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regions of DNA (differentiation genes e.g. NeuroD and Myt1) with less accessible 

chromatin by the recruitment of chromatin-remodeling proteins, whereas highly 

phosphorylated proteins can only access more open sites (Notch Delta).  

 

1.4.2 Proneural regulation via binding to proneural gene promoter regions  

	
Hairy proteins  

In the Drosphila PNS, bHLH transcription factors encoded by proneural genes 

of the achaete-scute (ac/sc) complex promote neuronal fate whereas another set of 

HLH factors encoded by hairy and seven Enhancer of split Complex (Espl) genes 

behave as antagonists of neuronal differentiation (Skeath and Carroll, 1994). hairy 

acts during the pre-patterning stage in the PNS to directly repress transcription of 

proneural gene achaete, thus ensuring expression occurs only in the correct 

location, the proneural cluster (Botas et al., 1982; Moscoso del Prado and Garcia-

Bellido, 1984). Sequence analysis of the achaete promoter revealed the presence of 

a Hairy binding site and mutations within this site result in ectopic sensory organ 

phenotypes similar to those observed in hairy mutants (Ohsako et al., 1994; Van 

Doren et al., 1994). All hairy-related genes encode proteins with two distinct 

features: a proline-bHLH domain containing a specifically located proline within the 

basic region, and a 4-amino acid motif WRPW (Trp-Arg-Pro-Trp), which is located at 

the C-terminus (Bier et al., 1992; Delidakis and Artavanis-Tsakonas, 1992; Knust et 

al., 1992; Rushlow et al., 1989). The ability of hairy-related genes to repress 

transcription stems from their WRPW repression domain, which is required for the 
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recruitment and binding of the conserved non-HLH co-repressor Groucho (Fisher et 

al., 1996; Paroush et al., 1994).   

 

Lateral inhibition via Notch signalling 

In Drosophila, pre-patterning by the anti-neuronal protein Hairy ensures 

subsequent expression of proneural genes such as achaete and scute are confined 

to the proneural cluster (Fig 1.5; Ghysen and Dambly-Chaudiere, 1989; Jan and 

Jan, 1990). Each cluster expresses one or more achaete-scute genes depending on 

neuronal identity, and each cell within the cluster has the potential to become a 

neuronal precursor (Cubas et al., 1991; Skeath and Carroll, 1991). However, few 

cells from each cluster will undergo a neuronal precursor conversion; the remaining 

cells will adopt an epidermal cell fate. This is due to the process known as lateral 

inhibition, a mechanism in which neighboring ectoderm cells communicate via lateral 

inhibition Notch signalling (Artavanis-Tsakonas et al., 1999; Chen et al., 1997; 

Chitnis and Kintner, 1996; Lewis, 1998). Upon selecting a neural precursor, cell-cell 

interaction activates the Notch transmembrane receptor on neighboring cells by the 

ligand Delta, which in turn initiates a signal transduction cascade (Fehon et al., 

1990; Lieber et al., 1993; Rebay et al., 1993; Struhl et al., 1993). The activation of 

the Notch signalling pathway in these neighbor cells results in the production of 

repressors like Espl (fly) and Hes (vertebrates), which in turn down-regulate 

proneural genes (Bailey and Posakony, 1995; De La Concha et al., 1988; Jennings 

et al., 1994; Lieber et al., 1993). Enhancer of split genes act downstream of the 

Notch pathway and function as nuclear effectors (De La Concha et al., 1988; 
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Delidakis and Artavanis-Tsakonas, 1992; Knust et al., 1992; Lieber et al., 1993). 

Similar to hairy and achaete, Enhancer of split proteins actively repress target genes 

via binding to repressor sites and the recruitment of the co-repressor Groucho 

(Fisher et al., 1996; Paroush et al., 1994).  

 

The hairy and E(spl) mammalian homologue Hes1 is expressed in neural 

precursor cells and loss of Hes 1 causes premature differentiation resulting in neural 

tube defects as well as abnormal eye size (Ishibashi et al., 1994; Tomita et al., 

1996). Additionally, Hes1-null mice exhibit precocious expression of Mash1 

(Ishibashi et al., 1995), suggesting that Hes1 acts to determine the timing of the 

switch between growth and differentiation phases. The mechanisms by which Hes1 

inhibits neural differentiation can be both active and passive (Sasai et al., 1992). 

Hes1 passively suppresses Mash1-induced transcription by preventing the binding 

of Mash1-E2A heterodimer to the E box via competitive binding. Hes1 has also been 

shown to actively repress Mash1 transcription by binding to its promoter (Chen et al., 

1997; Ishibashi et al., 1995). Time-lapse imaging, in neural stem cells (NSCs), of 

fluorescently tagged proteins Hes1, Ascl1/Mash1, and Olig2 revealed their 

expression in neural stem cells (NSCs) behaves in an oscillatory manner (Imayoshi 

et al., 2013). Hes1 expression oscillates in periods of 2-3 hours, whereas Ascl1 and 

Ngn2 expression oscillates inversely with Hes1, due to Hes1 repression (Imayoshi et 

al., 2013; Shimojo et al., 2008).  

 

 



Pre-Pattern Proneural Cluster Lateral Inhibition

Hairy
Emc

Achaete-Scute
Atonal

Daughterless

E(spl)

Figure 1.5: Prepatterening and lateral inhibition select neural precursor cells in the 
ectoderm (Adapted from Fisher and Caudy, 1998).
Left: Prepatterning of the ectoderm by the bHLH repressor gene, hairy (expression shown in red), 
ensures that proneural gene expression is restricted only to the proneural cluster. emc 
also acts as a prepattern gene to repress proneural function. Middle: In the proneural 
cluster, each cell has the capacity to become a neuronal precursor and expresses one or 
more proneural genes (expression shown in green). Right: One cell within the proneural cluster is 
selected to become a neuronal precursor due to a process called lateral inhibition. 
During lateral inhibition, cell-cell communication via the Notch signaling pathway, up- 
regulates the bHLH repressor gene, E(spl). E(spl) acts by repressing the activity of achaete-scute
gene expression (shown in red) in all cells within the proneural cluster except those 
singled out to become neuronal precursor cells.
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In the absence of Hes1 via down-regulation of Notch signalling, Ascl1 expression 

becomes stable and cells initiate neuronal differentiation. Consequently this 

stabilises Hes1 and Olig2 results in NSCs differentiating into astrocytes and 

oligodendrocytes respectively (Imayoshi et al., 2013). 

 

Iroquois complex  

In fly, the genes araucan (ara), cauplican (caup) and mirror (mirr), which are 

homeobox gene members of the Iroquois complex (Iro-C), act as pre-pattern factors 

that regulate ac/sc expression in lateral proneural clusters of the notum (Kehl et al., 

1998; Leyns et al., 1996). In iro1 mutant flies, expression of ara and caup is strongly 

decreased, resulting in the abolishment of as/sc expression in lateral clusters. 

Depletion of Mirr alone, in the mirrB1-12 allele, removes two out of seven lateral 

bristles and genetically enhances iro1 and other Iro recessive alleles. Furthermore, 

Ectopic expression of ara results in ectopic expression of ac-sc, however ac-sc 

expression is restricted to only a few sites. Furthermore, Ara can bind in vitro to a 

site within as/sc enhancer that is required for enhancer function, suggesting that 

possibly it acts as a direct regulatory of ac/sc expression. However, overexpression 

of a chimeric protein containing Ara homeodomain fused to Engrailed repressor 

domain results in expansion of the proneural cluster, a similar results observed in 

wild type overexpression of ara. This suggests that these proteins function as 

repressors and their effect on ac/sc expression could be an indirect result of 

improper notal specification.  
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REST protein  

In the early 1990s, Gail Mandel and David Anderson independently 

discovered and proposed that the expression of many neuron-specific genes was 

under the control of a cis-acting negative regulatory element (RE1/NRSE) within 

these genes. This discovery would lead to the identification of the C2H2 zinc finger 

protein REST, a RE1-silencing transcription factor (Chong et al., 1995), also known 

as neuron-restrictive silencer factor NRSF (Schoenherr and Anderson, 1995). The 

REST/NRSF gene is not found in flies or nematodes however is conserved from 

human to fugu (pufferfish), suggesting it is specific to the vertebrate lineage. The 

REST/NRSF protein contains three functional domains, a DNA-binding domain 

localised within the cluster of eight zinc fingers and two repressor domains located at 

the N- and C- termini. Both repressor domains function independently of one another 

by interacting with distinct transcriptional regulation cofactors including Co-REST, N-

CoR, mSin3A, and SCPS; these cofactors recruit histone deacetylases, histone 

methyltransferases, and LSD1- containing complexes for neuronal lineage 

suppression (Ballas et al., 2001; Ballas et al., 2005; Huang et al., 1999; Lunyak et 

al., 2002; Shi et al., 2004). REST/NRSF ability to recruit various molecular 

suppression machinery critical to chromatin status and modification suggests 

multiple modes of function by active repression or gene silencing. Loss of function 

experiments revealed that REST/NRSF controls stage-specific neuronal genes such 

as Ascl1 and NeuroD1 via the recruitment of Co-REST and mSin3A in order to 

maintain neural stem cells in an undifferentiated state (Gao et al., 2011). However, 

even though REST/NRSF null mutants display developmental delays and 
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morphological defects, they do not always show widespread neuronal gene 

expression in non-neuronal cells or precocious differentiation (Chen et al., 1998; 

Gao et al., 2011). All together, these seemingly contradictory results create some 

ambiguity in REST/NRSF role during early neurogenesis.  

 

1.4.3 Cis-regulatory elements in achaete-scute regulate expression pattern 

 
Comparative analysis of chromosomal break points within proneural genes 

achaete (ac) and scute (sc) revealed that when certain regions of non-transcribed 

DNA were removed, expression of both proneural genes was abolished in specific 

sensory organs (Campuzano et al., 1985; Ruiz-Gómez and Modolell, 1987). Within 

these regions, cis-regulatory sites (enhancers) were identified that drive the 

expression of ac/sc in specific proneural cluster regions of the notum epithelium 

(García-García et al., 1999; Martínez and Modolell, 1991; Skeath et al., 1992). 

Transgenic reporters containing these enhancer elements driving lacZ expression 

were generated and recapitulated expression patterns for both proneural genes in 

the notum epithelium. The location for the enhancers were found upstream of ac, 

between ac and sc, or downstream from sc. Furthermore, targeted manipulation of 

these sites also recapitulate loss of function mutant phenotypes, thus demonstrating 

that the cis-regulatory elements were indeed responsible for the precise control over 

proneural genes expression in proneural cluster (Gomez-Skarmeta et al., 1995; 

Ruiz-Gómez and Modolell, 1987; Skeath et al., 1992).  
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The dorsocentral ac/sc enhancer (DC) site is a well-characterised example of 

cis-regulatory site integration of patterning factors that govern proneural gene 

expression in the fly. The DC enhancer has been shown to receive several inputs 

from signalling molecules (unknown if direct) and transcription factors such as: Dpp, 

Wingless (a WNT Protein), the GATA transcription factor Pannier (Pnr) and its 

binding antagonist U-shaped (Ush), a homologue of the vertebrate FOG (Friend of 

GATA) factors. In the proximal prospective notum, Dpp activates pnr and ush in 

nested domains (Sato and Saigo, 2000; Tomoyasu et al., 2000). Ush interacts with 

Pnr to form a complex, which acts as a repressor of ac/sc expression in the notum 

(Cubadda et al., 1997; Haenlin et al., 1997). On its own, Pnr has been shown to 

directly bind with DC enhancer sites and positively regulated ac/sc expression 

(García-García et al., 1999).  

 

The expression domains of Pnr and Ush restrict proneural clusters formation 

in the dorsocental notum. The presence of Pnr (activator) set the lateral boundary, 

whereas Pnr/Ush repressor complex set the medial boundary (García-García et al., 

1999). In animals that possess a mutant form of Pnr, which is unable to properly 

form a complex with Ush, the DC cluster expands into Ush domians, resulting in 

ectopic bristle formation (García-García et al., 1999). The Wnt protein Wg is required 

for the function of the DC enhancer (Phillips et al., 1993), however its expression 

does not confer spatial information to the DC cluster (García-García et al., 1999). 

Chip, a broadly expressed cofactor of the LIM homeodomain Ap protein, interacts in 

vitro with Ap, Pnr, Ac or Da (Ramain et al., 2000). These interactions are reported to 



	 51	

help bridge Pnr on the enhancer with Ac/Da to facilitate autoregulation of ac and 

activation of sc. However, conflicting data suggest that auto- and cross regulation 

between ac and sc does not occur, since transcription levels of sc are normal in loss 

of function Sc mutants or Ac and Sc mutants (Gomez-Skarmeta et al., 1995). 

Additionally, a mutation in Chip that results in a loss of DC bristles alternatively 

cause ectopic bristles in the scutellar cluster, which is also dependent on Pnr 

(Ramain et al., 2000).     

 

1.4.4 Dichaete, vnd, and ind regulate proneural genes in Drosophila 

 
In Drosophila, patterning homeodomain transcription factor genes vnd and 

ind, pattern the medial and intermediate column domains respectively, along the 

CNS dorsal/ventral axis (Chu et al., 1998; Jiménez et al., 1995; McDonald et al., 

1998; Mellerick and Nirenberg, 1995; Weiss et al., 1998). Studies that assessed 

ac/sc expression in vnd and ind mutants as well as analysis of ac/sc cis-regulatory 

regions have shown that these patterning factors also directly regulate proneural 

gene expression in their respective domains (Skeath et al., 1994; Zhao et al., 2007). 

Expression analysis of a lacZ reporter constructs containing enhancer regions 3’ and 

5’ to ac, in vnd mutants revealed that Vnd acts to regulate proneural gene 

expression at two independent stages of neuroblast formation (Skeath et al., 1994). 

First, Vnd activates proneural cluster formation via the 3’ regulatory sites and later in 

the 5’ site by either increasing or maintaining proneural gene expression in single 

cells fated to become a neuroblast cell. ind has been shown to repress ac/sc 

expression in the intermediate column, resulting in ac/sc proneural cluster formation 
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only occurring in lateral and medial columns (Weiss et al., 1998). Flies mutant for ind 

exhibit misexpression of ac/sc in intermediate column domains (Zhao et al., 2007). 

 

The Sox B-type transcription factor, Dichaete, is described to regulate target 

proneural gene positively or negatively based on its physical interactions with 

diverse gene families (Kamachi et al., 2000; Wilson and Koopman, 2002). Yeast 

two-hybrid assays demonstrated that Dichaete can form physical interactions with 

both Vnd and Ind (Zhao et al., 2007), suggesting Dichaete may co-regulate 

proneural gene expression with Ind and Vnd in the CNS. Furthermore, cis-regulatory 

analysis of enhancer sites upstream of ac discovered three adjacent Ind and 

Dichaete binding sites. Removal of all three site results in derepression of ac in 

intermediate columns, a phenotype similarly observed in ind mutants (Zhao et al., 

2007). Taken together, these results demonstrate that proteins involved in patterning 

the fly CNS also directly regulate proneural gene expression and neural precursor 

fate.  

 

In this section, I have presented several examples, in vertebrate and 

invertebrate systems, of how proneural protein’s promotion of neurogenesis is 

positively and negatively regulated. Many studies have contributed to our 

understanding of when and where proneural genes act as well as downstream 

targets. Unfortunately, with the exception of a few examples of patterning gene in 

the fly, most examples of direct proneural regulation to date mainly address negative 

regulation. In C. elegans, even less is know about direct positive regulators of 
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proneural genes. I aim to provide insight into this question, in the context of 

establishing L/R asymmetry, by studying the asymmetric regulation of 

proneural gene expression, in the C. elegans C-lineage. The C-lineage exhibits 

dual dimensions of asymmetry. First the lineage generates two interneurons one of 

which is positioned asymmetrically on the right of the animal. Secondly, these 

neurons are descendent of an asymmetric cell-fate lineage, meaning neurons are 

only generated from one side of the lineage (anterior branch). The C-lineage 

produces bilateral L/R pairs of predominantly hypodermal and muscle cell types, 

which make up the left and right body walls of the worm. Interestingly, C-lineage 

interneurons are produced from a sub-branch of the lineage that produces 

exclusively hypodermal cells. How then are asymmetrically positioned neurons 

generated from an asymmetric lineage regulated? In the next section, I will describe 

examples of neuronal L/R asymmetries in various systems and the mechanisms 

required to establish them. 

 

1.5 Asymmetry in bilaterian animals 

 
The body plan of bilaterian organisms is predominantly left-right (L/R) 

symmetric yet underlying this L/R symmetry are many examples of asymmetry. For 

example, in humans, the positioning of vital organs, such as the heart, liver, and 

stomach, exhibit a positional bias to one side. The establishment during 

development of differing size and positions of various organs requires a coordination 

of multiple patterning genes. Disruptions of these organising pathways can result in 

body plan abnormalities that at times can be fatal. For example, heterotaxy, a 
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heritable disorder that results in the randomization of body situs, can lead to an 

increased risk for congenital heart disease (Kennedy et al., 2007; Shiraishi and 

Ichikawa, 2012).  

 

In vertebrates, L/R asymmetry initiates during early somite stages with 

transient midline structures called left-right organizers (LROs) (Amack, 2014; Blum 

et al., 2009). On the apical surface of LROs are rotating cilia that generate an 

asymmetric fluid flow within the LRO cavity (Dasgupta and Amack, 2016; Kramer-

Zucker, 2005; Okada et al., 2005). This asymmetric flow initiates asymmetric gene 

expression and the down-regulation of the Nodal pathway repressor Dand5 in the 

left side allowing for the activation of Nodal signalling (Hashimoto, 2004; Nakamura 

et al., 2012; Schweickert et al., 2010). Nodal signalling activates the expression of 

the homeodomain transcription factor Pitx2 which is believed to be critical for 

establishing asymmetry due both to its loss of function phenotypes (Shiratori et al., 

2006) and expression persisting hours after Nodal signalling has ceased. The Nodal-

Pitx2 pathway has been shown to be critical in development of many asymmetric 

organs and is conserved in all vertebrates as well in several invertebrates (Namigai 

et al., 2014; Shiratori et al., 2006). However, some morphological asymmetries have 

been shown to be unaffected in Pitx2 mutants (Ji et al., 2016), suggesting other 

independent signals downstream of Nodal are critical for some asymmetries.  
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1.5.1.  Asymmetry in the nervous system 

 
Superimposed onto the body plan, the nervous system of bilaterian 

organisms likewise appears to be anatomically L/R symmetric. However, here too 

we find several examples of L/R asymmetries. Going back as far as the middle 

nineteenth century, work done by M. Dax, P. Broca, and later K. Wernicke, showed 

that damage to specific areas of the left hemisphere of the human brain affected an 

individual’s ability to produce and understand language (Broca, 1865; Dax, 1865; 

Wernicke, 1874). In mammals and insects, brain lateralization has been associated 

with learning and retrieval of short- versus long-term memory (Goto et al., 2010; 

Pascual et al., 2004). While there are many examples of nervous system 

lateralization, our understanding of how these asymmetries arise is still poor. In their 

review, Concha, Bianco and Wilson proposed the notion that asymmetries in the 

nervous system fell into two classes. The first class consists of morphologically 

symmetric structures with underlying asymmetric gene expression and functionality 

(Concha, Bianco and Wilson, 2012). The second class of asymmetry consists of 

structural asymmetries with neuronal structures that are present only on one side of 

the nervous system.   

 

1.5.2 Class I neuronal asymmetries 

 
The human brain is divided into two hemispheres (left and right) that 

morphologically appear identical, yet functionally control different human behaviour. 

In most humans, the left prefrontal cortex and motor cortex regulate language and 
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right motor control respectively, whereas the right prefrontal cortex and motor cortex 

regulate creativity and left motor control respectively (Manning and Thomas-

Antérion, 2011; Sun and Walsh, 2006). Several genetic studies have been 

conducted to determine the underlying molecular mechanisms establishing such 

functional asymmetries in humans. In one study, linkage analysis identified alleles of 

LRRTM1 (leucine-rich repeat transmembrane neuronal 1) to be associated with 

handedness in families of schizophrenic patients but not in healthy controls (Francks 

et al., 2007). As for language, the FOXP2 gene, which encodes the forkhead-box P2 

transcription factor, was shown to contain specific SNPs in family members that 

display speech impairments (Lai et al., 2001). Additionally, healthy individuals with 

specific SNPs in FOXP2 display reduced language lateralization (Ocklenburg et al., 

2013).  

 

A well-characterised example of class I asymmetry in invertebrates is the 

Caenorhabditis elegans olfactory neuronal pair AWC left (AWCL) and AWC right 

(AWCR).  These neurons are morphologically L/R symmetric in position, cell body, 

and the projections they send out.  However, AWCL/R asymmetrically differentiate 

into two subtypes, default AWCoff and induced AWCon, which express different 

batteries of terminal genes and perform distinct functions (Troemel et al., 1999). 

AWCoff neurons express srsx-3, a G protein-coupled receptor (GPCR) and sense the 

odorant 2,3-pentanedione. Conversely, AWCon expresses the GCPR gene str-2 and 

senses 2-butanone (Chuang et al., 2007; Troemel et al., 1999; Wes and Bargmann, 

2001). Molecular regulation of subtype specification for AWCon and AWCoff   neurons 
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is stochastic and depends on the relative calcium levels between the two neurons. 

The neuron with a relatively higher calcium level remains the default AWCoff subtype, 

whereas relatively lower calcium levels induces AWCon subtype (Chang et al., 2011; 

Chuang and Bargmann, 2005; Chuang et al., 2007; Cochella et al., 2014; Pagano et 

al., 2015; Sagasti et al., 2001; Schumacher et al., 2012; Troemel et al., 1999; 

VanHoven et al., 2006). 

 

1.5.3  Class II neuronal asymmetries 

 
As mentioned above, Class II asymmetries are neuronal structures present 

only on one side of the nervous system. One well-characterised example of class II 

asymmetry in vertebrates is the zebrafish epithalamus. In zebrafish, the epithalamus 

is comprised of the pineal complex and the bilateral nuclei pair left and right 

habenula. The habenulae are responsible for fight or flight response behaviour (Lee 

et al., 2010) and have been associated with nicotine addiction (Fowler and Kenny, 

2012; Salas et al., 2009). The pineal complex is comprised of two photoreceptive 

structures; the pineal gland (Pi) found at the midline and the parapineal (pp), which 

projects asymmetrically into the left habenula and is positioned asymmetrically on 

the left side of the brain (Fig 1.6; Liang et al., 2000). 

 

FGF8 expression is required for pp migration since hypomorphic fgf8 mutants 

correctly specify the pp but it fails to leave the midline (Regan et al., 2009). Leftward 

migration of the pp depends on the TGF β signalling molecule Nodal-related 2 

(Ndr2/Cyclops). However, Nodal signalling appears to only bias the migration 
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leftward as the absence of lateral expression of Ndr2/Cyclops results in 

randomization of pp migration (Aizawa et al., 2005; Concha et al., 2000; Gamse, 

2003). Nodal signalling has also been shown to induce early neurogenesis 

asymmetrically in habenular neurons on the left side (Regan et al., 2009). While the 

exact mechanism is not known, one possible explanation for how Nodal establishes 

both pp leftward migration and early asymmetric neurogenesis in the epithalmus is 

by modulating FGF8 signalling (Roussigne et al., 2018).  

 

The zebrafish habenulae consist of a dorsal region with L/R-asymmetric 

domains and a ventral domain with a symmetric nucleus (Fig 1.6; Amo et al., 2010). 

The dorsal habenula (dHb) is divided into two main subnuclei which exhibit different 

gene expression and innervation profiles. The medial subdivision (dHbm) projects 

into the ventral interpeduncular nucleus (IPN) and is larger in the right habenula, 

whereas the lateral subdivision (dHbl) projects into the dorsal IPN and is larger in the 

left habenula (Aizawa et al., 2005; Bianco and Wilson, 2009; Gamse et al., 2005; 

Hong and Hikosaka, 2013). The dorsal habenula precursor cell’s decision to adopt a 

medial or lateral fate varies on the left and right sides. Ablation analysis suggests the 

pp influences this decision since ablation of the pp prior to migration results in 

habenular neurons adopting predominantly right characteristics (Concha et al., 2003; 

Gamse et al., 2003). Moreover, studies looking at mutants that affect Wnt signalling 

levels have shown that pp influence possibly acts through control of the Wnt 

pathway (Carl et al., 2007; Hüsken and Carl, 2013; Hüsken et al., 2014) However, 

the mechanism behind this influence via Wnt signalling is not fully understood.  



	 59	

One proposed mechanism depends on pp size since loss of Pitx2c activity 

results in an increase in pp cell number as well as the right hanbenula adopting left 

fate (Garric et al., 2014). These results can be reversed in Pitx2c loss of function 

embryos with ablation of pp precursor cells, suggesting the restriction of pp size is 

critical for habenulae asymmetry. How second class asymmetries are regulated 

is the focus of this thesis. Specifically, what are the regulatory mechanisms 

that govern L/R asymmetric neurogenesis in the C. elegans C-lineage? 

Descendent from the C-lineage, the glutamatergic interneuron PVR is positioned 

asymmetrically on the right side of the worm. Additionally, both PVR and its cousin 

DVC, spawn asymmetrically from a predominately hypodermal lineage. This 

suggests that neuronal potential must be segregated asymmetrically and maintained 

throughout the lineage until the birth of both neurons. In the worm, asymmetric 

divisions are a way to promote diversity in lineages that produces multiple cell types. 

In the next section, I will describe how the worm and fly use asymmetric divisions to 

confer different fates to daughter cells. 

 

 

 

 

 

 

 



Figure 1.6: The zebrafish epithalamus is an example of Class II nervous system asymmetry

(Gunturkun and Ocklenburg, 2017). 

Dorsal view: The zebrafish epithalamus is comprised of the pineal complex and the bilateral nuclei 

pair left and right habenula.  The pineal complex consist of two photoreceptive structures, the 

pineal gland (P, shown in grey) found at the midline and the parapineal (pp, shown in yellow), which 

is positioned asymmetrically on the left side of the brain. The zebrafish habenulae consist of a dorsal 

region with L/R-asymmetric domains and a ventral region with a symmetric nucleus (vHb shown in 

red). The dorsal habenula is divided into two main subnuclei which exhibit different gene expression 

and innervation profiles. The medial subdivision (mdHb shown in orange) projects into the ventral 

interpeduncular nucleus (vIPN in orange) and is larger in the right habenula, whereas the lateral 

subdivision (ldHB in blue) projects into the dorsal IPN (dIPN in blue) and is larger in the left habenula.

Arrows indicate innervation profiles. 
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1.6 Factors regulating asymmetric cell division 

 

1.6.1 The Par complex of proteins 

 
Par proteins are comprised of conserved scaffolds, adaptors and kinase 

enzymes that establish cell polarity, thus properly positioning the cleavage plane and 

the segregation of fate determinants in daughter cells (Goldstein and Macara, 2007; 

Guo and Kemphues, 1995; Suzuki, 2006). The genes that encode many of the core 

components of the Par complex were identified in screens searching for genes 

required for anterior/posterior polarity in the C. elegans zygote (Kemphues et al., 

1988). Subsequent studies have identified additional proteins (Beatty et al., 2010; 

Gotta et al., 2001; Hoege et al., 2010; Kumfer et al., 2010; Tabuse et al., 1998) as 

well as protein homologues required in diverse biological processes including 

Drosophila neuroblast asymmetric cell divisions (Wodarz et al., 1999) and 

establishing mammalian epithelial cell apical-basal polarity and axon-dendrite 

polarity in neurons (Hurd et al., 2003; Lin et al., 2000; Plant et al., 2003; Shi et al., 

2003). Par proteins are characterised by their asymmetric localisation and ability to 

bind and recruit one another as well as other cell polarity regulating proteins (Boyd 

et al., 1996; Etemad-Moghadam et al., 1995; Guo and Kemphues, 1995; Macara, 

2004). Anterior proteins include PAR-3 (oligomeric scaffold), PAR-6 (adaptor), PKC-

3 (kinase) and CDC-42 (GTPase). Posterior proteins include Par-1(kinase), PAR-

2(RING domain protein), LGL-1 (tumor suppressor) and CHIN-1(GTPase-activating 

protein).  

 



	 62	

Restricted localisation of anterior and posterior PAR proteins to their 

respective cortex requires that they mutually antagonise each other. In the anterior, 

PKC-3 phosphorylates posterior proteins (PAR-1, PAR-2, and LGL-1), thus 

preventing their binding to the anterior cortex (Hao et al., 2006; Hoege et al., 2010; 

Motegi et al., 2011). PAR6/PKC-3 restricts CHIN-1 accumulation to the posterior, 

however the exact mechanism is unknown (Kumfer et al., 2010; Sailer et al., 2015). 

In the posterior, PAR-1 and CHIN-1 act redundantly to prevent anterior PAR protein 

accumulation, although the mechanism is not known. Loss of CHIN-1 results in 

CDC-42 activation in the posterior, however PAR-3, PAR-6 and PKC-3 remain 

restricted to the anterior. Loss of PAR-1 has no effect on CDC-42 but causes weak 

posterior accumulation of PAR-3 and PAR-6/PKC-2 association in the posterior 

(Kumfer et al., 2010). Loss of PAR-1 and CHIN-1 causes uniform CDC-42 activation, 

weak posterior accumulation of PAR-3, and loss of PAR6/PKC-3 asymmetric 

localization.          

 

1.6.2 Asymmetric neuroblast division in Drosophila 

 
In Drosophila, the mechanisms that control neuroblast asymmetric cell 

division act intrinsically and require collaborative action by multiple proteins to 

ensure that cortical cell fate determinants segregate only into one daughter, the 

Ganglion mother cell (GMC). In the GMC, cell fate determinants inhibit neuroblast 

character and promote differentiation by repressing self-renewal and cell cycle 

genes.Subsequent to delamination, neuroblasts maintain apical localisation of Par 

complex proteins (Bazooka/ Par-3, Par-6 and atypical PKC (aPKC)) and undertake 
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multiple rounds of asymmetric cell divisions (Yoshiura et al., 2011). Bazooka/ Par-3 

then recruits and anchors the cytoskeletal adaptor protein Inscuteable (Insc) 

between the Par complex and Gαi/Pins/Mud complex (Schaefer et al., 2000; 

Schaefer et al., 2001; Yu et al., 2000). The Par/Insc/Mud complex, through Mud, 

binds with astral microtubules and regulates asymmetric spindle orientation. 

Additionally, the Par/Insc/Mud complex phosphorylates cell fate determinants Brain 

tumor (Brat), Prospero (Pros) and Numb. The Par protein aPKC has been shown to 

directly phosphorylate Numb and Miranda resulting in their release from the apical 

cortex and localisation to the basal cortex (Atwood and Prehoda, 2009; Smith et al., 

2007; Wirtz-Peitz et al., 2008). This suggests that phosphorylation may also be the 

process by which Brat and Pros asymmetrically segregate as well. The adaptor 

protein Miranda performs dual roles in the neuroblast, acting as a mediator of 

asymmetric segregation of Pros and Brat, as well as inhibiting Pros transcriptional 

activity in the neuroblast by anchoring Pros to the basal cortex during mitosis (Lee et 

al., 2006; Shen et al., 1997). The adaptor protein Partner-of-Numb facilitates the 

segregation of Numb into the ganglion mother cell (GMC) (Lu et al., 1998; Wang et 

al., 2007).  

 

Once the neuroblast asymmetrically divides, Pros, Brat and Numb, due to 

their basal localisation, are segregated only into the ganglion mother cell (GMC). In 

the GMC, cell fate determinants Pros, Brat and Numb inhibit self-renewal and 

promote cell cycle exit and differentiation. In the GMC, Miranda is degraded 

releasing Pros and Brat into the nucleus (Hirata et al., 1995; Ikeshima-Kataoka et 
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al., 1997). Pros, a divergent homeodomain transcription factor, promotes 

differentiation by repressing the expression of cell cycle genes and activating 

proneural genes in the GMC (Choksi et al., 2006; Doe et al., 1991; Southall and 

Brand, 2009). Brat is a TRIM-NHL-domain protein that prevents GMC self-renewal 

through translational inhibition of dMyc (Bello, 2006; Betschinger et al., 2006; Lee et 

al., 2006). Numb is a phosphotyrosine-binding (PTB) domain-containing protein that 

inhibits Notch-Delta signalling in the GMC by promoting endocytosis of the Notch 

receptor (Couturier et al., 2012; Rhyu and Knoblich, 1995; Wang et al., 2006). 

 

1.6.3 PIG-1 and HAM-1 regulate asymmetric neuroblast divisions in C. elegans 

 
PIG-1 and HAM-1 are both well-characterised proteins shown in C. elegans to 

play critical roles in asymmetric neuroblast divisions. pig-1, encodes an ortholog to 

MELK, a conserved member of the polarity-regulating PAR-1/KIN1/SAD-1 family of 

serine/threonine kinases (Cordes, 2006). ham-1 (HSN Abnormal Migration), 

encodes a putative transcription factor with a winged helix DNA binding motif. HAM-

1 and PIG-1 influence daughter cell sizes and segregation of neural fate 

determinants via their control of myosin polarisation and the positioning of the mitotic 

spindle (Cordes, 2006; Feng et al., 2013; Frank et al., 2005; Ou et al., 2010)  

 

HAM-1 primarily regulates divisions that produce smaller anterior (apoptotic) 

and larger posterior daughter cells and to a lesser extent divisions that normally 

produce two surviving daughters (Teuliere et al., 2018). PIG-1 acts in six lineages 

(M4, I2, PLM/ALM, Qa, Qp and HSN/PHB neuroblast), regulating asymmetric 
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divisions that also result in an apoptotic daughter and either a neural precursor or 

neuron daughter; however there is no anterior/posterior correlation for fate (Cordes, 

2006). In the HSN/PHB neuroblast lineage, both HAM-1 and PIG-1 regulate the 

asymmetric neuroblast division (Cordes, 2006; Frank et al., 2005; Guenther and 

Garriga, 1996). In ham-1 mutants, asymmetric spindle positions are reversed, 

resulting in larger anterior daughter (extra neurons) cell that survives. In pig-1 

mutants, the spindle positions symmetrically, resulting in equal sized daughters 

(extra neurons). Additionally, pig-1;ham-1 mutants exhibit the pig-1 mutant 

phenotype (extra neurons and no missing neurons), suggesting that pig-1 is epistatic 

to ham-1(Cordes, 2006). Since neurons in the worm come form invariant lineages 

and not clonal populations of cells, neuronal asymmetry arises predominately from 

asymmetric divisions. In C. elegans, PIG-1 and HAM-1 regulate division size via 

spindle positioning and polarity as well as the segregation of neural potential into 

only one daughter cell (Cordes, 2006; Frank et al., 2005). In Drosophila, Numb and 

Prospero proteins likewise regulate asymmetric neuronal potential in neuoblast 

daughtes. However, dissimilar to Drosophila Numb and Prospero proteins, HAM-1 

and PIG-1 do not act like cell fate determinates.  

 

1.7 Introduction to Caenorhabditis elegans 

 
In search of an ideal model system to identify genes and mechanisms 

required for the specification and function of the nervous system, Sydney Brenner 

proposed that the model must be easy to maintain, genetically amenable, simple 

enough to determine the complete structure of the nervous system, yet complicated 
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enough to display complex behaviours. In 1974, Brenner published his findings on 

the genetics of Caenorhabditis elegans describing amenability for genetic 

manipulation and analysis of the nematode (Brenner, 1974). Since then, C. elegans 

has become one of the most utilised model organisms in developmental biology, 

studied in over a thousand laboratories worldwide (wormbase).   

  

1.7.1  Benefits of C. elegans as a model organism 

 
Caenorhabditis elegans is a round worm found worldwide in soil and decaying 

fruit. Although the C. elegans body size is small (hatched larvae are 0.25 mm long 

and adults are 1 mm long), it is comprised of various differentiated cell types found 

in higher organisms, making it suitable for addressing a wide range of 

developmental questions. A short generation time (3 days at 25°C from egg to egg-

laying adult), two sexual forms (self-fertilising hermaphrodites and males) and a fully 

sequenced genome (The C. elegans Sequencing Consortium, 1998) make C. 

elegans amenable to genetic manipulation and analysis via forward and reverse 

screens. Due to the C. elegans transparent body, individual cells are easily visible 

using Nomarski (differential interference contrast, DIC) optics and can be labeled 

using fluorescent reporters to visualise gene expression (Chalfie et al., 1994). C. 

elegans also benefits from a fully mapped invariant cell lineage from fertilization to 

adulthood, meaning every cell in the worm has a known developmental origin and 

fate (Sulston and Horvitz, 1977; Sulston et al., 1983). This makes developmental 

analysis possible at a single cell resolution. Combined, these benefits make the C. 

elegans a well-suited model for addressing complex question in neural development. 
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1.7.2  C. elegans life cycle 

 
The timings for each phase of the worm life cycle is highly dependent on 

temperature, taking ~6 days from egg to gravid adult at 15°C or ~3 days at 25°C. 

The C. elegans life cycle at 22°C, shown in Fig 1.7, begins in the hermaphrodite 

gonad as a self-fertilised oocyte. Upon fertilisation, the zygote undergoes a series of 

cell divisions and embryonic developmental stages: gastrulation (arrangement of 

germ layers), morphogenesis (enclosure by the epidermis), and elongation before 

hatching. The hermaphrodite embryo hatches with ~558 nuclei to become a larval 

stage 1 larva, the 1st of four larval stages. At this point, if in the presence of food, L1 

larva will begin to eat and develop through all four larval stages. However, if food is 

absent, the worm enters a diapause state, in which post-embryonic development is 

stalled until conditions improve. The second point of exit from the life cycle occurs 

between L2 and L3, again in the presence of depleted resources or overcrowding, 

L2 larvae enter an alternate life cycle and molt into a “dauer” L3 larval stage (Hu, 

2007). In dauer, the larva cuticle completely encapsulates the animal plugging both 

the mouth and anus, preventing exposure to the environment and arresting 

development. Between each larval stage, the worm enters a sleep-like period called 

lethargus (Raizen et al., 2008), where the cuticle is shed and the worm grows in 

size. After the fourth and final molt, the worm grows into an adult cuticle and 

develops a fully mature germ line. Adult hermaphrodites produce progeny for a 

period of 2-3 day until they exhaust their self-produced sperm. Additional progeny 

can be generated when the hermaphrodites mates with a male.   

 



Figure 1.7: The C. elegans life cycle at 22°C (WORMATLAS).

Upon fertilisation, the zygote undergoes a series of cell divisions and embryonic developmental 

stages: gastrulation (arrangement of germ layers), morphogenesis (enclosure by the epidermis), 

and elongation before hatching into a larval stage 1 (L1) larva. In the presence of food, L1 larva 

will begin to eat and develop through all four larval stages. However, if food is absent, the worm 

enters a diapause state, in which post-embryonic development is stalled until conditions improve.

Between each larval stage, the worm enters a sleep-like period called lethargus, where the 

cuticle is shed and the worm grows in size. Between L2 and L3, again in the presence of 

depleted resources or overcrowding, L2 larvae enter  a “dauer” L3 larval stage, where the larva 

cuticle completely encapsulates the worm and development is arrested. Dauer animals can 

survive in this state for several months until conditions improve. After the fourth and final molt, 

the worm grows into an adult cuticle and develops a fully mature germ line. Timings for each 

phase are indicated in blue.   
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1.7.3  Embryo lineages and axis specification 

 
C. elegans development from fertilisation to adulthood is characterised by its 

invariant cell lineage. Therefore developmental diversity in the worm must work 

within the confines of a limited invariant system. One way the worm achieves this is 

through asymmetric cell divisions, meaning divisions of a mother that produce two 

daughters of distinct cell types. In C. elegans, the early embryo undergoes five 

asymmetric divisions that produce six somatic founder cells (AB, MS, E, C, D, and 

P4; Fig 1.8). Each founding blastomere gives rise to different lineages whose 

descendants will make up every cell type in the worm ( Fig 1.8; Sulston et al., 1983). 

 

Embryo development begins at fertilization, when the location of sperm entry 

defines the posterior end of the embryo (Goldstein and Hird, 1996; O’Connell et al., 

2000; Wallenfang and Seydoux, 2000). The first asymmetric division cleaves the one 

cell zygote into the larger anterior AB and smaller posterior P1 blastomeres via 

asymmetric spindle positioning, (Grill et al., 2001; Grill et al., 2003; Labbé et al., 

2004). This asymmetric division is established by movement in the cortical 

actomyosin network and polarized segregation of PAR proteins (Kemphues et al., 

1988; Morton et al., 1992; Munro et al., 2004), which results in the asymmetric 

segregation of fate determinants in AB and P1 daughters (Cheeks et al., 2004; Hird 

and White, 1993; Kirby et al., 1990). The AB blastomere divides along the 

transverse axis and gives rise to Aba (anterior daughter) and ABp (posterior 

daughter). Both daughters, named for their final position during four-cell stage, are 

equivalent as both express the Notch receptor GLP-1 (Evans et al., 1994; Priess and 
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Thomson, 1987). However, P1 divides asymmetrically along the anterior/posterior 

axis into daughters, EMS and P2, where only P2 expresses the Notch ligand APX-

1/Delta (Mickey et al., 1996). During the P1 division, EMS is pushed ventrally moving 

ABp dorsally into contact with P2 (Fig 1.9). This contact with ligand expressing P2, 

activates GLP-1 receptors only in ABp, thus breaking symmetry along the 

dorsoventral axis (Mango et al., 1994; Mello et al., 1994; Mickey et al., 1996).  

 

Subsequent asymmetric divisions of EMS into MS and E, P2 into C and P3, 

and lastly P3 into D and P4, complete the generation of six founder cells. A symmetry 

break along left-right axis occurs during the divisions of ABa and ABp. Both cells 

divide into left and right daughters, with ABal and ABpl positioned slightly anterior to 

their right-side counterparts. At the 12 cell-stage (Fig 1.9), GLP-1 remains on at the 

surfaces of ABa and ABp descendants and remain equivalent until being induced by 

the P1 descendant MS (Hutter and Schnabel, 1994; Sulston et al., 1983; Wood, 

1991). In summary, the early embryo undergoes five asymmetric divisions to 

generate the six somatic founder cells AB, MS, E, C, D, and P4. Notch signalling in 

the early embryo controls early specification of each founding blastomere. Each 

founder cell gives rise to different lineages whose descendants will make up every 

cell type in the worm In the next section I will describe steps required for neuronal 

lineages. 

 

 



Figure 1.8: Asymmetric divisions generate founder cells in the early embryo. 
(Rose and Gonczy, 2014).
(A) Embryonic lineage diagram. In C. elegans, the early embryo undergoes five asymmetric 
divisions that produce six somatic founder cells (AB, MS, E, C, D, and P4). Each founding 
blastomere gives rise to different lineages whose descendants will make up every cell type 
(indicated below each cell) in the worm. Founders generated from asymmetric divisions are
indicated with different colors. (B) Diagram of the embryo with cell positions at different stages.
The germ-line precursors (P cells) are outlined in green. The eggshell is labeled in a thin
 black oval. Anterior is left and ventral is down.
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Figure 1.9: In the embryo, Notch signaling breaks symmetry in the dorsal-ventral (D/V) and 
left-right (L/R) axis (Priess, 2005).
A Diagram of early blastomeres at the 2-cell, 4-cell, and 12-cell stages. AB descendants (ABala or ABarp) 
are labeled  “ala” and “arp”.  (A) 2-cell stage embryo with asymmetric AB and P blastomeres. (B) The AB 
blastomere divides  and gives rise to Aba (anterior daughter) and ABp (posterior daughter). Both daughters
express the Notch receptor GLP-1 (circled in red). P1 divides asymmetrically into daughters, EMS and P2, 
where only P2 expresses the Notch ligand APX-1/Delta (shown in blue). During the P1 division, EMS is 
pushed ventrally, moving ABp dorsally into contact with P2. This contact activates the GLP-1 receptors in 
ABp (light green) via Delta signaling (blue arrow). This establishes the asymmetry between dorsal and 
ventral axis and EMS now defines the ventral side. (C) The symmetry break along left-right axis occurs 
during the divisions of ABa and ABp. Both cells divide into left and right daughters, with ABal and ABpl 
positioned slightly anterior to their right-side counterparts. At the 12 cell-stage, GLP-1 remains on at the 
surfaces of ABa and ABp descendants and remain equivalent in gene expression until being induced 
(drak green) by the P1 descendant MS and E (Sulton et al., 1983; Wood 1991; Hutter and Schnabel 1995). 

A

B
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1.7.4  Neuronal development in C. elegans 

 
The nervous system of the nematode C. elegans is relatively small with 302 

neurons and 56 glial cells; yet it has the complexity and diversity of roughly 7,000 

synapses as well as 118 morphologically and molecularly distinct classes of neurons 

(Hobert, 2010). This combination of simplicity in size and complexity in variety, along 

with a fully defined lineage, easily attainable transgenics, and an annotated genome 

and connectome gives C. elegans certain advantages in answering complex 

neuronal developmental questions. In C. elegans, neurons descend largely from 

non-clonal lineages (Fig 1.10). Neurons can derive from lineages that produce 

exclusively neurons (for example, ABala) or from lineages producing multiple cell 

types in which neuronal versus non-neuronal fate choices are made late in the 

lineage (for example C).   

 

Similar to fly and vertebrate models, proneural bHLH TFs act as critical 

determinants for neuronal cell fate choices in C. elegans. The main proneural genes 

involved in neuroblast specification are lin-32, a member of the atonal family of 

bHLHs, and hlh-14, an achaete-scute homolog. The C. elegans gene hlh-2 encodes 

a Class I bHLH TF that is the ortholog of E and Daughterless proteins and shares 

67% homology with the E proteins and Daughterless protein (Krause et al., 1997). 

Yeast two-hybrid (Y2H) studies show that HLH-2 is able to bind to 14 other bHLH 

proteins and acts as the main dimer partner for Class II bHLH TF in C. elegans 

(Grove et al., 2009b).  

 



Figure 1.10: Neurons in C. elegans are derived from three founding blastomeres (Adapted 

from Hobert, 2010).

Sulston’s lineage with colour coding based on cell type. Middle gray panel (left) indicates embryo 
blastomeres from which all cell types are derived. All 302 neurons in the C. elegans hermaphrodite 
nervous system are generated in blastomeres AB, MS, and C. Examples of neurons descending from 
clonal and non-clonal lineages are shaded in grey boxes. Neurons derived from lineages that produce  
multiple cell types require neuronal versus non-neuronal fate choices late in the lineage (for example 
C-lineage).
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Mutants that lack lin-32, hlh-14, and hlh-2 proneural function exhibit defects in 

neuroblast specification (Chalfie and Au, 1989; Doitsidou et al., 2008; Frank et al., 

2003; Krause et al., 1997; Poole et al., 2011; Portman and Emmons, 2000; Zhao 

and Emmons, 1995).  

 

In C. elegans, the male tail has eighteen sensory structures called “rays” that 

are required for proper identification of mating partners as well as copulation (Barr, 

2006). Each ray is a sensillum consisting of two sensory neurons (RnA and RnB) 

and a supporting structural cell (Rnst). Each ray neuroblast (Rn.a) divides twice to 

produce one RnA, RnB, and Rnst cell (Sulston et al., 1983). lin-32/Atonal loss of 

function mutations result in fate and specification defects in both ray neuron cell 

types and structural cell (Portman and Emmons, 2000; Portman and Emmons, 

2004). Ray lineage defects are also observed in lin-32 mutants that lack the capacity 

to properly dimerize with hlh-2/daughterless; this phenotype is enhanced in a lin-

32;hlh-2 double mutant. This implies that hlh-2/daughterless and lin-32/Atonal form a 

heterodimer to activate key target genes required at different stages within this 

lineage to ensure the production in appropriate proportions of each cell type. 

 

Another well-characterised example of proneural bHLH proteins promoting 

neuron formation at the expense of hypodermal cells is the ABl/rappp lineages and 

the production the PVQ/HSN/PHB neuroblasts. The PVQ/HSN/PHB neuroblasts 

descend from an asymmetric division along with its sister hpy-7/T blast cell and 

generates the PVQ interneuron, HSN motoneuron, and PHB sensory neuron (Frank 
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et al., 2003). In hlh-14 mutants, the PVQ/HSN/PHB neuroblast takes on the fate of 

its sister hpy-7/T blast cell resulting in an extra hypodermal and T cell at the expense 

of all three neurons (Frank et al., 2003). hlh-14 forms heterodimers to regulate 

downstream targets. Interestingly, hlh-2 and hlh-14 are both expressed in the 

PVQ/HSN/PHB neuroblasts and hlh-2 RNAi results in nearly complete embryonic 

lethality; however escapers often exhibit loss of PVQ, HSN, and PHB neurons 

(Frank et al., 2003; Krause et al., 1997). Moreover, hlh-2 mutants that undergo hlh-

14 RNAi show enhancement of the hlh-14 RNAi phenotype. Taken together, these 

results demonstrate that hlh-2 and hlh-14 act together, most likely as dimer-partners, 

to promote the PVQ/HSN/PHB neuroblast fate choice in the ABl/rappp lineage.  

 

lin-22, a gene that encodes a protein with homology to the Drosophila gene 

hairy, is described to act similarly by repressing neurogenesis in the promotion of 

epidermal fate (Waring et al., 1992; Wrischnik and Kenyon, 1997). In the worm, six 

lateral epidermal stem cells, known as seam cells (V1-V6), are positioned in a row 

along the anterior-posterior axis of the body. Anterior seam cell lineages (V1-V4) 

divide to produce only hypodermal cells, whereas posterior lineages (V5-V6), divide 

to produce hypodermal cells, bilateral (L/R) pairs of two neurons (PVD and PDE) 

and six sets of sensory ray neurons (only in the male). lin-22 acts as a repressor to 

ensure that anterior seam cell lineages only produce hypodermal cells and that V5 

does not generate additional neurons. lin-22  executes this function by repressing 

the expression of four different genes in distinct seam cell lineages.  The Hox gene 

mab-5 expression and function is repressed in specific cells in V5 and in the anterior 
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body region. Hox genes lin-39 and egl-5 are inhibited in the central body and tail 

regions respectively. Additionally, lin-22 inhibits the activity of lin-32/Atonal in the 

anterior body region. In lin-22 mutants anterior V1-V4 seam cells adopt a posterior 

V5 fate, suggesting that like the Drosophila hairy gene, lin-22 acts in C. elegans as 

an anterior patterning factor restricting neurogenesis to posterior seam cell lineages.  

 

In the worm, a common theme observed with proneural genes hlh-14, lin-32, 

and hlh-2 is that loss of gene function predominantly results in a conversion from 

neuronal to hypodermal fate. Much like in fly and vertebrates, proneural genes in the 

worm promote, via activation of downstream targets, neuronal fate determination in 

tissue otherwise fated to become epidermis. Furthermore, the hairy homolog lin-22, 

in the worm, acts very similar with its fly counterpart in restricting neurogenesis to 

posterior regions, acting to pattern neurogenesis in the worm. Given the similarities 

in proneural gene function and regulation, new discoveries of direct regulators of 

proneural genes in the worm will provide insights into proneural regulation in other 

systems such as the fly. In the next section, I will present the model we used for 

identifying direct regulators of proneural gene expression in the worm C-lineage. 

 

1.8 C. elegans C-lineage as a model for neuronal asymmetry  

 
The C-lineage gives rise to three cell types: thirteen hypodermal (non-neural 

ectoderm), thirty-two muscle cells, and two neurons (Fig 1.11). The C blastomere 

granddaughters Caa and Cpa produce mainly hypodermal cells, whereas the 

granddaughters Cap and Cpp produce body-wall muscles. One division later, the 
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great granddaughter of C, Caap, produces a hypodermal cell, two neurons (PVR 

and DVC), and a cell death. Anterior branches (Ca) in the lineage corresponds to the 

left side, whereas the posterior (Cp) corresponds to the right side of the animal. 

These lineages will produce bilateral left-right pairs of predominately hypodermal 

and muscles cells, which will make up the body wall of the worm. In the worm larvae, 

DVC is located in the tail dorsorectal ganglion and is positioned along the body 

midline. PVR is located in the lumbar ganglion and is positioned dorsally on the right 

side of the animal (Fig 1.11).  

 

1.8.1 Regulators of C-lineage formation 

 
pal-1, the Caudal-related homeobox factor, specifies the fate of the C 

blastomere and its descendants (Baugh et al., 2005; Hunter and Kenyon, 1996).   

Translation of maternally contributed pal-1 mRNA is first restricted to P1 

descendants (EMS and P2) and later PAL-1 protein activity is restricted to the 

descendants of P2 (C and D, Fig 1.12; Hunter and Kenyon, 1996). MEX-3, a KH 

domain protein, and SKN-1, a bZIP transcription factor, are required for restricting 

maternal PAL-1 to P1 (EMS/P2) and later blocking its function in EMS respectively 

(Bowerman et al., 1993; Draper et al., 1996). PIE-1, a zinc finger protein, is 

responsible for the dormant states of P2 and P3, which allows pal-1 activity only in 

their descendants C and D (Fig 1.12; Seydoux et al., 1996). In pal-1 loss of function 

mutants, C and D blastomeres do not specify properly; conversely ectopic 

expression of pal-1 is sufficient to create muscle, epidermis, and neurons in other 

blastomeres (Draper et al., 1996; Hunter and Kenyon, 1996). Target genes of pal-1 
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regulate specification, determination and morphogenesis in C-lineage cells (Baugh 

et al., 2005).  

 

1.8.2 Known regulatory factors of C-lineage cell types 

 
In vertebrates and Drosophila, specification of cell fates during early 

embryogenesis requires morphogen gradients that are spatially interpreted into 

distinct combinatorial transcription gene expression codes. In C. elegans, early 

lineage specification is established via stepwise binary switches that endow 

blastomere identity during each division. In this section I will describe what is known 

about the specification steps of the various cell types that descend from the C-

lineage.  

 

The Wnt/b-catenin asymmetry pathway regulates these stepwise binary switches, 

thus ensuring the correct proportions of each cell type are specified in the worm 

(Kaletta et al., 1997). The downstream effector of the Wnt/b-catenin asymmetry 

pathway is POP-1/TCF, which is asymmetric localised between anterior and 

posterior daughters, thus conferring different identities (Mizumoto and Sawa, 2007). 

In the posterior daughter, WRM-1 and LIT-1 act together to phosphorylate POP-1 

causing it to exit the nucleus. Lower levels of POP-1 in the posterior daughter allow 

SYS-1/POP-1 complexes to act as an activator, whereas high levels of POP-1 in the 

anterior allow it to act as a repressor. In lit-1 mutants, all founding blastomeres 

except D exhibit altered cell type proportion when compared with wild type (Kaletta 

et al., 1997).  
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Figure 1.12: Restriction of PAL-1 activity to founder cells C and D in C. elegans embryo 
(Adapted from Rose and Gonczy, 2014).
The Caudal-related homeobox factor, PAL-1, is responsible for specifying C blastomere fate in 

the embryo. pal-1 expression and activity is restricted throughout the embryo during the 

establishment of the six founder cell lineages. The inhibition of PAL-1 ensures its activity initiates

specification only in C and D blastomeres. First, maternally contributed pal-1 mRNA (red) is 

restricted to P1 descendants (EMS and P2) by MEX-3, a KH domain protein. Later, SKN-1, a 

bZIP transcription factor, inhibits PAL-1 protein activity in EMS. PIE-1, a zinc finger protein, 

is responsible for the dormant states of P2 and P3, which allows PAL-1(red) activity only in their 

descendants C and D.
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This broad disruption in cell specification results from posterior to anterior fate 

switches at different cell division steps throughout all lineages affected. In the C-

lineage, lit-1 mutant phenotypes can fall into three categories: weak, intermediate, 

and strong. Weak phenotypes exhibit normal Caa formation and Cap adopts Caa 

fate, whereas intermediate phenotypes exhibit both the weak phenotype as well as 

the Caap lineage adopting Caaa fates. Strong phenotypes is characterised all 

branches of the lineages adopting Caaa, thus every cell becomes hypodermal. 

 

Muscle development in the C-lineage is initiated by PAL-1 directly activating 

the expression of hlh-1 (Lei et al., 2009). hlh-1 encodes the C. elegans MyoD 

ortholog, which is the only related myogenic regulatory factor (MRF) in the 

nematode. Ectopic expression of hlh-1 in the early embryo is sufficient to convert 

most somatic cells to muscle cell fate (Fukushige and Krause, 2005). Hypodermal 

development is established by elt-1, which encodes a GATA-like transcription factor. 

ELT-1 acts early in the lineage in hypodermal precursor cells by directly up-

regulating elt-3 and lin-26 expression (Gilleard and Mcghee, 2001; Page et al., 

1997). elt-3 encodes a GATA-like transcription factor and directly regulates 

expression of the hypodermal collagen structural gene dpy-7 (Gilleard et al., 1997). 

lin-26, a zinc-finger transcription factor, is required for cells to properly specify and 

maintain hypodermal fate (Labouesse et al., 1996).    
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1.8.3  C-lineage neurogenesis 

 
Relative to our understanding of other cell types in the C-lineage, little is known 

about the early steps in the neurogenesis. C-lineage neurogenesis generates two 

tail interneurons DVC and PVR, which are glutamatergic in fate as both express eat-

4/VGLUT (Fig 1.13). The vesicular glutamate transporter gene, eat-4/VGLUT, is the 

only defining feature of glutamatergic neurons in C. elegans and is expressed in 78 

out of 302 adult hermaphrodite neurons (Lee et al., 1999; Serrano-Saiz et al., 2013).  

 

In C. elegans, screens for behavioural mutants isolated genes encoding 

transcription factors that exhibited similar defects in differentiation of individual 

neuron types responsible for each behaviour (Chang et al., 2003; Hedgecock and 

Russell, 1975; Hobert et al., 1997; Jin et al., 1994; Uchida et al., 2003; Way and 

Chalfie, 1988). For example, mec-3 mutants fail to differentiate mechanosensory 

neuron, ttx-3 mutants fail to differentiate interneuron class AIY neurons 

(thermosensory), che-1 mutants fail to differentiate gustatory neuron pair ASE, and 

unc-30 mutants fail to differeniate GABAergic motor neurons in the ventral nerve 

cord fail to differentiate. Observed amongst all mutants was the loss of expression 

for genes responsible in distinguishing each neurons terminal identity “terminal gene 

battery” (Altun-Gultekin et al., 2001; Cinar et al., 2005; Duggan et al., 1998; Eastman 

et al., 1999; Etchberger et al., 2007; Uchida et al., 2003; Wenick and Hobert, 2004; 

Zhang et al., 2002).  

 

 



eat-4 fosmid::yfp

Figure 1.13: eat-4/VGLUT expression in DVC and PVR (Serrano-Saiz et al., 2013).
Lateral view of the C. elegans hermaphrodite tail. Several neurons belonging to the dorsorectal 
ganglion and lumbar ganglion express the vesicular glutamate transporter gene, eat-4/VGLUT, 
including DVC and PVR.  eat-4/VGLUT is the only defining feature of glutamatergic neurons in 
C. elegans (Lee at al., 1999). 
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Furthermore, cis-regulatory analysis of the terminal gene batteries of each individual 

neuron type revealed them to be co-regulated by common cis-regulatory motifs and 

the same trans-acting factor (Cinar et al., 2005; Duggan et al., 1998; Eastman et al., 

1999; Etchberger et al., 2007; Flames and Hobert, 2009; Wenick and Hobert, 2004; 

Zhang et al., 2002). Thus, every neuron class identity gene battery is regulated by 

transcription factors (described above) termed “terminal selectors”. Terminal 

selectors are required for terminal differentiation, acting as integrators of upstream 

lineage inputs to initiate and maintain the expression of specific neurotransmitters, 

receptors, and ion channels, which give neurons their specificity (Bertrand and 

Hobert, 2010; Hobert, 2008).   

 

In previous work, I was able to show that the terminal fates for both DVC and 

PVR are regulated by the transcriptions factors unc-86 (POU-homeodomain) and 

ceh-14 (LIM-homeodomain) (Serrano-Saiz et al., 2013). The expression of eat-4 and 

other terminal markers is negatively affected in a vast majority of unc-86;ceh-14 

double mutant animals scored (Fig 1.14; Serrano-Saiz et al., 2013). Neuronal fate 

determination in the C-lineage is established by the asymmetric expression of the 

proneural gene hlh-14/ achaete-scute (Poole et al., 2011). From 4D-lineage 

analysis, the expression pattern of the hlh-14 fosmid reporter is restricted 

asymmetrically to the anterior (left) of C-lineage, specifically in the neuroblast that 

will give rise to DVC and a sister cell death, as well as in PVR (Fig 1.15). In hlh-14 

null-mutants, terminal markers for both interneurons DVC and PVR fail to be 

expressed and both neurons transform into hypodermal cells, their C-posterior lineal 
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equivalents (Fig 1.16; Solayr unpublished; Poole et al., 2011).  hlh-14 mutants also 

exhibit a precocious division of the DVC neuroblast (Caapa, Fig 1.15).These results 

support the hypothesis that the asymmetric expression of hlh-14 plays a pivotal role 

in driving L/R asymmetric neurogenesis in the C-lineage, since the C-lineage, 

without hlh-14, converts into a symmetrical lineage of hypodermal and muscle cells.  

 

From previous work in our lab described above, we know the terminal 

selectors (unc-86 and ceh-14) and the neuronal fate determinant (hlh-14) play key 

roles in C-lineage neurogenesis. However, how upstream factors regulate proneural 

gene expression both in the worm and more broadly is still poorly understood. My 

thesis attempts to investigate the regulatory mechanisms required for early 

neuronal fate determination in the context of the asymmetrically derived C-

lineage neurons DVC and PVR. To this end, we take a bottom up approach by 

asking  “What is acting upstream of hlh-14”?   

 

 

 

 

 
	
	



Figure 1.14: unc-86 and ceh-14 regulate eat-4/VGLUT expression and neuronal identity features 
for DVC and PVR (Adapted from Serrano-Saiz et al., 2013). 
The LIM homeobox gene ceh-14 and the POU homeobox gene unc-86 regulate glutamatergic identity 

for PVR and DVC. eat-4 and terminal fate reporter lines were crossed into unc-86(n846) and ceh-14(ch3) 
null mutants. The effect of ceh-14 and unc-86 mutants were assessed alone and as double mutants. 

(A)  Images of eat-4 prom10::GFP[otEx5301] transgene expression in DVC and PVR (left) with 

quantifications (right) of observed phenotypes. Loss of ceh-14 or unc-86 results in mild expression effects 

in DVC and PVR; loss of both enhances dimming and loss of expression phenotypes in PVR. (B) Images 

and quantification of ceh-14 and unc-86 mutant effect on neuronal identity markers for DVC and PVR. 

Similar to eat-4 expression, loss of both ceh-14 and unc-86 has a greater effect than loss of either gene 

alone for neuronal identity markers in PVR. Loss of ceh-14 completely abolishes expression of the

terminal fate marker srab-12::gfp in DVC. Identity marker transgenes used for DVC and PVR analysis: 

srab-12::gfp[sEx12012], flp-10::gfp[otIs92], flp-20::gfp[ynIs54], and dkf-2b::gfp[otEx5323].   
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Figure 1.15: hlh-14(tm295) mutants exhibit precocious division of the DVC neuroblast (Caapa). 

(A) A ventral view in DIC (left) and fluorescence (right) of the 256-cell stage embryo hlh-14 fosmid::yfp 

(Adapted from Poole et al., 2011). (B) In wild type animals hlh-14 fosmid expression (red lines) in the 

C-lineage is restricted to the anterior branch (Ca), specifically in PVR, the DVC neuroblast (Caapa) 

and its daughters DVC and a cell death. Normally the DVC neuroblast exhibits a delayed division; 

however in hlh-14(tm295) mutants, Caapa divides early with its hypodermal cousins. The diagram is 

a representation of 4D-lineage analysis. Horizontal lines indicate cell divisions and vertical lines indicate 

cell cycle lengths. Neurons and hlh-14 expression are labeled in red, whereas hypodermal cells are 

labeled in yellow. The frequency of phenotype observed is indicated above cell types (e.g. 2/2).
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Figure 1.16: DVC and PVR neurons lose neuronal fates in hlh-14(tm295) mutants and convert 
to hypodermis fate.
(A) DIC and GFP images with quantifications of hlh-14(tm295) mutants scored for DVC and PVR 
markers ceh-63p::gfp and flp-10p::gfp respectively. Top row: wild type lateral view images. Bottom row: 
hlh-14(tm295) lateral view images. Left column: shows ceh-63p::gfp expression. Right column: shows 
flp-10p::gfp expression. hlh-14(tm295) mutants fail to express markers for DVC and PVR (red circles) 
in over 98% of animals scored  (DVC, n=109; PVR, n=122). (B) DIC and fluorescence images of a 
460-cell stage embryo for the collagen marker dpy-7::YFP. Left column: shows expression in wild type. 
Right column: shows expression in hlh-14(tm295). In the C-lineage, tail hypodermal (hyp7) cells express 
dpy-7::YFP and are spaced out evenly throughout the tail. Ectopic expression of dpy-7::YFP is observed 
in the tail of hlh-14(tm295) mutants (Richard Poole et al., 2011).  
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1.9 Aims of my work 

 
 The goal of my graduate studies was to identity key molecular factors 

involved in regulating proneural gene expression, particularly with respect to the 

asymmetric expression of hlh-14/as-sc in the C. elegans C-lineage. First in Chapter 

3, I describe a forward genetic screen used to identity regulatory factors involved in 

C-lineage neurogenesis and present results from initial characterisation of mutants 

isolated.  

 

In Chapter 4, the and-6(drp6) mutant was isolated for its defects in DVC/PVR 

neurogenesis. I will demonstrate that and-6(drp6) is an allele of hlh-2/daughterless, 

the bHLH transcription factor encoding gene. I will also present evidence, via 4D live 

image lineage expression analysis, that hlh-2 is expressed in the C-lineage and 

regulates both hlh-14 expression and DVC/PVR neurogenesis.  

 

Finally in Chapter 5, I will describe a 4D-lineage screen (by me and Osama 

Kaseem) searching for mutants that phenocopy the hlh-14 null mutant precocious 

division of the DVC neuroblast. I also demonstrate that mutant and-4(t3273) is an 

allele of let-19/mdt-13, a member of Mediator complex. I will present evidence, via 

4D-lineage expression analysis, that let-19/mdt-13 is required for the asymmetric 

expression of two proneural genes (hlh-2 and hlh-14) in the C-lineage. Through 

mutant temperature shift experiments conducted by Justina Yeung and me, I will 

show that let-19/mdt-13 likely acts just prior to the birth of DVC neuroblast to 

regulate C-lineage neurogenesis. Our results suggest a novel role for the Mediator 
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complex in regulating proneural gene expression in the C-lineage.  
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Chapter 2 

Materials and Methods 

 

2.1 Worm methods 

 
Strain maintenance  

Methods for the culturing and handling of worms have been previously 

described (Brenner, 1974). Worms were maintained on 6cm petri dishes containing 

Nematode Growth Medium (NGM) agar seeded with 450µL of OP50 E. coli as a 

food source. All let-19 strains were maintained at 15°C. All other strains were 

maintained at room temperature (20-22°C). M9 buffer (3g KH2PO4, 6g Na2HPO4, 5g 

NaCl, 1ml 1M MgSO4, 1L H2O) was used for transferring and mounting embryos for 

live imaging (Stiernagle, 2006).  

 

Genotyping by PCR and Sanger sequencing 

Mutants isolated from the EMS genetic screen were initially tracked and 

maintained by following the loss of subtype identity marker phenotype in both DVC 

and PVR. However, this method was not a 100% reliable when building mutant 

background strains with other reporters. In order to confirm the genotype of strains 

built after mutants were cloned, genotyping by PCR and Sanger sequencing was 

conducted on genomic DNA isolated from whole plate lysates. Worms from an entire 

plate of interest were collected by washing with 750ml of ddH20 into PCR eppendorf 
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tubes. Tubes were centrifuged at maximum speed for 1 min and the supernatant 

was removed. 200ul lysis buffer (50mM HCL, 10mM Tris-HCL, 2.5mM MgCl2, 0.45% 

Triton, 0.45% Tween20, and 0.6ul of 20mg/ml Protease K)  was added to each 

sample. Samples containing worms and lysis buffer were then stored at -80°C for 

15-30min. After freezing, samples were placed into PCR machines using the lysis 

program: 2hrs at 65°C and 30min at 95°C. 

 

External primers for generating a PCR fragment containing the SNPs were 

designed based on three criteria: at least 300-500bp up/downstream of SNP, C-

G%>50, and binding affinity to other regions of the genome. Internal forward/reverse 

primers for sequencing were designed similarly with a distance from SNPs at least 

50bp within their corresponding external primer. PCR products were purified using 

Qiagen PCR Purification kit and confirmed for size by running on 2% agarose gels 

and sent for sequencing with primers to Biosource science facilities. Sequencing 

results were then aligned to template DNA using Ape and Sequencher tools. 

 

Microparticle Bombardment 

Microparticle bombardment was utilized to introduce exogenous DNA into C. 

elegans in order to rescue mutant phenotypes.100 µl 50mM spermidine was added 

to 1.2mg of gold in a 1.5ml protein low-binding Eppendorf tube and vortex. After 

vortexing, tubes were sonicated for 10 sec and set aside for 10 min, vortexing to 

resuspend gold every 3 min. In a step-wise manner 16µg of DNA, 360µl deionized 

water, and 100µl 1 M CaCl2  was added drop-wise to the tube with gold and 
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spermidine. After each item was added, samples were vortexed for 20 sec and set 

aside for 10 min. Once all items were added, the DNA/gold solution was centrifuged 

at 13,000 rpm for 30 seconds and the supernatant was removed. The remaining 

gold pellet was then washed 3 times with 1 ml 96% molecular grade ethanol and 

centrifuged again at 13,000 rpm for 30 seconds. DNA/gold pellet was resuspended 

in 200µl PVP solution, pipetted up and down to ensure homogenization of the 

solution. Next, using M9, young adult staged worms were collected into a 50ml 

Falcon tube from NGM plates. Tubes were placed on ice and allowed the worms to 

settle. Once settled, the majority of M9 was aspirated from the tube and the 

remaining worm pellet was transferred into a clean Eppendorf tube. On fresh NGM 

plates, 25µl of worms (approximately 2,000) were pipetted onto the center of the 

bacterial lawn and left on ice to dry. The bombardment gun was adjusted for helium 

pressure, pipetting 20 µl of DNA/gold solution to center of the mesh inside the 

nozzle, and attaching nozzle to the gun. Once worm pellet on the NGM plate dried, 

the gun chamber lid was removed and the plate was placed inside gun chamber. To 

ensure a direct hit, the plate was positioned so the center of the pellet is over the 

small central dot.  The vacuum was then initiated and when the pressure gauge 

reached 0.45 bar, the gun was fired.  

 

Selecting for transgenic lines 

Recently bombarded animals were screened via use of a flourescent 

microscope, selecting for worms expressing the green fluorescent marker myo-

2::gfp. This marker is expressed in pharynx muscle cells in the the worm head. 
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Animals expressing myo-2::gfp were picked and singled onto fresh NGM plates and 

allowed to generate progeny at 25°C. Plates with >30% progeny containing myo-

2::gfp were kept and assayed for egg-laying rescue.    

 

2.2 Screening methods 

 
EMS forward genetic screen 

The screening strain ceh-63p::gfp; flp-10p::gfp contains neuronal fate markers 

for both DVC and PVR neurons. This strain was built by crossing flp-10p::gfp males 

into ceh-63p::gfp hermaphrodites. ceh-63p::gfp; flp-10p::gfp was transferred onto 

fresh NGM plates and allowed to populate with gravid adults. In order to synchronise 

the animals, adults were collected and incubated with bleach to dissolve their cuticle 

and retrieve their eggs.  Collected eggs were washed 3 times and transfered to 

NGM plates and allowed to grow until the fourth larval (L4) stage. L4 hermaphrodite 

ceh-63p::gfp; flp-10p::gfp animals were mutagenized with 20ul of EMS and 

incubated on a shaker for 4hrs in 4ml of M9. These animals were then washed, 

plated and allowed to grow until gravid at 20°C. The following day, the same animals 

were bleached as described above and F1 embryos were collected and re-plated. 

Once the F1 generation reached the L4 stage, animals were then picked onto 

individual plates, two per plate (semi-clonal) and stored at 25C. Plates were then 

screened 6 days later for loss of terminal marker expression in DVC(ceh-63) and 

PVR(flp-10). 
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4D-lineage screen 

A collection of over 200 time-lapse movies of temperature-sensitive (TS) 

mutants with aberrant lineages and presumptive cell fate switches in several 

lineages, including neuronal lineage fate swaps was obtained from our collaborator 

Prof. Ralf Schnabel. These movies contain live imaging of mounted 2-cell embryos 

at the non-permissive temp 25°C. The movies track the development of the animal 

from 2-cell until 1-fold which lasts about 8hrs. We then uploaded the movies into the 

Simi BioCell lineaging program with which we are able to track division patterns, 

morphogenesis, and gene expression at single cell resolution.  We screened for 

mutants that exhibit aberrant lineage division timing in the C-lineage, specifically the 

precocious DVC neuroblast division phenotype. 

 

2.3 Whole genome sequencing methods 

 

Generating Recombinants for Whole Genome Sequencing 

Whole Genome Sequencing (WGS) is a powerful tool used to identify 

causative mutations in mutants isolated from screens. However, mutants isolated 

from EMS forward genetic screens contain many variants, roughly 300 per 

chromosome. This requires additional mapping strategies as a means of narrowing 

down a region of interest. We utilized single nucleotide polymorphism (SNP)-based 

mapping, the most commonly used strategy to map mutants in C. elegans. Mutant 

strains  (N2 Bristol derived) were crossed with a polymorphic Hawaiian C. elegans 

isolate. Successful crosses were determined by the percentage of male progeny 
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generated. F1 hermaphrodites from a successful cross were placed on individual 

fresh NGM plates and allowed to generate progeny. F1 plates were again confirmed 

as cross progeny by assessing the segregation of both reporters in the F2 progeny. 

From designated cross progeny F1 plates, over 250 F2 hermaphrodites were singled 

onto fresh NGM plates and allowed to populate fully. Once populated, 250 plates 

were screened through by selecting plates of interest based on two criteria: 

homozygous for mutant phenotype and heterozygous for both reporters ceh-63 and 

flp-10.  

 

Whole Genome Sequencing DNA preparation 

Frozen samples were removed from -80°C and left to thaw for 10 min. 3 ml of 

cell lysis solution was added to the thawed samples and mixed using a vortex. To 

maximize the yield, 15 µl of Proteinase K was added to the samples which were then 

inverted 25 times and incubated at 55°C for 3 hrs or until tissue was completely 

dissolved. Once the tissue was lysed, 15 µl of RNase A was added and mixed by 

inverting 25 times. The sample was incubated at 37°C for 1 hr then placed on ice for 

3 min. Once the sample’s temperature fully cooled, 1 ml of Protein Precipitation 

Solution was added, vortexed for 20 sec, and centrifuged for 10 min at 2,000 x g. 

The supernatant from the previous step was combined with the 3 ml isopropanol in a 

15ml Falcon tube, mixed by inverting 50 times and stored at -20°C overnight. The 

next day the isopropanol/sample mix was centrifuged for 10 min at 13,000 x g and 

the supernatant was discarded. Samples were then washed with 70% ethanol, 

inverting several times to wash DNA, and then again centrifuged at 13,000 x g for 5 
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min. Lastly, 150 µl of DNA Hydration Solution was added to the DNA pellet and 

incubated at 65C for 1hr or until DNA completely dissolves. All samples were tested 

for purity using gel electrophoresis and a spectrophotometer. 

 

2.4 Temperature-shift (TS) experiments  

 
In the downshift experiments, stock plates of let-19(t3200) hlh-14p::gfp; ceh-

63p::gfp; dpy-7p::rfp were taken out from the 15°C incubator at least 15 minutes 

prior to mounting. Around 10-15 embryos at 1-2 cell stages were mounted on a 

slide. The process lasted around 20 minutes. Therefore, by the time that the 

embryos were exposed to true 25°C, they may range from 1-4 cell stages.  The 

slides were placed in the 25°C incubator for a pre-determined period before moving 

into the 15°C incubator overnight. To prevent the slides from drying out overnight, 

they were kept on top of moist tissue within a box in addition to sealing the cover 

glass edges with Vaseline. Phenotypes were scored the next day. 

 

  In the upshift experiments, mounting began as soon as the stock plates were 

taken out from the 15°C incubator. When room temperature was high, ice was used 

to cool down the slides and the stereomicroscope platform prior to mounting. The 

slides mounted with embryos of 1-4 cell stages were kept in a box with moist tissue 

in the 15°C incubator for a pre-determined period before moving into the 25°C 

incubator overnight. The slides were kept in a box with moist tissue in the 25°C 

incubator. Phenotypes were scored the next day.  
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2.5 Time-delay egg-laying assay for rescue of and-4 

	
Single young (one day old) adult hermaphrodites were placed on NGM plates 

coated with a small spot of bacteria and allowed to lay eggs for 12 hrs at 25°C. After 

12 hrs, the hermaphrodite P0s were transferred to a fresh plate and allowed  to lay 

eggs for another 12 hrs. After the transfer of the hermaphrodite, eggs were counted 

and plates were returned to 25°C for 12 hrs to allow animals to hatch. The next day, 

the number of eggs that either hatched or died (dead eggs) were counted. 

Expression of the myo-2p::gfp reporter in the head was noted to determine whether 

animals contained the extra-chromosomal rescuing array. To calculate embryonic 

lethality, the number of dead eggs was divided by the number of total eggs laid. 

	

2.6 Microscopy  

	
C. elegans embryos were mounted on a thin 5% agar pad on a microscope 

slides for all transgene scoring, time-lapse live imaging, and temperature-shift 

experiments. A drop of M9 (10-20 µL) was placed on agar pad to prevent it from 

drying out. To mount 10-20 embryos, around 20-30 gravid hermaphrodites were 

picked from a stock plate and transferred into a drop of M9 on a slide. 

Hermaphrodites were dissected using a razor blade near the vulva with the released 

embryos transferred onto the agar pad using a mouth micropipette. An eyelash tool 

was used to manipulate the embryos to the center. An 18x18mm cover glass was 
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used to cover the pad. To prevent the agar pad from drying out, melted Vaseline 

was used along the edges of the cover glass to seal the embryos.  

Animals from the first larval stage (L1) scored for neuronal fate markers were 

mounted on a thin 5% agarose pad on a microscope slide. A drop of NaN3 and M9 

solutions was placed on the agar pad to prevent animals from drying out and moving 

during imaging. 30-40 animals were picked from a stock plate of interest and 

transferred to the solution mix on the agarose pad. Animals were given roughly 30-

50 seconds to undergo paralysis before applying an 18x18mm cover glass. 

 

2.7 Time-lapse live imaging of C. elegans embryogenesis  

	
The time-lapse live imaging was performed on Zeiss AxioImager M2 

compound microscope with Nomarski differential-interference contrast (DIC) and 

multi-channel fluorescence imaging functions. The temperature of the experiment 

was controlled using a water bath circulating pump system (Julabo F12-ED 

Refrigerated/Heating Circulator) that was connected to a hollow copper ring 

mounted on the 100x objective of the microscope. The temperature of the objective 

was monitored using a thermocouple (Testo 922 and Amprobe TMD-56) with a flat 

tip sensor placed near the center of the objective without damaging the lens or 

obstructing the recording. At room temperature of 20-22°C, the water bath 

temperature was set to 6.5-7.5°C to maintain 15±0.5°C at the objective. To maintain 

25±0.5°C, the water bath temperature was set to 28-30°C. The recording settings 

were controlled using Caenotec’s TimeToLive software (Schnabel lab). Nomarski z-

stacks of 25 images with ~1 µm apart were taken every 35 seconds for 750 or 1500 
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scans. Fluorescence images were taken at pre-determined time points during the 

course of the recording.  

2.8 Strains list  

• Bristol N2 wild type 

• CHL5, otIs458[ceh-63prom::gfp(+)]; otIs92[flp-10prom::gfp] 

• CHL1, and-1(drp1); otIs458[ceh-63prom::gfp(+)]; otIs92[flp-10prom::gfp] 

• CHL2, and-2(drp2); otIs458[ceh-63prom::gfp(+)]; otIs92[flp-10prom::gfp] 

• CHL25, and-5(drp5); otIs458[ceh-63prom::gfp(+)]; otIs92[flp-10prom::gfp] 

• CHL26, and-6(drp6); otIs458[ceh-63prom::gfp(+)]; otIs92[flp-10prom::gfp] 

• GE4421, let-19(t3200)  

• GE4634, let-19(t3273) 

• CHL27, let-19(t3273) gmIs20[hlh-14prom::hlh-14::gfp rol-6(+)] II; 
otIs458[ceh-63prom::gfp(+)]III; stIs10166[dpy-7p::HIS-24::mCherry,unc-
119(+)]  

• CHL28, let-19(t3200) gmIs20[hlh-14prom::hlh-14::gfp rol-6(+)] II; 
otIs458[ceh-63prom::gfp(+)]III; stIs10166[dpy-7p::HIS-24::mCherry,unc-
119(+)] 

• CHL29, and-6(drp-6) gmIs20[hlh-14prom::hlh-14::gfp rol-6(+)] II; 
otIs458[ceh-63prom::gfp(+)]III; stIs10166[dpy-7p::HIS-24::mCherry,unc-
119(+)] 

• CHL31, gmIs20[hlh-14prom::hlh-14::gfp rol-6(+)] II; otIs458[ceh-
63prom::gfp(+)]III; stIs10166[dpy-7p::HIS-24::mCherry,unc-119(+)] 

• NG4080, gmIs20[hlh-14prom::hlh-14::gfp rol-6(+)] 

• CHL37, drpEx1[let-19 fosmid, myo-2 prom::gfp  rd 2.3.2 (line1) 

• CHL38, drpEx2[let-19 fosmid, myo-2 prom::gfp  rd 4.3.1 (line2) 

• CHL39, drpEx3[let-19 fosmid, myo-2 prom::gfp  rd 3.1 (line3) 
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• CHL40, let-19(t3273); drpEx1[let-19 fosmid, myo-2 prom::gfp  rd 2.3.2 
(line1) 

• CHL41, let-19(t3273); drpEx2[let-19 fosmid, myo-2 prom::gfp  rd 4.3.1 
(line2) 

• CHL42, let-19(t3273); drpEx3[let-19 fosmid, myo-2 prom::gfp  rd 3.1 (line3) 

• JK3437, qIs74[sys-1p::GFP:pop-1, unc-119(+)] 

• CHL34, let-19(t3200); qIs74[sys-1p::GFP:pop-1, unc-119(+)] 

• CHL35, let-19(t3200); hlh-2 fosmid::yfp [myo-3 prom::rfp] 

• CHL43, and-6(drp6); otIs458[ceh-63prom::gfp(+)]III; otEx5608[hlh-2 
fosmid::yfp;myo-3 prom::rfp] 

• CHL44, and-6(drp6); otIs92[flp-10prom::gfp]; otEx5608[hlh-2 
fosmid::yfp;myo-3 prom::rfp] 

• OH15657, otIs713[hlh-14 fosmid::gfp; ttx-3 prom::rfp] 

• otEx5608[hlh-2 fosmid::yfp;myo-3 prom::rfp] 

• OH12412, otIs502[hlh-2 fosmid::yfp;myo-3 prom::rfp] 
 

 

let-19(t3200) and let-19(t3273) were provided by Prof. Ralf Schnabel, our 

collaborator. I built the let-19(t3200) hlh-14p::gfp; ceh-63p::gfp; dpy-7p::rfp and hlh-

14p::gfp; ceh-63p::gfp; dpy-7p::rfp. dpy-7::mCherry is a collagen marker for 

hypodermis; it has a nuclear localisation sequence thus labeling the cell nuclei 

(Gilleard et al., 1997). ceh-63 is a homeobox gene that is expressed in DVC from 

embryogenesis through to the adult stage thus serving as the marker for the cell in 

this study (Feng et al.,, 2012). ceh-63prom::gfp is a cytoplasmic transcriptional 

reporter that labels DVC. The rol-6 marker produces a roller phenotype in gmIs20. 
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Chapter 3 

A forward genetic screening approach for identifying early 
regulators of C-lineage neurogenesis 
 

3.1 Introduction 

 
In this chapter, I will present the results from a forward genetic GFP-based 

screen performed in search of early factors that regulate neurogenesis in the C. 

elegans C-lineage. From this screen, we have isolated five mutants that disrupt 

neuronal specification for the tail interneurons DVC and PVR. This chapter will focus 

on the isolation and characterisation of these mutants. One of the five mutants has 

been identified (and-6(drp6)) and will be described in detail later in Chapter 4. In 

parallel with the GFP-based screen, we also conducted a pilot 4D-lineage screen in 

search of mutants with aberrant division timings and lineage fate conversions. This 

screen and the and-4(t3273) mutant isolated will be discussed later in Chapter 5. 

 

3.1.1 Utilizing a screening approach to identifying genes critical to 
neurogenesis 
 
 
 As described in Chapter 1, the main focus of my graduate work was to 

identify regulatory factors critical to early neurogenesis in the C. elegans C-lineage. 

Descendants of the C-lineage comprises of three cell types: muscle, hypodermis 

(the C. elegans term for epidermis) and neurons. The diversity of cell types 
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generated means neuronal versus non-neuronal fate choices are made late in the 

lineage, making it an interesting model for studying how neurogenesis is regulated. 

Subsequent to the C blastomere division, Ca and Cp daughters generate 

predominantly left-right bilateral pairs of hypodermal and muscle cells ( Fig 3.1; 

Sulston et al., 1983). The Ca lineage branch descendants will become the left body 

wall muscle and skin of the worm, whereas the Cp lineage branch will produce 

descendants that become the right body wall muscle and skin. The C-lineage fate 

decision between hypodermis and muscle occurs during the Ca and Cp divisions 

(Fig 3.1). Anterior daughters (Caa and Cpa) produce hypodermal cell fates and 

posterior daughters (Cap and Cpp) produce muscle cell fates.  C-lineage 

neurogenesis is asymmetrical, occurring only from the anterior Ca branch 

descendants. The great granddaughter of C, Caap, is the only descendant of C that 

produces neurons (PVR and DVC) and its posterior equivalent, Cpap, produces only 

hypodermal cell fates (Fig 3.1). C-lineage fate decision between hypodermis and 

neuronal fates occurs initially at the Caa division and again later at the Caapp 

division.  

 

Using a forward genetic screening approach, we have sought to identify the 

molecular factors required for hypodermal versus neuronal fate decisions during C-

lineage neurogenesis.  We know from previous studies that the glutamatergic 

neurons, DVC and PVR, require both unc-86/POU type homeodomain and ceh-

14/LIM homeodomain transcription factors for terminal identity features and that a 

third unknown factor is likely required for DVC terminal fate (Fig 1.14; Serrano-Saiz 
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et al., 2013). Furthermore, the proneural gene hlh-14/ achaete-scute is necessary for 

neuronal specification in the C-lineage, since neuronal subtype markers for DVC and 

PVR are lost in the hlh-14(tm295) null mutant (Section:1.6.3; Solayr unpublished; 

Poole et al., 2011). Another observed C-lineage phenotype of hlh-14 mutants is the 

ectopic expression of hypodermal markers (Poole et al., 2011), suggesting that 

neurons undergo a fate switch to hypodermis. Still, relatively little is understood 

about how the expression of hlh-14 is regulated in the C-lineage.  

 

Developmental processes such as neurogenesis are often modulated by 

complex regulatory networks, which can consist of multiple cascading genes. By 

identifying each individual gene and their correct order within the pathway, we can 

begin to understand the mechanisms underlying fundamental developmental events. 

Forward genetic screens are a commonly used unbiased approach to identify critical 

genes involved in the regulation of biological processes. The first EMS-screen 

conducted in C. elegans (Brenner, 1974) used light microscopy to isolate mutants 

that exhibited locomotion defects in an effort to identify genes controlling the 

structure and function of the nervous system. From the screen, they isolated 

mutants with defects in movement (Uncoordinated, Roller), morphological 

abnormalities (Blistered), and with different sizes (Small) and shapes (Dumpy). 

Later, a screen performed by the Brenner and Horvitz identified mutants defective in 

programmed cell death and laid the groundwork for our understanding of the 

regulatory pathway required for apoptosis (Brenner, 1974; Horvitz, 1998). 
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Figure 3.1: Diagram of the C. elegans C-lineage.
The C-lineage generates three cell types: muscle, hypodermal and two neurons (DVC and PVR). 

Horizontal lines indicate cell divisions. Hypodermal cells are labeled in yellow, muscle in green and 

neurons in red. Cell death is indicated by an X. In the C-lineage, asymmetric neurogenesis occurs 

only from the anterior Ca branch. The great granddaughter of C, Caap, is the only C blastomere 

descendant that produces neurons (PVR and DVC) and its posterior equivalent, Cpap, produces 

only hypodermal cell fates.  
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However, as in the case of our forward genetic screen, not every desired mutation 

results in a phenotype that can be observed with light microscopy. The 

implementation of fluorescent markers offers a way to facilitate the screening 

process by allowing for visual selection of mutants that affect protein expression, 

specific cells or structures, and gene transcriptional levels. For example, A 

transgenic forward genetic screen was conducted in an attempt to uncover genetic 

mechanisms regulating left-right functional asymmetric gene expression for the 

bilateral morphologically symmetric chemosensory neuronal pair ASEL and ASER 

(Chang et al., 2003). Using GFP markers (Chalfie et al., 1994) expressed under 

specific elements for ASEL (gcy-7p::gfp) or ASER (gcy-5p::gfp), they identified 

mutants that lost functional asymmetry by isolating mutants that either symmetrically 

expressed a given reporter or lost expression in both neurons. From this screen, the 

authors isolated several micro RNAs and transcription factors epistatic to one 

another in a network that regulated ASE left-right fate determination (Chang et al., 

2004; Johnston and Hobert, 2003).  

3.1.2 A GFP-based forward genetic screen to identify regulators of C-lineage 
neurogenesis  
 
 

In our screen, we wanted to identify factors regulating gene expression critical 

to C-lineage neurogenesis. Because our desired mutants will exhibit gene 

expression phenotypes, we require fluorescent markers to measure expression 

levels in vivo. To this end, we conducted a forward genetic screen in search of 

mutants where DVC and PVR subtype-specific marker expression is abolished in the 

same animal. Our rationale was that mutants that lose both DVC and PVR subtype 
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specification would identify factors acting early in a common progenitor cell and prior 

to hlh-14 expression. The genetic screen was executed using a screening strain 

containing two subtype-specific transgene markers, ceh63p::gfp and flp-10p::gfp (Fig 

3.2). ceh-63 is a unique marker of the interneuron DVC and encodes a homeobox 

protein similar to the vertebrate Hox3 protein (Feng et al., 2012). flp-10 encodes a 

FMRF amide-related neuropeptide, which labels PVR, DVB, and PQR neurons in 

the tail, as well as several pairs of neurons in the head (Kim and Li, 2004).  

 

Since our screening criteria will identify mutants that disrupt both DVC and 

PVR subtype specification, we have the potential to isolate different classes of 

mutants. The first class is comprised of alleles of the terminal selectors for DVC and 

PVR, unc-86 and ceh-14. However, due to the low penetrance observed in the 

single mutants of both genes (Fig 1.14) and the low probability of both genes 

targeted in the same mutant, this class is not expected to be a significant proportion 

of mutants isolated. The second class contains mutants that act in parallel with hlh-

14 to regulate DVC and PVR specification. Lastly, the third class consists of mutants 

that act upstream and regulate hlh-14 expression or activity. The third class of 

mutants are of most interest, since they would provide the most insight into the 

regulation of early neurogenesis in the C-lineage.   
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Lineage diagram of descendants from Caap. In wild type animals, the DVC neuroblast undergoes a 

delayed division, whereas in and mutants, the DVC neuroblast divides early and neurons 

(DVC and PVR) convert to hypodermal cell fate. 
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3.2 Results 

 
In an effort to identify genes required for C-lineage neurogenesis as well as potential 

regulators of hlh-14/as-sc, we conducted a forward genetic screen using the 

mutagenic alkylating agent ethyl methanesulfonate (EMS; Kutscher and Shaham, 

2014).  We conducted an F2 semiclonal screen for mutants that fail to specify 

neuronal subtype identity for the interneurons DVC and PVR (Fig 3.3). To date, we 

have screened over 5,760 haploid genomes (2,880 F1s) and isolated five 

asymmetric neurogenesis defective mutants (and-1(drp1), and-2(drp2), and-3(drp3), 

and-5(drp5), and-6(drp6)). We have not isolated alleles of the same gene yet, 

suggesting the forward genetic screen has yet to reach saturation.   

 

All mutants isolated were recessive and exhibit a wide range in penetrance 

(<3-88%) for loss of ceh-63::gfp and flp-10::gfp fate markers. The loss of subtype 

marker expression for DVC and PVR was observed simultaneously in the same 

animal as well as asynchronously. Loss of ceh-63 expression in DVC ranges from as 

low as 16% for and-5(drp5) to as high as 88% in and-6(drp6) mutants (Fig 3.4). Loss 

of the cell fate marker flp-10 in and mutants ranges from as low as 12.3% for and-

1(drp1) to as high as 64% in and-6(drp6) mutants (Fig 3.4). The and-3(drp3) mutant 

was not pursued due to its <3% penetrance rate.  

 



Figure 3.3: A semi-clonal forward genetic screen for asymmetric neurogenesis defective 
mutants. 
Diagram illustrating each step taken during semi-clonal EMS screen. P0 hermaphrodites were staged 

at larval stage 4 (L4) and mutagenized with EMS for 4 hours. Once gravid, P0 animals were 

disassociated from their F1 eggs and eggs were kept at 25ºC until developing into L4 larvae. The F1

generation is heterozygous for the EMS induced mutation. Next, two F1 L4 hermaphrodites were then 

added per plate (150-250 plates per round of screening) and allowed to produce F2 progeny  at 25ºC. 

F2s were then screened for loss of DVC and PVR subtype marker expression. In the F2 generation, 

25% of progeny is wild type, 50% is heterozygous for the EMS induced mutation and another 25% is 

homozygous for the EMS induced mutation. Left of each step indicates the generation and genotype 

as well as percentages for each genotype in the F2 generation. Red labeled eggs represent mutant 

progeny.  
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3.2.1 Characterisation of and-1(drp1) mutant phenotypes 

 
The GFP-based forward genetic screen identified and-1(drp1) as affecting 

neuronal subtype gene expression in DVC (ceh-63p::gfp) and PVR (flp-10p::gfp). To 

confirm and quantify subtype expression phenotypes, we scored and-1(drp1) 

mutants for loss of DVC and PVR subtype marker expression at 20°C and 25°C. 

DVC and PVR are distinguished from one another and from other cells in the tail by 

their position and morphology (Sulston et al., 1983). DVC is located within the dorso-

rectal ganglion, which is positioned just posterior to the rectum and sends a process 

anteriorly into the nerve ring (head). PVR is located within the right lumbar ganglion, 

which is positioned posterior to the rectum on the dorsal side. PVR sends out two 

projections, one anteriorly into the nerve ring and a second posteriorly into the end 

of the tail. L1 stage and-1(drp1) mutants scored at 20°C exhibited a loss in neuronal 

subtype marker expression in 17.9% of animals scored for DVC and 12.3% for PVR 

(n=89; Fig. 3.4). When scored at 25°C, and-1(drp1) mutant animals displayed an 

increase in penetrance, losing marker expression in 21.3% and 42.6% of animals for 

DVC and PVR respectively (n=108; Fig 3.4). The loss of subtype marker expression 

for DVC and PVR can be due to several possible reasons including: the cells are 

mis-specified neurons, the cells have lost their neuronal identity or the cells no 

longer exist.  

 

Given that and-1(drp1) mutants demonstrate a capacity to affect neuronal 

subtype identity, we next asked whether and(drp1) affects pan-neuronal features. To 

this end, we crossed the pan-neuronal marker rab-3 Ras GTPase, a gene required 
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for synaptic vesicle release (Nonet et al., 1997), into and-1(drp1) mutants. rab-3 is 

considered to be pan-neuronal gene due to the fact that in wild type adult 

hermaphrodites, rab-3prom1::2NLS-TagRFP is expressed in 189/189 of head, 73/75 

of main body, and 38/38 of tail neurons (Stefanakis et al., 2015; Sulston et al., 

1983). The expression of rab-3prom1::2NLS-TagRFP begins at the L1 stage and 

both the number of expressing tail neurons and their position are stereotypical. This 

variability at the L1 stage is due to neurons not yet completing migration paths into 

the tail  (e.g. PVQL/R; Sulston et al., 1983). Due to these complicating factors, we 

decided to focus on the total number of rab-3 expressing tail neurons posterior to the 

worm rectum, which consist of the dorso-rectal and lumbar ganglions. Wild type and 

and-1(drp1) animals were staged at 25°C.  

 

In wild type L1 animals, the number of rab-3 expressing cells in the dorso-

rectal and lumbar ganglions ranges from 15-17, with an average of 15 (n=21; Fig 

3.5). This result matches the expected number based on Sulston’s L1 drawing 

(Sulston et al., 1983). The significantly reduced number of dorso-rectal and lumbar 

ganglion rab-3 expressing cells observed in L1 stage (15 cells) versus adult stage 

(27 cells) is due to cells not yet completing neurogenesis (e.g. PVNL/R, PHCL/R, 

PLNL/R and DVB; Sulston et al., 1983). In and-1(drp1) mutants, the number of rab-3 

expressing cells in the dorso-rectal and lumbar ganglions is reduced on average to 

14 cells, with a range of 13 to 17 (n=21; Fig 3.5). This result demonstrates that and-

1(drp1) does affect pan-neuronal features in tail neurons. However, further analysis 

is required at a single cell resolution to demonstrate that these missing cells are 
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indeed DVC and PVR. In and-1(drp1) mutants, the low end of the range (13 cells) 

indicates that in some instance two cells fail to express rab-3, which would fit with 

both DVC and PVR being affected. However the average (14 cells) suggests that 

either our N is too small or possibly that one cell is affected more than the other.  

 

Next, we sought to confirm the loss in expression phenotypes exhibited  

by and-1(drp1) mutants were resultant of a fate switch and not from the cells no 

longer existing. To show this, we conducted 4D-lineage analysis (discussed in detail 

in Chapter 5) of DVC and its hypodermal cousins in and-1(drp1) embryos. 4D-

lineaging allows for the tracking of individual cell division patterns and expression of 

transgene reporters from movies that capture the developing embryo. In wild type 

animals, the DVC neuroblast (Caapa) exhibits a significantly delayed division time 

when compared to its hypodermal lineage cousins (Fig 3.6). In hlh-14(tm295) 

embryos, Caapa undergoes a precocious division that coincides with a DVC switch 

to hypodermal fate (Poole et al., 2011). 4D-lineage analysis of and-1(drp1) embryos 

at 25°C revealed that Caapa divides early with its hypodermal cousins (Fig 3.6), 

suggesting a possible fate switch similar to that which is observed in hlh-14(tm295). 

  

Taken together, expression analysis and lineage analysis of and-1(drp1) 

mutant phenotypes provides strong evidence that and-1 is acting early in the C-

lineage to regulate neurogenesis. rab-3 expression being affected in only two cells in 

the tail suggests that and-1(drp1) neuronal phenotypes are not global. 
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Figure 3.5: and-1(drp1) and and-2(drp2) fail to express the pan-neuronal marker
rab-3prom1::2NLS-TagRFP in a subset of tail neurons.
Box plot graph of wild type and and mutants expression of rab-3prom1::2NLS-TagRFP in the 
dorso-rectal and lumbar ganglions. L1 wild type and and animals were staged at 25°C. In wild type 
animals, rab-3 is expressed on average in 15 cells (range15-17, n=21). In and-1(drp1) animals, rab-3 
is expressed in 14 cells (range 13-17, n=21). In and-2(drp2), rab-3 is expressed in 14 cells 
(range 11-17, n= 32). Each dot indicates an individual animal scored.     
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Figure 3.6: and mutants phenocopy the hlh-14(tm295) precocious division of the DVC 
neuroblast (Caapa).
Diagrams illustrating 4D-lineage analysis conducted on DVC and its hypodermal cousins in wild type 

and mutant embryos. 4D-lineaging allows single cell resolution tracking of cells and their expression 

profiles from movies that capture the developing embryo. Top: In wild type animals, the DVC neuroblast 

(Caapa) undergoes a delayed division time when compared to its hypodermal cousins. However, in 

hlh-14(tm295) embryos, Caapa divides precociously and DVC switches to hypodermal fate 

(Poole et al., 2011). Bottom: 4D-lineage analysis of and mutants at 25°C also shows Caapa dividing 

early with its hypodermal cousins, suggesting a possible fate switch similar to what is observed in 

hlh-14(tm295). Neurons are labeled in red and hypodermal cells in yellow. Horizontal lines: indicate cell 

divisions. Vertical lines: indicate cell cycle duration. The frequency of phenotype observed is indicated 

above cell types (e.g. 2/2).    
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This could mean either a C-lineage specific role for and-1 or that the C-lineage 

phenotypes are allele specific. Additionally, both the presence and early division of 

Caapa (DVC neuroblast) in 4D-lineage analysis of and-1(drp1) mutant embryos 

suggest that the loss of neuronal subtype markers is likely due to a neuronal to 

hypodermal fate switch.  

 

3.2.2 Characterisation of and-2(drp2) mutant phenotypes  

 
The GFP-based forward genetic screen identified and-2(drp2) as the second 

mutant isolated to affect neuronal subtype gene expression in DVC (ceh-63p::gfp) 

and PVR (flp-10p::gfp). To determine whether the loss of subtype marker expression 

in and-2(drp2) mutants exhibited temperature sensitivity, L1 stage and-2(drp2) 

animals were scored both at 20°C and 25°C. At 20°C, and-2(drp2) exhibit loss of 

neuronal subtype markers in 25.3% of animals scored for DVC and 21.8% for PVR 

(n=87; Fig 3.4).  When scored at 25°C, the and-2(drp2) mutant phenotype is 

reduced to 7.9% and 9.5% in DVC and PVR respectively (n=126; Fig 3.4). and-

2(drp2) was the only mutant isolated from the screen with a stronger loss of 

neuronal subtype expression phenotype at 20°C, suggesting a possible cold 

sensitivity for the drp2 allele. 

 

Since and-2(drp2) affects neuronal subtype identity in the C-lineage, we next 

asked if pan-neuronal features were affected as well. At 25°C, and-2(drp2) L1 

animals express the pan-neuronal marker rab-3prom1::2NLS-TagRFP in fewer cells, 

posterior to the rectum, than in wild type animals (Fig 3.5). As mentioned above, wild 
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type L1 worms expression of rab-3 in the dorso-rectal and lumbar ganglions ranges 

from 15-17 cells, with an average of 15 (n=21; Fig 3.5). In and-2(drp2) L1s, rab-3 is 

expressed on average in 14 cells (range 11-17 cells, n=32; Fig 3.5). This result 

demonstrates that and-2(drp2) mutants affect pan-neuronal features in tail neurons, 

however similar to and-1(drp1), further analysis is required at single cell resolution to 

confirm that DVC and PVR fail to express rab-3. Moreover, the low end of the range 

for rab-3 expression indicates that and-2 likely regulates neurogenesis in lineages 

other than the C-lineage.     

  

Due to both the loss of subtype and pan-neuronal gene expression in and-

2(drp2), we asked whether loss in expression phenotypes were the result of a fate 

switch or from the cells no longer existing. At 25°C, we conducted 4D-lineage 

analysis of DVC and its hypodermal cousins in and-2(drp2) mutant embryos. We 

found that, in and-2(drp2) mutants, the DVC neuroblast (Caapa) divides early with its 

hypodermal cousins (Fig 3.6). This phenotype mirrors that observed in the hlh-

14(tm295) embryos, where early divisions in Caapa coincide with DVC fate 

conversion to a hypodermal fate. This result suggests not only is the cell normally 

fated to become DVC present but that it likely undergoes a fate switch as well. 

Furthermore, observations made using light microscopy revealed and-2(drp2) 

mutants to have an enlarged tail phenotype similar to that observed in hlh-14(tm295) 

animals (Fig 3.7). We hypothesized that the enlargement was likely due to the 

presence of ectopic hypodermal cells in the tail. A similar observation was made in 
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and-1(drp1) mutants; however both the degree and frequency was less than and-

2(drp2).  

 

To determine whether additional cells occupying the tail were indeed 

hypodermal, we crossed and-2(drp2) animals with the hypodermal maker col-

93p::HIS-24::mCherry (Liu et al., 2009). col-93p::HIS-24::mCherry is a late 

expressing marker for hypodermal fate and its expression begins during the larval L1 

stage. We focused on the total number of col-93 expressing tail hypodermal cells 

posterior to the worm rectum, similar to our methods in scoring for rab-3 expression. 

At 25°C, wild type L1 animals express col-93p::HIS-24::mCherry on average in 8 

cells posterior to the anus (range 7-12, n=22; Fig 3.7). In and-2(drp2) mutants, this 

number increases on average to 9 cells (range 7-12, n=25; Fig 3.7), suggesting that 

the neurons that fail to express rab-3 are converting to hypodermis. This is 

supported by 4D-lineage analysis of and-2(drp2) mutants, which exhibit precocious 

divisions of the DVC neuroblast at 25°C (Fig 3.6). This means, at least in the C-

lineage, the ectopic col-93 expression is likely due to a neuron to hypodermis fate 

conversion. 

 

In and-2(drp2) mutant, the loss of both DVC and PVR subtype identity as well 

as pan-neuronal marker expression in the tail demonstrate that and-2 likely functions 

early in the C-lineage. Furthermore, these results suggest that and-2 is a credible 

candidate for regulating hlh-14 gene expression. Additional examination at a single 

cell resolution is still required in order to confirm the pan-neuronal expression 
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phenotype is linked to C-lineage neurons. However, this hypothesis is supported 

both by and-2(drp2) 4D-lineaging of the precocious DVC neuroblast as well as 

ectopic expression of col-93 in the tail. Both results indicate that loss of subtype 

features are likely due to a fate conversion of DVC to hypodermal fate, a phenotype 

often observed in hlh-14 null mutants.  
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Figure 3.7: and-2(drp2) mutants ectopically express the hypodermal marker
col-93p::HIS-24::mCherry in the tail. 
Box plot graph of wild type and and-2(drp2) mutant expression of col-93p::HIS-24::mCherry 

in hypodermal cells posterior to the anus. L1 wild type and and animals were staged at 25°C. 
In wild type animals, col-93 is expressed on average in 8 cells (range 7-12, n=22), whereas 
in and-2(drp2)animals, col-93 is expressed on average in 9 cells (range 7-12, n=25). Each 
dot indicates an individual animal scored.  
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3.2.3 Characterisation of and-5(drp5) mutant phenotypes  

 
Another mutant isolated from the GFP-based screen was and-5(drp5). 

Interestingly, and-5(drp5) is the only mutant isolated that does not exhibit 

temperature sensitivity associated with loss of neuronal subtype gene expression. 

L1 stage and-5(drp5) mutants exhibit a loss of neuron subtype markers for DVC and 

PVR in 15.8% and 18.3% of animals respectively (n=120; Fig 3.4). Because we were 

able to acquire a hlh-14/as-sc translational reporter (gmIs20), this allowed us to 

determine whether and-5 acts early to regulate neurogenesis in the C-lineage.  

 

The hlh-14 translational reporter gmIs20 (hlh-14prom::hlh-14::gfp) contains 

the entire HLH-14 protein tagged with GFP (C-terminus) and its expression is driven 

by 4.1kb of its own promoter. In a wild type bean-stage embryo (256-cell stage), hlh-

14 expression in the anterior of the embryo is expressed in the ABalppp/ABpraaa 

lineage branch (Fig 3.8), which generates descendants of glia, neuronal, and cell 

death fates (Poole et al., 2011). In the ABalppp/ABpraaa lineage branch, hlh-14 

expression is required for terminal specification of neuron pairs ASE, OLL, and AFD, 

evident by their loss of terminal gene battery expression in hlh-14(tm295) mutants. 

In the posterior embryo (256-cell stage), hlh-14 is expressed in bilateral L/R pairs of 

PVQ/HSN/PHB neuron precursor cells and is required for proper neuroblast 

formation in the lineage (Frank et al., 2003; Poole et al., 2011). hlh-14 expression in 

the C-lineage begins in the DVC neuroblast (Caapa) before its division and the 

expression is maintained after dividing into DVC and its sister cell, which will later 

undergo programmed cell death (Fig 1.15; Poole et al., 2011).  
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In an and-5(drp5) mutant background, DVC and its sister (cell death) both fail 

to express the hlh-14 transgene in 28% of bean-staged embryos scored (n=50; Fig 

3.8). This result indicates that and-5 indeed acts early during neurogenesis in the C-

lineage by regulating hlh-14 gene expression. Moreover, subtype specification 

defects observed in and-5(drp5) mutants are likely due to its involvement in 

regulating neuronal versus non-neuronal fate decisions in the C-lineage.    

 

3.2.4 Characterisation of and-6(drp6) mutant phenotypes  

 
Cloning of and-6(drp6) and a detailed description of all C-lineage phenotypes 

are presented in Chapter 4. Quantification of and-6(drp6) neuronal subtype marker 

(for DVC and PVR) expression at 20ºC and 25ºC revealed a greater loss of 

expression for both markers at 25ºC (Fig 3.4). L1 stage and-6(drp6) mutants kept at 

20ºC exhibited loss of subtype markers in 54% of animals scored for DVC and 39% 

for PVR (n=61), whereas mutants scored at 25ºC lost neuron subtype features in 

88% and 64% of animals for DVC and PVR respectively (n=53; Fig 3.4). If and-6 

was acting early in a shared progenitor of DVC and PVR, one would expect the 

effects on neuronal specification for both neurons to be similar (with regards to 

penetrance). The difference in penetrance observed between DVC and PVR is 

statistically significant (p= 0.00041), suggesting that and-6 regulation of neuronal 

specification occurs independently for both neurons.  
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This results and additional supporting evidence of and-6 acting twice in the C-

lineage is described in detail in Chapter 4.  

 

We next sought out to determine whether and-6 regulation of DVC and PVR 

subtype specification was a result of and-6 acting early in the C-lineage, possibly as 

a regulator of hlh-14 expression. To this end, we crossed and6(drp6) mutants with 

the translational reporter gmIs20 to assess hlh-14 expression. Expression analysis 

of bean-staged and-6(drp6) embryos revealed that hlh-14 expression is abolished in 

71% of animals scored for DVC and its sister (n=34; Fig 3.9). Combined, both 

expression analysis results demonstrate that and-6 indeed acts early in the C-

lineage to regulate hlh-14 gene expression and as a consequence, mutants for and-

6 exhibit subtype specification phenotypes.  

 

4D-lineage analysis of and-6(drp6) mutants was conducted to discern 

whether subtype markers and hlh-14 expression phenotypes exhibited by and-

6(drp6) was caused by a fate switch or from the cells not being present. At 25°C, 

4D-lineage analysis of DVC and its hypodermal cousins in and-6(drp6) mutant 

embryos revealed that the DVC neuroblast (Caapa) divides early with its hypodermal 

cousins (Fig 3.6). Since loss of and-6 phenocopies the precocious DVC neuroblast 

(Caapa) division observed hlh-14(tm295) mutants, it is likely that not only is the cell 

normally fated to become DVC present but that it also undergoes a fate switch as 

well. Additional detailed description of and-6(drp6) C-lineage mutant phenotypes is 

presented in Chapter 4.  
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Figure 3.8: and-5(drp5) mutants exhibit loss of hlh-14 expression in the C-lineage.
GFP images (dorsal view) and quantification of wild type and and-5(drp5) embryos scored for gmIs20
(hlh-14p::hlh-14::gfp) expression at 20ºC. The presence or absence of expression in the DVC neuroblast 
is labeled with a red circle. The anterior of the embryo is to the left. ABalpp/ABpraaa lineages in the 
anterior and PVQ/HSN/PHB neuron precursor cells in the posterior are marker with red arrows. 
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Figure 3.9: and-6(drp6) mutants exhibit loss of hlh-14 expression in the C-lineage.
GFP images (ventral view) and quantification of wild type and and-6(drp6) embryos scored for 
gmIs20 (hlh-14p::hlh-14::gfp) expression at 25ºC. The presence or absence of expression in 
the DVC neuroblast is labeled with a red circle. The anterior of the embryo is to the left. 
ABalpp/ABpraaa lineages in the anterior and PVQ/HSN/PHB neuron precursor cells in the 
posterior are marker with red arrows. 
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3.3 Conclusions 

 
 Screens have been an often used and effective means of identifying factors 

critical to many developmental processes. In search of early factors regulating C-

lineage neurogenesis, we utilised an unbiased GFP-based forward genetic 

screening approach. Mutants were screened for expression deficiencies in neuronal 

subtype-identity markers ceh-63p::gfp (DVC) and flp-10p::gfp (PVR). To date, we 

have screened over 5,760 haploid genomes (2,880 F1s) and isolated five 

asymmetric neurogenesis defective mutants (and-1(drp1), and-2(drp2), and-3(drp3) 

and-5(drp5), and-6(drp6)).  

  

Neurogenesis in the C-lineage requires the expression of the proneural gene 

hlh-14/ac-sc (Poole et al., 2011; Solayr unpublished).  Neuronal subtype markers for 

DVC and PVR are lost in the hlh-14(tm295) mutant null and the DVC neuroblast 

(Caapa) undergoes a precocious division, dividing along with neighbouring 

hypodermal lineage cousins. Interestingly, the Caapa precocious division coincides 

with a DVC switch to hypodermal fate evident by the ectopic expression of 

hypodermal marker gene dpy-7 (Poole et al., 2011). Our screening hypothesis was 

that mutants for early factors regulating C-lineage neurogenesis should be able to 

phenocopy hlh-14 mutant phenotypes. Through characterisation of and mutant 

phenotypes, we assessed the extent of each mutant’s role during C-lineage 

neurogenesis.  
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3.3.1 and mutants regulate neuronal specification in the C-lineage  

 
Neuronal subtype gene expression analysis at 20°C and 25°C confirmed 

each mutant effect on the specification of C-lineage interneurons DVC and PVR. 

Similar to hlh-14(tm295) mutants, and mutants exhibit loss of subtype marker 

expression for DVC and PVR. Furthermore, 4D-lineaging of and mutant embryos 

suggest that loss in neuronal subtype features in the C-lineage are likely due to a 

neuronal to hypodermal fate switches. Not only is the DVC neuroblast (Caapa) 

present in and mutants but this cell divides early along with its hypodermal 

counterparts within the lineage. Moreover, hypodermal expression analysis in the tail 

revealed and-2(drp2) mutants exhibit ectopic expression of the hypodermal marker 

col-93p::HIS-24::mCherry. However, we were unable to confirm the identity of the 

converted cells, thus leaving in question whether the ectopic expression was due to 

a cell fate conversion within the C lineage. Taken together, these results suggest 

that loss of subtype features in and mutants are possibly due to a fate conversion of 

DVC to hypodermal fate, a phenotype observed in hlh-14 null mutants.  

  

3.3.2 and mutants are credible candidates for critical early regulators of C-
lineage neurogenesis  
 
 

Further evidence in support of the and genes’ role during early regulation of 

C-lineage neurogenesis is provided by pan-neuronal and proneural gene expression 

analysis. In and-1(drp1) and and-2(drp2) mutants, neurons within the dorso-rectal 

and lumbar ganglions fail to express pan-neuronal features, as evident by loss of 

rab-3prom1::2NLS-TagRFP expression. However, due to expression and 
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developmental complications we were unable to definitively show that cells failing to 

express the pan-neuronal marker originated from the C-lineage. Nonetheless, we 

hypothesize that these neurons are indeed DVC and PVR and intend on confirming 

this by assessing hlh-14 expression via 4D-lineage of mutant (and-1(drp1) and and-

2(drp2)) embryos at a single cell resolution. In and-1(drp1) mutants, rab-3 

expression (in the tail) is affected in two or fewer cells, suggesting that either and-1 

regulation of neurogenesis is specific to the C-lineage or that the allele drp1 effects 

are C-lineage specific. Conversely, and-2(drp2) pan-neuronal phenotypes in the tail 

are broader, affecting as many as four neurons. This indicates a more general role in 

regulating neurogenesis for and-2. Embryo expression analysis of the proneural 

gene hlh-14 (gmIs20) revealed that both and-5(drp5) and and-6(drp6) mutants fail to 

express hlh-14 in DVC neural precursor cells, suggesting a role in C-lineage 

neuronal fate decisions. Combined, these results suggest that and mutants have the 

capacity to alter neuronal fate choices, making them ideal candidate for upstream 

regulators of C-lineage neurogenesis. 

 

Additional 4D-lineage expression analysis at a single cell resolution is still 

required to convincingly demonstrate the effects on neuronal fate determination 

and/or hypodermal fate conversion in and-1, and-2, and and-5 mutants. We aim to 

address this by using a triple reporter strain containing embryonically expressed 

reporters for C-lineage neuronal fate determination (hlh-14p::hlh-14::gfp), 

hypodermal fate (dpy-7p::mcherry) and neuronal subtype specification (ceh-

63p::gfp). In the same mutant embryo, we will be able to assess effects on C-lineage 
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neuronal fate (hlh-4 expression), subtype identity (ceh-63 expression) and 

conversion to hypodermal fate (dpy-7 expression). Preliminary characterisation of 

and mutants has demonstrated their capacity to phenocopy the neuronal subtype 

and precocious division phenotypes of hlh-14(tm295) mutants. Furthermore, and 

mutants exhibit loss in expression for pan-neuronal (rab-3) and proneural (hlh-14) 

genes. Given this, we consider them to be credible candidates for acting either 

upstream or in parallel with hlh-14 to regulate neurogenesis in the C-lineage. A 

better understanding of their roles will provide more insight into the complex 

regulatory pathway controlling neuronal fate determination in the C. elegans C-

lineage.  
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Chapter 4 

hlh-2/daughterless promotes C-lineage neurogenesis via 
regulation of hlh-14/achaete-scute gene expression  
 

4.1 Introduction 

 
The focus of this chapter will be to describe in detail a mutant isolated from 

the GFP-based forward genetic screen. Results presented will show that and-

6(drp6) is an hlh-2/daughterless allele and plays a crucial role in neuronal subtype 

specification for both interneurons DVC and PVR. This chapter will also present 

evidence showing that hlh-2 regulates the asymmetric expression of the proneural 

gene hlh-14/achaete-scute and as a result of the drp6 mutation DVC undergoes a 

hypodermis fate conversion.  

 

4.1.1 Class I bHLH factors in vertebrates and Drosophila 

 
In mammals, the Class I subfamily of HLH factors consist of three members 

E2A, HEB and E2-2 (Henthorn et al., 1990; Murre and Schonleber, 1989; Soosaar et 

al., 1994). E2A encodes for alternative transcripts E12 and E47, whereas HEB also 

known as ME1 encodes alternative transcripts ME1a and ME1b (Chiaramello et al., 

1995; Hu et al., 1992; Neuman et al., 1993). E proteins in mammals and the related 

Daughterless (DA) protein in Drosophila (only Class I HLH) are broadly expressed 
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bHLH transcription factors (TFs) that exhibit binding affinity to E box sites (CANNTG) 

within target genes to activate transcription (Cabrera and Alonso, 1991; Caudy et al., 

1988; Church, 1985; Murre et al., 1989b; Walker et al., 1990). E proteins and 

Daughterless bind with DNA as obligate dimers, forming either homodimers or 

heterodimers with tissue-specific Class II bHLH protein partners (Jarman et al., 

1993; Lee, 1997; Murre et al., 1989a; Murre et al., 1994; Sun and Baltimore, 1991; 

Wang and Baker, 2015).  

 

4.1.2 The role of E proteins in diverse developmental processes 

 
E proteins have been shown to play a critical role during many developmental 

processes including: myogenesis, neurogenesis, lymphogenesis as well as 

regulating cell cycle withdrawal (Barndt et al., 2000; Kee, 2009; Lassar et al., 1991; 

Massari and Murre, 2000; Murre et al., 1994; Rothschild et al., 2006; Zhuang et al., 

1994). In regards to B lymphocyte development, E proteins seem to act redundantly 

as evident by null-mutant mice for E2A, E2-2 or HEB exhibiting B lymphocyte 

defects in a dose-dependent manner (Bergqvist et al., 2000; Murre et al., 1994; 

Zhuang et al., 1994; Zhuang et al., 1996). Furthermore, B-cell differentiation defects 

exhibited by E12 mutant mice can be rescued in a dose-dependent manner via 

expression of the human HEB gene in place of E12 at the E2A locus (Zhuang et al., 

1998).    

 

Evidence of E proteins involvement in neuronal differentiation is provided by 

in vitro experiment using the mouse embryocarcinoma cell line P19 (Farah et al., 



	 134	

2000). Transient expression of vectors containing neuroD2, MASH1, ngn1 and their 

dimer partner E12 is able to convert P19 cells into differentiated neurons. However, 

overexpression of E12 alone is unable to produce similar results, suggesting the E12 

role in neuronal differentiation is limited to acting as a dimer partner of Class II bHLH 

proteins. Conversely, E2A proteins display a neural development regulatory role 

independent of Class I bHLH proteins by their regulation of cell cycle withdrawal in 

proliferative neuroblasts (Pagliuca et al., 2000; Prabhu et al., 1997). E2A proteins 

promote cell cycle withdrawal through direct activation of cyclin-dependent kinase 

inhibitors. The activation of cell cycle inhibitors by E2A is antagonised by Class V 

bHLH proteins like Id2, which form dysfunctional dimers incapable of DNA binding 

(Peverali et al., 1994; Rothschild et al., 2006). Interestingly, E2A proteins were also 

shown to directly up-regulate Id2 expression, thus acting as negative feedback loop 

that suppresses E2A inhibition of cell cycle progression (Neuman et al., 1995).  

 

4.1.3 The role of Daughterless in diverse development processes 

 
In Drosophila, the Class I protein, Daughterless, also forms dimers with tissue 

specific Class II bHLH such as Achaete-Scute family, Atonal, Amos, SisB and MyoD 

to regulate sex determination, neuronal differentiation and mesoderm development 

(Cabrera and Alonso, 1991; Caudy et al., 1988; Goulding et al., 2000a; Jan et al., 

2007; Jarman et al., 1993; Keyes et al., 1992; Massari and Murre, 2000; Murre and 

Schonleber, 1989; Murre et al., 1994; Vaessin et al., 1994). In Drosophila sex 

determination, Sex lethal functions as the primary regulator of sex specificity and is 

required for female development (Cronmiller and Salz, 1994; O’Neil and Belote, 
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1992). In the absence of Sex lethal, male development progresses as the default 

state. sisterless-b/scute provides the chromosomal signal as a readout of the 

number of X chromosomes relative to the number of sets of autosomes (Torres and 

Sánchez, 1991; Bridges, 1925). During sex determination in the Drosophila embryo, 

maternal Da protein heterodimerises with high levels of Sis-b/Sc (sisterless-b/scute) 

and activates transcription of Sex lethal only in the females (Deshpande et al., 1995; 

Yang et al., 2001). In the absence of maternal Da, Sex lethal in no longer expressed 

resulting in all progeny becoming male, regardless of sisterless-b/scute expression 

levels (Cronmiller and Ciine, 1987).         

 

In the Drosophila imaginal disc, eye precursor development is characterised 

by the progressive posterior to anterior crossing-over of the morphogenetic furrow 

(Heberlein et al., 1995; Wolff and Ready, 1991). Cells anterior to the morphogenetic 

furrow are undifferentiated, whereas cells within and posterior to the morphogenetic 

furrow have initiated photoreceptor neural differentiation. Photoreceptor 

differentiation initiates in the morphogenetic furrow and requires Class II bHLH 

Atonal (Ato) gene expression (Jarman et al., 1993). In the morphogenetic furrow, the 

Ato 3’ enhancer was shown to be responsible for initiating Ato expression (Sun et 

al., 1998). Moreover, activation of Ato in the morphogenetic furrow requires the 

collaborative activity of the retinal determinant factor Eyeless (Ey) and daughterless 

homodimer (Tanaka-Matakatsu et al., 2014). This is achieved by Da-Da/Ey complex 

binding directly with the Ato 3’ enhancer site, which contains an embedded E-box 

motif within the Ey2 site. Interestingly, mammalian homologs E12/Da and Pax6/Ey 
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are able to replace their fly counterparts to activate Ato expression, suggesting a 

conserved role for both factors in retinal differentiation (Tanaka-Matakatsu et al., 

2014). Furthermore, daughterless counterparts in other organisms may also function 

as direct regulator of proneural gene expression.   

 

In C. elegans, the gene hlh-2 encodes a bHLH transcription factor that is the 

only ortholog of Drosophila Daughterless. Like Daughterless, hlh-2 is a broadly 

expressed Class I bHLH capable of autoactivation and facilitating transcription by 

forming either homodimers or heterodimers with spatially and temporally restricted 

bHLH partners (Grove et al., 2009b; Sallee and Greenwald, 2015). In C. elegans, 

hlh-2 acts as the main dimer partner for Class II bHLH TF, binding with at least 14 

other bHLH proteins. Similar to Da and E proteins, HLH-2 exhibits a strong 

preference for binding to E-box (CANNTG) sequences (Grove et al., 2009b; Massari 

and Murre, 2000). hlh-2 is required for many diverse developmental processes 

during embryonic and larval development such as gonadogenesis, male tail 

formation, and neurogenesis (Frank et al., 2003; Krause et al., 1997; Portman and 

Emmons, 2000; Sallee and Greenwald, 2015; Sallee et al., 2017). In our search for 

early regulators of C-lineage neurogenesis, we isolated and identified the hlh-2 allele 

drp6 for its loss of subtype identity in DVC and PVR. Next, I will present examples of 

our current understand of hlh-2/daughterless role in C. elegans development.  

4.1.4 The role of hlh-2/daughterless in C. elegans development 

 
Understanding the underpinning mechanisms regulating sexually dimorphic 

gonadogenesis has been a central question in developmental and evolutionary 
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biology. In C. elegans, sexual dimorphism in the gonad is defined by three key 

regulatory cells which, depending on the sex, differentially facilitates gonad 

formation and morphology. In the hermaphrodite, the regulatory anchor cell connects 

the gonad to epithelial openings while the hermaphrodite distal tip cells lead gonad 

outgrowth and provide the germline niche. In the male, the regulatory linker cell 

forms a connection with epithelial cells and regulates gonad out growth while the 

male distal tip cell primarily provides the germline niche (Henderson et al., 1994; 

McGovern et al., 2009; Nadarajan et al., 2009; Wong and Schwarzbauer, 2012).  

 

The sexually dimorphic regulatory cell fates are determined by a bHLH code, 

in which expression of distinct bHLH transcription factors modulate each regulatory 

cell type and specification. For both male and hermaphrodite regulatory cells, the 

bHLH code, while unique for each cell type, requires either HLH-2 homo- or 

heterodimerisation. This code lies downstream of various inputs such as sex 

determination, position, and lineage factors and can be by-passed by either 

ectopically adding or the removing the correct bHLH code members. For example, 

the regulatory anchor cell in the hermaphrodite, which normally requires hlh-2 

homodimer for specification can be converted into a mail distal tip cell by ectopically 

expressing bHLH TFs hlh-8 and lin-32 (Karp and Greenwald, 2004; Sallee et al., 

2017). The mechanism of bHLH TFs forming dimerising partners in a code-like 

manner to activate fate and specification target genes is similar to the homeodomain 

transcription factor codes that regulate patterning of progenitor domains in 

vertebrate and fly systems.  
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4.1.5 The role of hlh-2/daughterless in neurogenesis in C. elegans 

 
In the C. elegans male, identification of mating partners as well as copulation 

requires a neuronal sublineage (Rn) within the male tail rays to properly specify two 

different neuronal cell types (A and B) as well as a supporting structural cell. Loss of 

lin-32/Atonal results in fate and specification defects in both RnA and RnB ray 

neuron cell types as well as the Rnst structural cell (Portman and Emmons, 2000). 

Ray lineage defects are also observed in lin-32 mutants which lack the capacity to 

properly dimerise with hlh-2/daughterless and this phenotype is enhanced in a lin-

32;hlh-2 double mutant. This is a classic example of heterodimerisation and implies 

that HLH-2 and LIN-32 form a heterodimer to activate key target genes required at 

different stages within this lineage to ensure the production in appropriate 

proportions of each cell type (Portman and Emmons, 2000). 

 

In the C. elegans ABl/rappp lineages, specification of the PVQ/HSN/PHB 

neuroblasts, which generate the PVQ interneuron, HSN motoneuron, and PHB 

sensory neuron, requires both hlh-2 and hlh-14/achaete-scute  (Frank et al., 2003; 

Sulston et al., 1983). The PVQ/HSN/PHB neuroblasts and its sister hpy-7/T blast cell 

descend from an asymmetric division. hlh-2 and hlh-14 are both expressed in the 

PVQ/HSN/PHB neuroblasts (Frank et al., 2003; Krause et al., 1997). Loss of hlh-14 

either by RNAi or hlh-14(gm34) mutants results in the PVQ/HSN/PHB neuroblast 

adopting the fate of its sister hpy-7/T blast cell and an extra hypodermal/T cell at the 

expense of all three neurons. PVQ/HSN/PHB neuroblast specification remains 

unaltered in the weak loss of function hlh-2(bx115) mutant, however embryonic 
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lethal escapers from hlh-2(RNAi) exhibit a significant loss of PVQ, HSN, and PHB 

neurons. Interestingly, hlh-14(RNAi) conducted on the weak loss of function hlh-

2(bx115) mutant enhances the hlh-14(RNAi) phenotype. Combined, the expression 

pattern and loss of function phenotypes suggest that hlh-2 and hlh-14 both act to 

specify the PVQ/HSN/PHB neuroblasts. Although HLH-2 and HLH-14 are capable of 

forming heterodimers (Grove et al., 2009b), it is still possible that they are acting 

independently to regulate PVQ/HSN/PHB neuroblast specification.  

 

In the results section of this chapter, I will present evidence from mutant 

analysis of hlh-2(drp6) demonstrating that hlh-2 is required for neuronal fate decision 

in the C-lineage. Similar to daughterless function in the Drosophila eye, we show 

that hlh-2 promotes neurogenesis in the C-lineage through its regulation of the 

proneural gene expression (hlh-14). Interestingly, we find that hlh-2 activity is 

required at different time points within the C-lineage for DVC and PVR 

neurogenesis.  

 
 

4.2 Results 

 
As described in Chapter 3, a forward genetic screen was performed to isolate 

key regulatory factors involved in C-lineage neurogenesis. In keeping with our 

screening criteria, and-6(drp6) mutants were isolated due to their lack in expression 

of neuronal subtype identity markers for both DVC (ceh-63p::gfp) and PVR (flp-

10p::gfp; Feng et al., 2012; Kim and Li, 2004; McVeigh et al., 2005). Quantification 
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of and-6(drp6) loss of neuronal subtype marker phenotype was assessed at 20ºC 

and 25ºC. At 20ºC, L1 stage and-6(drp6) homozygous animals exhibited loss of 

subtype markers in 54% of animals scored for DVC and 39% for PVR (n=61), 

whereas mutants scored at 25ºC lost neuron subtype features in 88% and 64% of 

animals for DVC and PVR, respectively (n=53, Fig 4.1; shown again for clarity). We 

find the difference in penetrance for DVC and PVR, at both 20ºC and 25ºC, to be 

statistically significant and indicative of and-6 possibly acting to specify DVC and 

PVR independently.  
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Figure 4.1: and-6(drp6) mutants exhibit loss of DVC and PVR neuron subtype marker 

expression.

(A) Top: Lateral view diagram of wild type and and-6(drp6) tail. Bottom: Corresponding GFP images 

of L1 stage wild type and and-6(drp6). In wild type L1s subtype markers for DVC and PVR are properly 

expressed, whereas in and-6(drp6) mutants, expression is lost for both markers. (B) Quantification of L1 

stage wild type and mutants scored at 20°C and 25°C for ceh-63p::gfp and flp-10p::gfp.  Off is in grey: 

indicates the cell fails to express a given marker. On is in black: indicates cell expressed a given marker. 

Transgene reporter, temperature, and numbers scored are listed in the right of each mutant scored.
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4.2.1 Mapping-by-sequencing analysis of and-6(drp6) reveals a coding variant 
in the hlh-2/daughterless locus  
 
 

To identify the causative mutation in and-6(drp6) mutants, we took a 

mapping-by-sequencing approach (Doitsidou et al., 2010; Doitsidou et al., 2016). To 

this end, we crossed and-6(drp6) animals into the polymorphic C. elegans isolate 

CB4856 Hawaiian strain (HA; Hodgkin and Doniach, 1997). F2 progeny resulting 

from this cross were then screened and collected for the homozygous presence of 

the and-6(drp6) neuronal subtype marker loss of expression phenotype. Genomic 

DNA pooled from 30 recombinant F2 animal plates was isolated and purified for 

sequencing. The and-6(drp6) mutant was sent for whole genome sequencing two 

independent times. First as F2 HA recombinants (and-6(drp6)/HA) and secondly as 

the original and-6(drp6) strain (not crossed with HA).  

 

Both sequencing sample datasets were analysed using the CloudMap 

pipeline on the Galaxy server (Doitsidou et al., 2010; Minevich et al., 2012). A 

detailed description of the CloudMap workflow is presented later in Chapter 6 

(section 6.1.1). CloudMap allows for the identification of homozygous and 

heterozygous variants between the mutant and the wild type N2 Bristol genome. 

Additionally, CloudMap allows for mapping of the causal variant by determining the 

allelic frequencies of each HA SNP loci per sequencing read for each chromosome 

(section 6.1.2; Fig 6.2). The HA SNP frequency profile for each chromosome is 

converted to scatterplot graph, with local regression lines plotted to identify trends 

(LOESS, Cleveland et al., 1992). Due to F1 meiotic recombination and drp6 being 
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generated by induced mutagenesis (EMS) of our screening strain ceh-63p::gfp;flp-

10p::gfp (N2 Bristol), genomic regions around the drp6 variant should have a low 

frequency of Hawaiian SNPs (HA-SNP/total reads = 0; Fig 4.2). In contrast, unlinked 

regions should contain an even representation of Hawaiian versus N2 Bristol SNPs 

(HA-SNP/total reads = 0.5; Fig 4.2). Chromosomes where linkage is present will 

form a trough in the LOESS trend line towards N2 (Fig 4.2). For each scatterplot 

graph a corresponding bar graphs is generated, which measures parental allele 

frequency (N2) normalised for genetic incompatibility between Bristol and Hawaiian 

strains (Seidel et al., 2008) as well as Hawaiian SNP density on each chromosome. 

HA SNP mapping was performed only on and-6(drp6)/HA sequencing sample, since 

it was the only one of the two samples sequenced that was crossed with the 

mapping strain (HA).   

 

and-6(drp6)/HA whole genome sequencing SNP analysis revealed linkage on 

Chromosome I between 3 Mb and 11 Mb (Fig 4.2). Within this 8Mb region, we found 

a total of 66 common variants between and-6(drp6)/HA and the original and-6(drp6) 

WGS samples. Of the 66 variants, 6/66 reside within protein coding regions, 25/66 in 

promoter regions, and the remaining variants were located in 3’ UTRs, splice sites, 

downstream and intergenic regions (Fig 4.3). Measuring for parental allele frequency 

(N2) within the 8Mb region revealed that the highest incidence of N2 Bristol SNPs 

occurs between 7 Mb and 8 Mb on Chromosome 1. Only one variant was found 

within the 7-8Mb peak region, a non-synonymous variant in the fourth exon of the 

hlh-2 locus. 



Linked 
chromosome

Unlinked         
chromosome

Figure 4.2: Line and bar graph representation of mapping data for and-6(drp6).
Line and bar graphs representing the ratio of HA vs N2 Bristol SNPs on chromosome V (unlinked) 
and chromosome I (linked). Left column: Scatter plot of HA allelic frequencies per SNP location 
for each chromosome with LOESS (red line) to show the trend. X-axis = Chr position; 
Y-axis = ratio of HA/total reads. The vertical red line indicates the location of the mutation of interest 
(drp6). Right column: Corresponding bar graph normalised for HA SNP distribution for each 
chromosome. X-axis = Chr position; Y-axis = frequency of parental (Bristol N2) alleles. For 
and-6(drp6), linkage was found on Chromosome I between 3 Mb and 11 Mb, with the highest 
incidence of N2 Bristol SNPs occurring between 7 Mb and 8 Mb. 
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Figure 4.3: a missense variant in hlh-2 lies within and-6(drp6) WGS mapping region.

(A) Pie graph for original (uncrossed) and-6(drp6) genomic DNA and and-6(drp6)/HA recombinant samples  
with pecentages of each variant type. (B) Diagram showing overlap of common varaints between both 
samples. A total of 79 homozygous common variants were found within the 7-8 Mb mapping region on 
chromosome I. (C) List of shared credible variant candidates found in the and-6(drp6) original uncrossed 
and and-6(drp6)/HA datasets between 3-11Mb on Chr I. Red: highlights the hlh-2 missense variant.  
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hlh-2 encodes a Class I basic helix-loop helix(bHLH) transcription factor which is the 

ortholog of Drosophila daughterless (Krause et al., 1997). hlh-2 is roughly 3.7kb long 

and consists of five exons. The bHLH domain resides at the end of exon three 

extending throughout exon four and shares 67% homology with the E proteins and 

Daughterless protein (Krause et al., 1997). At the protein level, the drp6 mutation 

causes an amino acid change from Glutamic acid to Lysine in amino acid 

357(E357K; Fig 4.4). This residue site is located in the second helix of the bHLH 

domain and is conserved in the drosophila and human orthologs daughterless and 

E47 (Sallee and Greenwald, 2015; Fig 4.4). In the E47 protein, this conserved site 

(E390) on helix 2 forms a salt bridge with H366 of helix 1 (Ellenberger et al., 1994). 

Salt bridges have been shown to affect both the strength and preference of 

dimerisation in bHLH proteins (Shirakata et al., 1993). This suggests that C-lineage 

phenotypes caused by the drp6 mutation are likely a result of altered binding partner 

affinity of HLH-2. 

 

4.2.2 hlh-2 genomic DNA can rescue and-6(drp6) C-lineage phenotypes 

 
Results from the sequencing revealed hlh-2 as a credible causal candidate 

gene in and-6(drp6) mutants. To determine whether drp6 is a hlh-2 allele, we 

performed and-6(drp6) rescue experiments at 25ºC, scoring for rescue of DVC and 

PVR specification. and-6(drp6) animals were crossed with otEx5608 (Masoudi et al., 

2018), a strain carrying an extra chromosomal array (Ex:hlh-2 fosmid::yfp) 

comprised of a fosmid that covers a 32kb genomic region of Chr 1 including the 

entire hlh-2 locus tagged (N-terminus) with YFP (Fig 4.5; Tursun et al., 2009).    



HLH-2 C. elegans      

HLH-2 C. briggs         

Daughterless fly  

E47 mouse              

RDINSAFKELGRMCTQHNQNTERNQTKLGILHNAVSVITQLEEQ

KDINSAFKELGRMCTQHNQNTERNQTKLGILHNAVAVITQLEEQ

RDINEAFRELGRMCQLHLK-SDKAQTKLLILQQAVQVILGLEQQ

RDINEALKELGRMCMTHLK-SDKPQTKLGILNMAVEVIMTLEQQ

helix 1 helix 2loop

drp6

Figure 4.4: The drp6 missense variant in hlh-2 resides in the bHLH domain. 

Alignment of the HLH domain for HLH-2 and its related proteins in other organisms. The drp6 

mutation is located in a conserved site on helix 2.  In mouse E47, this site has been shown to 

form a salt bridge with H366 of helix 1 and is necessary for dimerisation strength and 

preference (Ellenberger et al., 1994). Bold text signifies similarity, the red box highlights the 

mutated residue in hlh-2(drp6) mutants. Helix are in purple and the loop is in pink.
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Figure 4.5: A missense variant in hlh-2 locus is likely candidate for drp6.
(A) Picture of the hlh-2 locus and surrounding genes. hlh-2 was the only gene with a variant 

within the peak mapping region. WGS revealed a non-synonymous coding variant in the 

fourth exon of hlh-2. The transgenic strain otEx5608 (Ex:hlh-2 fosmid::yfp) was used for 

rescuing and6(drp6) loss of subtype markers in DVC and PVR. The strain carries an extra 

chromosomal array comprised of a fosmid (WRM0610dG01) that covers a 32kb genomic 

region of Chr I including the entire hlh-2 locus tagged with YFP at the N-terminus. (B) Diagram

of the HLH-2 protein. The drp6 mutation causes an amino acid change, glutamic acid to lysine, 

in amino acid 357(E357K), a residue site located in the second helix of the bHLH domain. 
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Extra chromosomal arrays are non-mendelianly inherited both at the organism and 

cellular level, meaning not all progeny of an array-carrying mother will receive the 

array, nor will every cell in the animal. This provides the benefit of an internal control, 

since an array-carrying mother will produce F1 progeny with and without the array.  

 

F1 progeny carrying the rescue array (and-6(drp6); Ex:hlh-2 fosmid::yfp) expressed 

ceh-63p::gfp in 58% (n=74) of animals scored. Surprisingly, F1 progeny without the 

array also expressed ceh-63p::gfp in 50% of animals scored (n=52; Fig 4.6). Since 

array and non-array F1s were both rescued, we questioned whether this could be 

attributed to maternal contribution of RNA and/or protein. To test for this we scored 

F2 animals from singled F1 non-array carrying mothers. F2 progeny showed a 

reversion to the original and-6(drp6) mutant phenotype in that only 15% (n=72) of 

animals expressed ceh-63p::gfp affirming our hypothesis of maternal contribution 

(Fig 4.6). As for PVR in and-6(drp6) mutants, the extra chromosomal hlh-2 fosmid 

array is also able to rescue the subtype mis-specifcation phenotype. F1 progeny 

carrying the array (and-6(drp6); Ex:hlh-2 fosmid::yfp) expressed flp-10p::gfp in 92% 

(n=104) of animals scored compared to just 26% (n=49) of animals without the array 

(Fig 4.6). This result differs from the DVC rescue, where maternal contribution 

seems to rescue animals not carrying the array. This discrepancy between DVC and 

PVR rescue results suggest that PVR rescue requires zygotic transcription and that 

hlh-2 is likely acting later to regulate PVR specification. We know from and-6(drp6) 

WGS data that no other gene within the 34kb region covered in the fosmid contains 

variants, making it unlikely that rescue is due to other genes besides hlh-2 (Fig 4.5). 
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Furthermore, the hlh-2 allele n5053, a strong loss of function splice site (G to A) 

mutant, exhibits similar C-lineage neuronal expression phenotypes with and-6(drp6) 

mutants (Nakano et al., 2010; Aldabergenova, unpublished). Taken together, these 

results confirm that and-6(drp6) is indeed an allele of hlh-2/Daughterless.      

 

Expression analysis for hlh-2 was conducted using two separate integrated    

hlh-2 transgenic strains: a fluorescently tagged translational reporter (nIs407) and 

fosmid reporter strain (otIs502). Consistent with its role as the main dimer partner for 

many class II bHLH proteins in the worm, hlh-2 exhibits a broad expression pattern 

in the embryo. In the C-lineage, hlh-2 expression begins around one hour 

subsequent to the birth of the C blastomere (Fig 4.7). However, expression is 

asymmetrically maintained only in lineages that will give rise to neuronal cell types 

(Caap descendants), and this asymmetric expression overlaps with that of hlh-14 

(Fig 4.7). Furthermore, the expression pattern of hlh-2, in the C-lineage, is consistent 

with hlh-2 acting both early and late in the lineage. In Caapp (PVR mother) hlh-2 

expression goes off before being expressed again in PVR, whereas for DVC, hlh-2 

expression begins in Caap (DVC and PVR grandmother) and remains on at the birth 

of DVC (Fig 4.7). This also fits with the fosmid rescue results. Since hlh-2 is required 

earlier for DVC specification, maternally contributed hlh-2 (RNA and/or protein) is 

able to rescue its subtype expression phenotype in hlh-2(drp6). This is not the case 

for PVR, which requires zygotic transcription of hlh-2 later.  
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Caapa

Caapaa

Figure 4.7: hlh-2 expression pattern in the C-lineage. 
Diagram representation of C-lineage cell fates (colour coded) and cell type determinant gene expression 

patterns. hlh-2 expression in the C-lineage was determined by 4D-lineaging of an integrated fosmid 

arrays otIs502 (hlh-2 fosmid::yfp) containing the entire hlh-2 locus tagged with yfp. In the C-lineage,  

hlh-2 exhibits an asymmetric expression pattern in lineages fated to produce neuronal cell types. 

However, hlh-2 expression comes on before hlh-14 and transiently in other branches not fated to 

produce neurons. Interestingly, in Caapp (PVR mother) hlh-2 expression goes off before being expressed 

again in PVR, whereas for DVC, hlh-2 expression is maintained at the birth of DVC. Left: Fluorescent 

images of wild type hlh-2 expression at critical points in DVC formation. Red arrows indicate DVC 

neuroblast and DVC cell expressing hlh-2 fosmid::yfp. Top and bottom embryos are ventral views. 

Muscle and hypodermis Cp descendants were previously scored using the translational reporter strain 

nIs407 (Poole, unpublished).  
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4.2.3 hlh-2 promotes C-lineage neurogenesis via the regulation of hlh-14  

 
          The proneural gene hlh-14 is expressed asymmetrically in the C-lineage and 

is required for neurogenesis (Fig 1.15; Poole et al., 2011). Since hlh-2 mutants share 

loss of neuronal subtype marker phenotypes in the C-lineage with hlh-14 mutants, 

we asked whether hlh-2 regulates hlh-14 expression. To this end, we conducted 

expression analysis of the hlh-14 translational reporter gmIs20 (hlh-14p::hlh-14::gfp) 

in an hlh-2(drp6) mutant background (Section 3.2.5; Frank et al., 2003). Bean-stage 

mutant embryos were scored on slides at 25ºC. In the C-lineage, 71% of hlh-2(drp6) 

mutant embryos fail to expression hlh-14 in DVC and its sister, which although 

expresses hlh-14 undergoes programmed cell death (n=34; Fig 4.8). Similar 

phenotypes are observed in hlh-2(n5053), as well as the precocious division of the 

DVC neuroblast (Aldabergenova, unpublished). Moreover, hlh-2(drp6) embryos were 

scored for hlh-14 expression in ABalppp/ABpraaa and PVQ/HSN/PHB neural 

precursors. In the ABalppp/ABpraaa lineages, hlh-2(drp6) embryos exhibited loss of 

expression phenotypes that were both symmetric and L/R asymmetric, meaning loss 

hlh-14 expression occurred on both sides (12% of embryos), left only(12%) and the 

right (15%) side only (n=34; Fig 4.8). In the L/R bilateral PVQ/HSN/PHB neural 

precursors, hlh-2(drp6) embryos exhibited loss of hlh-14 expression in right-side 

precursors (9% of embryos) and on both sides (6% of embryos, n=34; Fig 4.8). 
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in DVC and its sister, and a hlh-2(drp6) embryo (dorsal view) with asymmetric loss of hlh-14 expression 
in ABalppp/ABpraaa lineages (left side) and PVQ/HSN/PHB precursor cells (right side). The anterior of 
the embryo is to the left. Presence or absence of hlh-14 expression in DVC is circled in red. 
ABalppp/ABpraaa lineages in the anterior and PVQ/HSN/PHB neuron precursor cells in the posterior 
are marker with red arrows. (B) Quantification of wild type and hlh-2(drp6) embryos scored for 
hlh-14p::hlh-14::gfp expression at 25ºC.  

hlh-2(drp6)

hl
h-

14
p:

:h
lh

-1
4:

:g
fp

asy/left OFF asy/right OFF

wild type wild type hlh-2hlh-2

ABalppp/ABpraaa PVQ/HSN/PHB 
precursors 

C-lineage

16 34 16 34

genotype

cells scored

154



	 155	

Taken together, results from hlh-14 expression analysis in hlh-2(drp6) embryos 

provides clear evidence for hlh-2 regulation of hlh-14 in the PVQ/HSN/PHB neural 

precursors, ABalppp/ABpraaa lineage and C-lineage. Interestingly, the effects 

observed in the PVQ/HSN/PHB and ABalppp/ABpraaa lineages are relatively milder 

than in the C-lineage. This suggests that hlh-2 is acting differently between lineages 

or that the drp6 mutation is more specific to hlh-14 expression in the C-lineage. One 

possibility for this could be due to drp6 affecting HLH-2 ability to bind with a C-

lineage specific dimer partner.  

 

4.2.4 hlh-2(drp6) phenocopies hlh-14 null mutant C-lineage phenotypes 
concomitantly 
 
 

The hlh-14(tm295) null mutant phenotype in the C-lineage is characterised by 

a loss of neuronal subtype markers for DVC and PVR, precocious division of the 

DVC neuroblast as well as ectopic expression of hypodermal reporters (Solayr, 

unpublished; Poole et al., 2011). Since hlh-2(drp6) mutants exhibit loss of 

expression phenotypes for hlh-14 and subtype identity markers (DVC and PVR), we 

asked whether hlh-2(drp6) mutants can phenocopy all three hlh-14 C-lineage 

phenotypes concomitantly in the same animal. We built a reporter strain containing 

three reporters as a means for measuring DVC fate (ceh-63p::gfp), neuronal fate 

(hlh-14p::hlh-14::gfp), and conversion to hypodermis (dpy-7p::rfp). Having all three 

reporters in the same strain provides the benefit of assessing each C-lineage 

phenotype concomitantly. This strain was then crossed into the hlh-2(drp6) 

background and animals were scored at 25ºC via 4D-lineaging.  
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At single cell resolution, we also followed cell movements, division timings, and gene 

expression of branches fated to generate DVC and its sister cell death.   

 

Lineage analysis of hlh-2(drp6) mutant movies revealed that embryos 

exhibited loss of hlh-14 expression which resulted in both a loss of DVC fate and a 

conversion to hypodermal fate simultaneously (100%, n=5; Fig 4.9). Furthermore, 

hlh-2(drp6) mutants, much like hlh-14 mutants (Poole et al., 2011), had a precocious 

division time for the DVC neuroblast (Caapa). Instead of having a delayed division 

nearly 2.5 times their hypodermal cousins, the DVC neuroblast in hlh-2(drp6) 

mutants divided alongside their hypodermal counterparts (80% n=5; Fig 4.9). The 

4D-lineage analysis of hlh-2(drp6) embryos confirms results observed on slides for 

single reporters (ceh-63 and hlh-14), by demonstrating all phenotypes occur 

concomitantly, and suggest that C-lineage loss of neuronal subtype marker 

expression is due to the hlh-2 role of regulating hlh-14. 

 

4.3 Conclusions 

 
To date, little is known about early factors involved in the regulation of 

neurogenesis in C. elegans. To address this, we use the C. elegans C-lineage as a 

model to identify the cellular and molecular mechanisms that regulate neurogenesis. 

We know that the terminal cell fate specification of PVR and DVC is regulated by the 

POU and LIM homeodomain transcription factors unc-86 and ceh-14 (Serrano-Saiz 

et al., 2013). Additionally, previous work in the lab has shown that the proneural 

gene hlh-14/achaete-scute is expressed asymmetrically in the C-lineage and is 
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required for neurogenesis (Solayr, unpublished; Poole et al., 2011). In the C-lineage, 

loss of hlh-14 activity results in precocious division of the DVC neuroblast (Caapa), 

loss of expression for neuronal subtype markers (DVC and PVR), and ectopic 

expression of hypodermal markers. In this chapter, I described efforts made in 

continuing to work our way up the pathway in search of early regulators of C-lineage 

neurogenesis. 

 

4.3.1 A GFP-based forward genetic screen identifies hlh-2 as a critical early 
regulator of C-lineage neurogenesis 
 
 

From the GFP-based forward genetic screen, we were able to isolate and-

6(drp6) for its loss of neuronal subtype markers in both DVC and PVR. Mapping by 

sequence and rescue experiments revealed that and-6(dpr6) is an allele of hlh-2, 

encoding a Class I bHLH transcription factor that is the ortholog of Daughterless an 

E47 proteins. hlh-2/Daughterless has been shown to heterodimerise with other 

bHLH transcription factors, including proneural genes such as hlh-14 (Grove et al., 

2009b). Furthermore, hlh-2 has been shown to act with other proneural genes in the 

promotion of neurogenesis in C. elegans (Frank et al., 2003; Portman and Emmons, 

2000). Through 4D-lineage analysis at single cell resolution, we demonstrate that 

hlh-2(drp6) mutants display loss of expression concomitantly of both hlh-14 and ceh-

63 resulting in the ectopic express dpy-7 (hypodermis) in DVC. The loss of DVC 

neuronal identity and its conversion to hypodermal fate, in hlh-2(drp6) mutants, 

suggest that hlh-2 activity is required early in the C-lineage for neurogenesis. This 

leads to the question: When is hlh-2 activity required in the C-lineage?   
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4.3.2 Does hlh-2 act at different time points in the C-lineage? 

 
The failure of hlh-2(drp6) mutants to express hlh-14 combined with the ability 

to phenocopy hlh-14 null mutant phenotypes, in the C-lineage, indicates that hlh-2 

acts upstream of hlh-14.  However, when and where hlh-2 is acting remains unclear. 

One possibility is that hlh-2 acts in a DVC/PVR shared progenitor (e.g Caap) to 

promote neurogenesis via regulation of hlh-14 gene expression in the C-lineage. A 

second possibility is that hlh-2 acts in different C-lineage branches to promote DVC 

and PVR neurogenesis independently.  

 

Quantification of subtype identity phenotypes revealed that loss of DVC 

identity is significantly greater than PVR identity in hlh-2(drp6) mutants. This result is 

more in line with the notion that hlh-2 is acting in different C-lineage branches, since 

the loss of subtype identity penetrance for both neurons differ. If hlh-2 was acting in 

a common progenitor, loss of hlh-2 function in the progenitor cell would results in the 

same rate of lost identity for DVC and PVR. Furthermore, rescue experiments 

showed that hlh-2(drp6) subtype identity phenotype for DVC can be maternally 

rescued, whereas PVR subtype identity requires zygotic transcription of hlh-2. This 

suggests that not only is hlh-2 acting in different C-lineage branches but also it is 

required at different times within lineage.  

 

Additional evidence in support of this hypothesis is provided by hlh-2 

expression analysis conducted on a C-terminally tagged (YFP) hlh-2 fosmid. In C-

lineage neural branches, hlh-2 expression is first observed in Caap (DVC and PVR 
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grandmother) just prior to hlh-14, which is first observed in Caapa (DVC neuroblast). 

Subsequent to the Caap division hlh-2 and hlh-14 expression patterns in the C-

lineage overlap. Interestingly, hlh-2 expression in Caapp (PVR mother) is absent 

and returns again at the birth of PVR. Conversely, in regards to DVC, hlh-2 

expression is maintained in Caapa and remains on at the birth of DVC. Combined, 

hlh-2(drp6) mutant analysis and rescue experiments as well as hlh-2 expression 

pattern in the C-lineage provide strong evidence that hlh-2 is acting in different cells. 

It is possible that hlh-2 promotes C-lineage neurogenesis first by acting early in 

either Caap or Caapa for DVC and again later in Caappa for PVR.     

 

4.3.3 How does hlh-2 promote neurogenesis in the C-lineage? 

 
Insights into how hlh-2 may be functioning to promote neurogenesis in the C-

lineage comes from hlh-14 (gmIs20) expression analysis in bean-staged (256-cell 

stage) hlh-2(drp6) embryos as well as initial analysis of the drp6 causal variant. hlh-

14 expression analysis, in hlh-2(drp6) bean-stage embryos, revealed lost expression 

in the ABalppp/ABpraaa lineage, the bilateral L/R pairs of PVQ/HSN/PHB neuron 

precursor cells as well as the DVC neuroblast and its sister that later undergoes 

programmed cell death (Frank et al., 2003; Poole et al., 2011). This result 

demonstrates that hlh-2 regulates hlh-14 gene expression in all three lineages. 

Interestingly, loss of hlh-14 expression was significantly greater in the C-lineage and 

relatively mild in ABalppp/ABpraaa and PVQ/HSN/PHB lineages. This disparity 

between lineages, in their failure to express hlh-14, suggests that the drp6 mutation 

may be specific to the hlh-2 role in the C-lineage neurogenesis.   
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The drp6 mutation causes an amino acid change (E357K) in a conserved 

residue shown to form a salt bridge between helix 1 and 2 of the E47 protein 

(Ellenberger et al., 1994; Sallee and Greenwald, 2015; Shirakata et al., 1993). Given 

the importance of salt bridges to bHLH protein dimerisation, drp6 likely affects the 

dimerisation affinity of the HLH-2 protein with a yet unknown determinant. This 

hypothesis is consistent with the hlh-2 role in C. elegans as the primary dimer 

partner of many Class II bHLH proteins (Grove et al., 2009b). Since hlh-2 exhibits 

broad expression in the embryo, it is reasonable to assume that specificity for C-

lineage neurogenesis is attained through the HLH-2 dimer partner. This would also 

explain the C-lineage specificity associated with the drp6 allele. However, we can’t 

rule out the possibility of HLH-2 forming a homodimer to activate hlh-14 expression 

in the C-lineage (Sallee and Greenwald, 2015). In the overall discussion (Chapter 7), 

I describe in more detail possible scenarios for when and how hlh-2 may act to 

promote C-lineage neurogenesis. Additionally I propose various ways to test/confirm 

the different possibilities.  
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Chapter 5 

A novel role for let-19/Mediator in the regulation of bHLH genes 
hlh-2 and hlh-14 
 

 5.1 Introduction 

 In this chapter, I will introduce efforts made in conducting a pilot 4D-lineage 

screen in search of mutants with aberrant division timings and lineage fate 

conversions. I will also present results from analysis of and-4(t3273), a mutant 

isolated from the 4D-lineage screen. Results presented will show that and-4(t3273) 

is an let-19/Mediator allele and plays an early role in neuronal specification for the 

interneuron DVC. This chapter will also provide evidence showing that let-19 

regulates the asymmetric expression of the bHLH genes hlh-14/Achaete-Scute and 

hlh-2/daughterless. Additionally, this chapter will provide a detailed description of let-

19 mutant C-lineage phenotypes.   

 

5.1.1 The Mediator complex and its role during C. elegans development 

 
 The Mediator is a multi-protein complex that is essential in the facilitation of 

transcribing genes by relaying environmental and developmental signals between 

transcription factors (TFs) and RNA polymerase (Pol) II (Fay and Yochem, 2007; 

Jung et al., 2011; Kwon and Lee, 2001; Markaki and Tavernarakis, 2010; 

Spiegelman and Heinrich, 2004). The Mediator complex consists of roughly 30 
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subunits, which are subdivided into four regions: the head, middle, tail, and kinase 

modules. The head and middle modules function primarily as a contact between 

RNA Pol II, whereas the tail acts as a contact for transcription factors (Asturias et al., 

1999; Davis et al., 2002; Dotson et al., 2000). Both the head and middle are largely 

required during basal transcription; however, the tail and kinase modules are 

predominantly required for specialised gene transcription during developmental and 

physiological gene programming (Esnault et al., 2008; Malik and Roeder, 2010; 

Soutourina et al., 2011). The Mediator complex was originally isolated in yeast and 

the majority of subsequent studies focused on its role in bridging communications 

between transcription factors and RNA Pol II (Kelleher et al., 1990; Kim et al., 1994; 

Lue et al., 1991; Malik and Roeder, 2010; Spiegelman and Heinrich, 2004).  Later 

studies revealed Mediator to have roles pertaining to cell growth, differentiation of 

various cell types, and even more recently to be involved in epigenetic regulation, 

transcriptional elongation, termination, MRNA processing, and noncoding RNA 

activation (Carlsten et al., 2013; Poss et al., 2013).  

 

In C. elegans, expression analysis using transgenic reporter fusions show 

many of the Mediator complex subunits are ubiquitously expressed (Steimel et al., 

2013; Wang et al., 2004; Zhang and Emmons, 2000). Forward and reverse genetic 

screens have also provided functional evidence for the Mediator’s critical role in 

development. The Mediator complex mechanistically executes these roles by acting 

along with or downstream of TF targets of evolutionarily conserved pathways such 

as the epidermal growth factor receptor (EGFR)-Ras-mitogen activated protein 
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kinase (MAPK) signalling pathway, as well as the canonical and non-canonical Wnt 

signalling pathways (Kwon and Lee, 2001; Moghal and Sternberg, 2003; Yoda et al., 

2005; Zhang and Emmons, 2001). 

 

The EGFR-Ras-MAPK pathway plays a conserved role in regulating growth, 

proliferation, and differentiation in eukaryotes.  Mutations in genes within this 

pathway have been shown to cause developmental defects, as well as initiate 

various cancers in humans (Avraham and Yarden, 2011; Karnoub and Weinberg, 

2008; Tidyman and Rauen, 2009; Yoon and Seger, 2006). In C. elegans, one of the 

well-characterised roles for the EGFR-Ras-MAPK pathway has been its involvement 

in the development of the hermaphrodite vulva (Félix, 2012; Sternberg, 2005).  

During sexual maturity (larval stage 3), vulva precursor cells (VPCs) receive EGFR 

and Notch signalling resulting in three of six VPCs to adopt a vulval cell fate, 

whereas the remaining three adopt a hypodermal fate (Sternberg, 2005). Abnormally 

high levels of EGFR signalling promotes ectopic vulva cell fate in the VPCs resulting 

in a non-functional multivulva phenotype. The opposite vulvaless phenotype occurs 

when levels of EGFR signalling are reduced. Tail components of the Mediator 

complex, mdt-23/sur-2 and mdt-24/lin-25, were isolated from a forward genetic 

screen looking for up-regulators (multivulva phenotype) of the EGFR pathway (Singh 

and Han, 1995; Tuck and Greenwald, 1995). Both mdt-23/sur-2 and mdt-24/lin-25 

display a completely penetrant vulvaless phenotype and are required downstream of 

Ras, since loss of function mutants for both suppress the multivulva phenotype of 

let-60/Ras gain of function mutants (Singh and Han, 1995; Tuck and Greenwald, 
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1995). Additionally, mdt-23/sur-2 is required downstream of the EGFR signalling 

cascade, co-activating a positive regulator element in the EGFR target gene lag-2 

(Chen and Greenwald, 2004; Zhang and Greenwald, 2011). lag-2 encodes a ligand 

for LIN-12/Notch and is required for the signal that activates LIN-12/Notch during 

VPC fate patterning. Conversely, LIN-1/Ets represses lag-2, in cells fated to become 

hypodermal, via an independent regulatory element. Combined, mdt-23/sur-2 and 

lin-1/Ets ensure lag-2 expression is restricted to the appropriate VPCs and thus 

regulates proper vulva cell fate determination (Zhang and Greenwald, 2011).  

 

Another well-characterised signalling pathway that involves the Mediator 

complex regulation is the canonical Wnt pathway. In the presence of Wnt signalling, 

the Wnt ligand binds to the surface of cells via the Frizzled receptor, resulting in the 

relocation of the BAR-1/b-catenin degradation complex to the cell membrane 

(Korswagen, 2002). BAR-1/b-catenin then accumulates in the nucleus and functions 

as a co-activator of the TCF/LEF family transcription factor pop-1, a key downstream 

target gene for Wnt in C. elegans (Korswagen, 2002). Conversely, lack of Wnt 

signalling allows the BAR-1/b-catenin degradation complex to phosphorylate BAR-

1/b-catenin and undergo proteasomal degradation resulting in a down regulation of 

pop-1 expression (Korswagen, 2002). Similar to the EGFR-Ras-MAPK pathway, the 

canonical Wnt pathway along with Mediator complex kinase components, mdt-

12/dpy-22 and mdt-13/let-19, together play an essential role during vulva 

development by regulating cell fusion of the VPCs with surrounding hypodermal cells 

(Yoda et al., 2005). In the VPCs, BAR-1/b-catenin prevents fusion events by 



	 166	

inducing the expression of Homeobox (Hox) transcription factor lin-39. Loss of lin-39 

results in ectopic fusion of the VPCs, a phenotype similar to that observed in BAR-

1/b-catenin mutants (Clark et al., 1993). mdt-12/dpy-22 and mdt-13/let-19 act either 

in parallel or downstream of BAR-1/b-catenin but upstream of lin-39 as promoters of 

cell fusion. Loss of either mdt-12/dpy-22 or mdt-13/let-19 inhibits VPC fusion and is 

able to suppress the ectopic fusion phenotype of bar-1/b-catenin mutants but not lin-

39 mutants (Yoda et al., 2005).  

 

5.1.2 The Mediator kinase module’s role in asymmetric divisions and neuronal 
development 
 
 

The kinase (CDK-8) module consists of MDT-12/DPY-22, MDT-13/LET-19, 

Cyclin C /CIC-1, and cyclin-dependent kinase CDK8/CDK-8 (Borggrefe et al., 2002; 

Knuesel et al., 2009). The kinase module links to the Mediator (Fig 5.1) at the middle 

module by binding between MDT-13/ LET-19 and MDT-23/SUR-2. As described 

above, the kinase module interacts downstream of many signalling pathways and is 

involved in processes such as cell cycle quiescence, embryonic viability, axon 

guidance, and neuronal differentiation (Clayton et al., 2008; Shim et al., 2002; 

Steimel et al., 2013; Yoda et al., 2005). 

 

 

 



Figure 5.1: The C. elegans Mediator complex subunits and their functions
(Grants, Goh and Taubert, 2015).
Diagram of the Mediator complex broken down by module and subunits. Both modules 
and subunit function are colour coded. Dashed lines indicate a particular subunit lacks 
apparent C. elegans orthologs.
 

167



	 168	

Previous work in C. elegans has also shown that components of the Mediator 

complex kinase modules are involved in regulating asymmetric cell divisions. An 

example of this is the asymmetric cell division in the T cell lineage, where 

subsequent to the division of the T blast cell, the anterior daughter (Ta) produces 

hypodermal cells and the posterior daughter (Tp) neurons. The Wnt/b-catenin 

asymmetry pathway (non-canonical) mediates this asymmetry in fate via lin-44/Wnt 

and lin-17/Frizzled by establishing polarity and the asymmetric accumulation of 

downstream target genes POP-1/TCF and asymmetric expression of tlp-1/sp1. The 

asymmetric localisation of POP-1 is regulated by the Wnt/b-catenin asymmetry 

pathway, which provides anterior and posterior daughters with different identities 

(Mizumoto and Sawa, 2007). In the posterior daughter, WRM-1 and LIT-1 act 

together to phosphorylate POP-1 causing it to exit the nucleus. Lower levels of POP-

1 in the posterior allow SYS-1/POP-1 complexes to act as an activator, whereas 

high levels of POP-1 in the anterior allow it to act as a repressor. mdt-12/dpy-22 and 

mdt-13/let-19, which are symmetrically expressed in the daughters (Ta and Tp), are 

required downstream of lin-17/frizzled to establish asymmetric expression of tlp-

1/sp1 but not of POP-1 asymmetric localization (Yoda et al., 2005). This suggests 

that the Mediator complex is acting either in parallel or downstream of POP-1 to 

regulate the asymmetric expression of tlp-1/sp1.  

 

A recent study demonstrated a role for the Mediator kinase module in 

regulating neural fate determination in a C. elegans lineage (MS) fated to produce 

both neuron and muscle cell types (Luo and Horvitz, 2017). The pharyngeal I4 
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neuron descends from a progenitor cell that produces I4 and a pharyngeal muscle 

cell (Sulston et al., 1983). In their findings, the authors propose that cyclin H CYH-

1/CDK-7 promotes myogenic programing by inhibiting the activation of downstream 

neural target genes that promote I4 neural fate. They found that the bHLH 

transcription factor HLH-2/Daughterless forms a complex with the CDK-8 kinase 

module by binding with DPY-22. The HLH-2/CDK-8 kinase complex promotes 

neuronal fate by inhibiting cyclin H CYH-1/CDK-7, via phosphorylation of CYH-1 by 

CDK-8. This inhibition of CYH-1/CDK-7 thus allows HLH-3, an Ascl1 homolog, to 

bind and activate I4 neural programing. In their model, the HLH-2/CDK-8 kinase 

complex overrides muscle programing to promote I4 neural fate, as evident by 

overexpressing HLH-2 and HLH-3 being able to induce partial cell fate 

transformation in muscle cells. Given these results, it is possible that the Mediator 

complex promotes neurogenesis in other C. elegans lineages fated to produce both 

neuronal and non-neuronal cell types.   

 

In the remaining sections of this chapter, I will introduce and describe results 

obtained from a 4D-lineage screen in search of factors upstream of proneural gene 

regulation of neurogenesis in the C elegans C-lineage. I will provide evidence that 

and-4(t3273) is an allele of let-19/mdt-13, a component of the Mediator kinase 

module. The results described in this chapter will provide insight into a novel role for 

let-19/Mediator in regulating proneural gene expression, as well as neurogenesis in 

the C-lineage.   
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5.1.3 A 4D-lineage screen to identify early regulators of C-lineage 
neurogenesis 

  
A unique feature of C. elegans development is its invariant cell lineage. The 

C. elegans cell lineage was initially annotated by direct observation at an individual 

cell level using a compound microscope (Sulston et al., 1983). Advancements in 

video camera and recording software allowed for 4D microscopes and cell lineaging 

to significantly reduce the experimental time and increase identification accuracy, 

thus permitting extensive lineage comparisons between wild type and mutant 

animals. Given that our GFP-based forward genetic screening criteria looked to 

identify viable mutants for early regulators of DVC and PVR neurogenesis, we 

expected a fraction of isolated mutants to exhibit pleiotropic early stage lethality 

(emb). These mutants would be difficult to maintain/study and would often go 

unnoticed in a GFP-based screen. In an effort to supplement the forward genetic 

screen, Osama Kasem (Mres), a student in the lab under my supervision, conducted 

a pilot 4D-lineage screen from a collection of time-lapse movies of embryonic lethal 

temperature-sensitive (TS) mutants. Mutants from the collection were selected for 

based on animals with defects severe enough that embryos die before hatching, yet 

still capable of undergoing significant differentiation prior to their death. The rationale 

being that, animals fitting this description would contain more specific mutations that 

result in aberrant lineages and presumptive cell fate switches. Because the mutants 

are temperature sensitive, shifting them between permissive and non-permissive 

temperatures allows us to examine their mutant effects while also maintaining the 

viability of the strain. These movies were obtained from our collaborator Prof. Ralf 

Schnabel and contain live imaging of mounted 2-cell embryos at the non-permissive 
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temperature 25°C. The video data acquired can then be uploaded to the analysis 

software Simi Biocell. Using Sulston’s embryo lineage as a template (adjusted for 

temperature), Simi Biocell provides the user with simple mouse and keystroke 

commands for analysing and documenting cell position, cleavage, and even gene 

expression (Schnabel et al., 1997). As the user makes entries, the software updates 

the template lineage on appropriate branches (Fig 5.2).  

 

From the pilot screen, 28 mutant movies were screened looking specifically 

for mutants that phenocopied the hlh-14(tm295) precocious DVC neuroblast division 

(Fig 5.2). In wild type animals, the DVC neuroblast exhibits a significantly delayed 

division time when compared to its hypodermal lineage cousins. The early division 

observed in hlh-14(tm295) mutants coincides with a DVC switch to hypodermal fate.  

For this reason, mutant movies were analyzed using Simi BioCell lineaging software 

for precocious division patterns for each cell types within the C-lineage. and-4(t3273) 

was isolated from this screen due to its early division timing of the DVC neuroblast 

(Fig 5.2). In the next section, I will present my detailed characterisation of and-

4(t3273) mutant phenotypes, steps in identifying it as an let-19 allele, and the 

Mediator complex role in C-lineage neurogenesis.   



Figure 5.2: and-4(t3273) mutants were isolated from a 4D-lineage screen for its precocious 
DVC neuroblast division phenotype. 
Representative image of the Simi Biocell 4D-lineaging platform. (A) Uploaded movies allow the user 

to track cells during development using DIC and confirm desired reporter expression. (B) Sulston’s 

lineage adjusted for temperature is used as a template. The user selects a cell or lineage of interest 

and with a cursor marks the nucleus of a target cell from the uploaded movie(A). Red dots indicate 

when a user has identified the target cell of interest. (C) Virtual video of a 4D-lineaged embryo. Each 

cell tracked is given a colour based on its lineage, allowing for visualisation of division or migration 

defects. (D) Diagrams illustrating 4D-lineage analysis. Left: In wild type animals, the DVC neuroblast 

(Caapa) undergoes a delayed division time when compared to its hypodermal cousins. Right: 

4D-lineage analysis of and-4(t3273) mutants at 25°C shows Caapa dividing early with its hypodermal 

cousins, suggesting a possible fate switch similar to what is observed in hlh-14(tm295). Neurons are 

labeled in red and hypodermal cells in yellow. Horizontal lines: indicate cell divisions. Vertical lines: 

indicate cell cycle duration. The frequency of phenotype observed is indicated above cell types 

(e.g. 2/2).
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5.2 Results 

 
The 4D-lineage-based screen identified and-4(t3273) as affecting the division 

timing for Caapa. In collaboration with Janis Tam (Mres), we sought to confirm and 

quantify the primary screening results by conducting 4D-lineage analysis on DVC 

and its hypodermal cousins with a larger sample size. 4D-lineage analysis at 25°C 

revealed that, in and-4(t3273) embryos, Caapa indeed divides early, at the same 

time as its hypodermal cousins, suggesting a possible fate switch similar to what is 

observed in hlh-14(tm295) mutants (13/17 movies; Fig 5.2). The precocious Caapa 

division in and-4(t3273) embryos can be rescued when animals are maintained at 

permissive temperatures. At 15°C, and-4(t3273) embryos exhibit a delayed division 

for Caapa (wild type phenotype) in 4/5 embryo movies scored, suggesting the 

precious division is linked with its temperature sensitivity.     

 

To properly characterise the and-4(t3273) embryonic lethality phenotype, mutant 

animals were evaluated by staging gravid hermaphrodites and allowing them to lay 

progeny (F1) at permissive (15ºC) and non-permissive (25ºC) temperatures. The F1 

embryos were allowed to develop and were scored the following day for viability. As 

expected, wild type animals produced high rates of viable F1 progeny, with a >99% 

survival rate at 15ºC (n=159) and 25ºC (n=1837). Consistent with the manner in 

which the mutant was isolated, and-4(t3273) exhibited embryonic lethality rates of 

0% (n=164) at 15º C and 87%(n=1096) at 25ºC (Fig 5.3). When kept at 25º C, and-

4(t3273) animals fail to hatch and die as embryos, due to their failure to properly 

undergo morphogenesis.  
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Figure 5.3: Characterisation of and-4(t3273) temperature sensitive lethality phenotype.
(A) DIC images of wild type and and-4(t3273) embryos at 1.5 fold stage. At 25ºC, and-4(t3273) 
animals fail to hatch and die as embryos, due to their failure to properly undergo morphogenesis.
(B) Quantification of wild type and and-4(t3273) viable F1 progeny at 15ºC and 25ºC. Wild type 
and and-4(t3273) was evaluated by staging gravid hermaphrodites and allowing them to lay 
progeny (F1) at permissive (15ºC) and non-permissive (25ºC) temperatures. and-4(t3273) 
mutants exhibited embryonic lethality rates of 0% (n=164) and 87%(n=1096) at 15º C and 25ºC 
respectively.  
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5.2.1 and-4(t3273) mutants exhibit loss of subtype marker expression in DVC  

 
Since and-4(t3273) phenocopies the hlh-14(tm295) precocious Caapa 

division, we next asked whether DVC subtype identity marker expression is lost in 

and-4(t3273) animals. To this end, we scored and-4(t3273) mutants for loss of ceh-

63p::gfp expression at 15°C and 25°C (Fig 5.4). Embryos were collected from and-

4(t3273);ceh-63p::gfp gravid hermaphrodites and mounted on agarose slides.  

Slides were kept at 15°C and 25°C and scored the following day. This process was 

repeated with the wild type strain ceh-63p::gfp as a control. In control embryos, 

expression of ceh-63p::gfp in DVC neurons was observed in 100% of animals at 

15°C (n=115) and 25°C (n=98). and-4(t3273) mutants scored for DVC at 25°C 

exhibited loss in subtype marker expression in 21% of animals (n=198). We 

confirmed this result with 4D-lineage analysis at a single-cell resolution and 

observed a 50% loss of expression phenotype (n=2; Fig 5.4). The loss in subtype 

marker expression phenotype found in and-4(t3273) mutants is less severe when 

animals are scored at 15°C, with only 4% of embryos failing to express ceh-63p::gfp 

in DVC (n=107). In and-4(t3273) mutants, embryonic lethality, precocious Caapa 

division and loss in DVC subtype marker expression are all linked to temperature 

sensitivity at 25°C, suggesting the same causative mutation is responsible for all 

three phenotypes. 
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Figure 5.4: and-4(t3273) mutants exhibit loss of neuronal subtype markers for DVC. 

Quantification of and-4(t3273) for DVC subtype identity marker expression. and-4(t3273) was scored 

for loss of ceh-63p::gfp expression at 15°C and 25°C. Confirmation of and-4(t3273) loss of DVC 

subtype identity marker expression was conducted with 4D-lineage (movies) analysis at a single-cell 

resolution and observed a 50% loss of expression phenotype (n=2). In and-4(t3273), loss of subtype 

marker expression phenotypes are less severe when animals are scored at 15°C, with only 4% of 

embryos failing to express ceh-63p::gfp in DVC (n=107). A secondary phenotype observed in 

and-4(t3273) at 25°C was ectopic ceh-63p::gfp expression in 9% of animals scored (n=198). The 

number of ectopic cells is indicated by colour key (e.g. 3 ON = dark grey).  
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A secondary phenotype observed in and-4(t3273) at 25°C was ectopic ceh-

63p::gfp expression in 9% of animals scored (n=198). However, the ectopic cells are 

different in position and morphology (tear-shape cell body) to DVC neurons, 

suggesting that ectopic ceh-63p::gfp is not a result of extra DVC neurons. 

Furthermore, when and-4(t3273);ceh-63p::gfp embryos are shifted back to 15°C 

prior to hatching, shifted embryos no longer exhibit ectopic expression yet maintain 

the loss of ceh-63p::gfp expression in DVC (data not shown). Taken together, we 

find that ectopic ceh-63p::gfp expression is due to a post-embryonic and-4 role, 

independent of C-lineage neurogenesis.  

 

5.2.2 Mapping-by-sequencing analysis and-4(t3273) reveals a coding variant in 
the let-19 locus  
 
 

To identify the causative mutation in and-4(t3273) mutants, we performed 

mapping-by-sequencing (described in detail in Chapter 6). This technique allows for 

both sequencing the entire and-4(t3273) genome while at the same time narrowing 

in on a region containing the causative mutation via SNP-mapping. Mutant animals 

were crossed into the Hawaiian isolate strain to generate SNP recombinants. Next, 

genomic DNA pooled from 40 recombinant F2 animals was isolated and purified for 

sequencing. Whole genome sequencing SNP analysis via the CloudMap pipeline 

(Minevich et al., 2012) uncovered linkage between 4 Mb and 10 Mb on Chromosome 

II, with the highest incidence of N2 Bristol SNPs occurring between 8 Mb and 9 Mb 

(Fig 5.5).  



Linked 
chromosome

Unlinked         
chromosome

Figure 5.5: Line and bar graph representation of mapping data for and-4(t3273).
Left column: Scatter plot of HA allelic frequencies per SNP locaction for each chromosome with 
LOESS (red line) to show the trend. X-axis = Chr position; Y-axis = ratio of HA/total reads. The 
vertical red line indicates the location of the mutation of interest (t3273). Right column: Corresponding 
bar graph normalised for HA SNP distribution for each chromosome. X-axis = Chr position; 
Y-axis = frequency of parental (Bristol N2) alleles. For and-4(t3273), linkage was found on 
Chromosome II between 4 Mb and 10 Mb, with the highest incidence of N2 Bristol SNPs occurring 
between 8 Mb and 9 Mb. 
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Between the 4 Mb and 10 Mb region on Chromosome II, we found a total of 139 

variants (Fig 5.6). Of the 139 variants, ten variants reside in protein coding regions 

and of the ten coding variants two are early stop variants. The two early stop 

variants reside in genes F54H5.2, an ortholog of human TTBK1 (tau tubulin Kinase 

1), and in sra-32, a predicted G-protein receptor. Only one of the ten protein coding 

variants was located within 8-9Mb N2 SNP peak region, which contained a non-

synonymous coding variant in the fourth exon of let-19. This mutation causes a 

proline to serine amino acid (P1727S) switch. let-19 encodes the human homolog 

protein MDT-13/TRAP240 (thyroid hormone receptor-associated protein 240), which 

is a transcriptional co-activation complex subunit conserved in yeast, Drosophila, 

and humans. Since Iet-19/mdt-13 is a component of the Mediator kinase module and 

has known roles both in asymmetric cell divisions and fate determination, we 

reasoned it to be the likely candidate gene.   

 

5.2.3 let-19 genomic DNA can rescue and-4(t3273) embryonic lethality 
phenotype  
 
 
In order to determine whether and-4(t3273) is an allele of let-19, we attempted to 

rescue the morphogenesis defects in and-4(t3273) that results in severe embryonic 

lethality at 25°C. To this end, we crossed and-4(t3273) mutants with three 

independent fosmid (34kb) array lines containing the entire let-19 locus (Fig 5.7). 

Because we were able to show that the loss of subtype marker expression and 

lethality phenotypes were linked, animals containing the array were scored for 

rescue of embryonic lethality in their F1 progeny. 
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Figure 5.6: A missense variant in let-19 lies within and-4(t3273) WGS mapping region.
(A) Pie graph for and-4(t3273)/HA recombinant samples with percentages of each variant type. 
(B) List of most credible variant candidates found in the and-4(t3273)/HA dataset between 4-10Mb 
on Chr II. Red: indicates stop gained variants. Yellow: highlights the let-19 missense variant.  
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All and-4(t3273) control animals (without the array) failed to produce progeny, 

whereas array lines 1, 2, and 3 had rescue rates of 78%, 68%, and 90%, 

respectively (Fig 5.8). Furthermore, we know from and-4(t3273) WGS analysis that 

no other gene within the 34kb region covered by the fosmid contains variants, 

making it unlikely that rescue is due to any other gene besides let-19 (Fig 5.7). The 

ability to rescue and-4(t3273) embryonic lethality with an extra-chromosomal arrays 

containing the let-19 locus provides convincing evidence that and-4(t3273) is an 

allele of let-19.  

 

Additional support that and-4(t3273) is an allele of let-19 comes from 

complementation testing for embryonic lethality between and-4(t3273) and the 

known let-19 allele t3200. Both strains are 87% embryonic lethal at 25°C (Fig 5.9). 

Heterozygous animals, generated by a cross into N2 Bristol, and-4(t3273)/+ and let-

19(t3200)/+, exhibited embryonic lethality rates at 25°C of 9% and 15% respectively 

(Fig 5.9). let-19(t3200)/and-4(t3273) animals had a lethality rate of 76%. The failure 

of these alleles to complement one another, meaning neither strain is able to provide 

a wild type copy for let-19, combined with the rescue data confirms that and-4(t3273) 

is indeed a let-19 allele.  
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Figure 5.7: A missense variant in let-19 locus is likely candidate for t3273.
(A) Picture of the let-19 locus and surrounding genes. let-19 was the only gene with a variant 
within the peak mapping region. and-4(t3273) mutants were crossed with three independent 
fosmid (WRM061cD04) array lines containing the entire let-19 locus. (B) Diagram of the LET-19 
protein. The t3273 mutation causes a proline to serine amino acid at residue 1727 (P1727S).
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Figure 5.8: and-4(t3273) rescued for embryonic lethality using a fosmid containing 
let-19 locus.
Quantification of and-4(t3273) rescue for embryonic lethality at 25°C. Three independent array 
lines containing the entire let-19 locus were crossed into and-4(t3273). and-4(t3273) control 
animals (without the array) failed to produce viable progeny.  Array lines 1, 2, and 3 rescued
the lethality phenotype in and-4(t3273) animals, evident by their survival rates of 78%, 68%, 
and 90%, respectively.
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Figure 5.9: and-4(t3273) and let-19(t3200) fail to compliment each other for lethality phenotypes. 
Quantification of a complementation test between and-4(t3273) and let-19(t3200) scored for embryonic
and larval lethality. and-4(t3273)/+ and let-19(t3200)/+, exhibited embryonic lethality rates at 25°C of 9% 
and 15% respectively. let-19(t3200)/and-4(t3273) animals had a lethality rate of 76%. Neither strain is 
able to provide a wild type copy for let-19, as evident let-19(t3200)/and-4(t3273) animals exhibiting a 
significantly higher rate of lethality than both heterozygous strains. This failure to complement provides 
strong evidence that and-4(t3273) is indeed a let-19 allele.   
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5.2.4 let-19 alleles t3273 and t3200 fail to express the proneural gene hlh-14 in 
the C-lineage 
 
 

The loss of ceh-63p::gfp expression results revealed a let-19 role in C-lineage 

subtype specification for DVC. Next, we asked if let-19 was required earlier in the C-

lineage and whether the subtype specification phenotype was due to a role in 

regulating neurogenesis? To this end, we assessed whether let-19 regulates hlh-14 

expression in the C-lineage. The hlh-14 translational reporter (gmIs20) was crossed 

into let-19 alleles t3200 and t3273. Bean-stage embryos were mounted on slides 

and scored for loss of expression in both DVC and its sister at 25ºC. gmIs20 

expression in t3200 and t3273 is unaffected for the two (L/R) pairs of PVQ/HSN/PHB 

precursors; however in 73%(n=45) of t3200 embryos and in 40%( n=30) of t3273 

embryos, DVC and its sister fail to express the reporter (Fig 5.10). These results 

were additionally confirmed by 4D-lineaging analysis, in which 60% (movie n=10) of 

t3200 and 40% (movie n=10) of t3273 animals exhibit loss of hlh-14 in both DVC and 

its sister. Both slide and movie findings demonstrate that let-19/mdt-13 acts 

upstream of hlh-14 and plays an early role in regulating neurogenesis in the C-

lineage.   
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Figure 5.10: let-19 alleles t3200 and t3273 exhibit loss of C-lineage hlh-14 expression.
(A) GFP images (lateral views) of wild type embryo expression hlh-14p::hlh-14::gfp as well as 

let-19(t3273) and let-19(t3273) embryos with hlh-14p::hlh-14::gfp absent in DVC and its sister. The 

anterior of the embryo is to the left. Presence or absence of hlh-14 expression in DVC is circled in 

red. ABalppp/ABpraaa lineages in the anterior and PVQ/HSN/PHB neuron precursor cells in the 

posterior are marker with red arrows. (B) Quantification of wild type and let-19 mutant embryos 

scored for hlh-14p::hlh-14::gfp expression at 25ºC. Loss of hlh-14 expression in t3273 and t3200 

were confirmed by 4D lineage analysis at a single cell resolution. * one embryo scored exhibited a 

transient burst of hlh-14 expression before going off.   
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5.2.5 let-19(t3200) is a more responsive temperature sensitive allele than let-
19(t3272) 

  
Knowing temperature shift experiments would be necessary to determine the 

temporal requirement for let-19, Janis Tam (Mres) under my supervision, 

investigated the responsiveness of temperature sensitive (TS) alleles let-19(t3200) 

and let-19(t3272). The responsiveness of the alleles was based on two criteria: 

viability and penetrance of early DVC division at permissive and non-permissive 

temperatures. When conducting targeted temperature shift experiments, it is 

imperative that TS mutants behave similarly to wild type animals at permissive 

temperatures and have strong if not fully penetrant defects at the non-permissive 

temperature. We measured viability by plating embryos on NGM plates and 

monitoring the number of animals that survived to L1, L4, and adulthood. Results 

from our analysis showed that t3200 is the more responsive TS allele since nearly all 

animals survived at 15°C when compared to t3273, in which only 43% survived to 

adulthood (Fig 5.11).  

 

The early division of the DVC neuroblast (Caapa) is a frequently observed 

phenotype of hlh-14 mutants and coincides with loss of neuronal subtype features in 

the C-lineage. Therefore, the variability of both alleles in the context of this early 

division were assessed both at permissive and non-permissive temperatures. 4D-

lineage movies were analysed for both alleles. At the permissive temperature, t3200 

animals all demonstrated a wild type phenotype with respect to the division of 

Caapa, whereas with t3273, only 4 out of 5 embryos displayed a wild type 

phenotype.  
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At the non-permissive temperature, 17 out of 17 t3200 and 13 out of 17 t3273 

embryos had an early division phenotype similar to hlh-14 mutants (Fig 5.11). Thus, 

t3200 is the less variable of the two alleles since it does not have a lethality 

phenotype at 15°C and has a completely penetrant precocious division phenotype at 

25°C. Accordingly, t3200 was used for all future experiments. 

 

5.2.6 let-19 mutants lack expression of hlh-2 in the C-lineage  

 
Previous work has shown that HLH-2/daughterless is a capable dimerisation 

partner of HLH-14 (Grove et al., 2009b). Additionally, results described in Chapter 4 

showed that HLH-2 is required for regulating C-lineage neurogenesis. It is thus 

reasonable to hypothesize, that in the context of the C-lineage, both genes act at the 

same time and are possibly regulated by the Mediator complex. To address this 

possibility, we asked whether let-19(t3200) mutants exhibited any hlh-2 expression 

defects by analysing an integrated hlh-2 fosmid::yfp reporter. 4D-lineage analysis of 

the fosmid reporter in wild type animals reveals broad expression of hlh-2 during 

embryo development. Specifically in the C-lineage, hlh-2 expression initially comes 

on in lineages that will produce hypodermal, muscle and neuron cell types. However, 

this expression is brief in hypodermal and muscle lineages and is maintained only in 

neuronal lineages, until the birth of DVC and PVR (Fig 4.7). In our attempts to 

assess the Mediator’s role in regulating hlh-2 expression, we focused mainly on the 

DVC neuroblast (Caapa). In let-19(t3200) mutants, hlh-2 fosmid expression in 

Caapa is abolished in 83% (5 of 6 movies) of animals scored (Fig 5.12).  
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This result suggests that hlh-2 expression is indeed regulated by the Mediator 

complex, via LET-19 activity. 

 

5.2.7 let-19 mutants exhibit a fate switch in DVC from neuronal to hypodermis  

 
A characteristic mutant phenotype of proneural genes is the loss of neuronal 

fated cell types and a conversion to hypodermis or muscle cell fates within the 

lineage (Section 1.7.4). This is true in the case of the hlh-14 mutant phenotype in the 

C-lineage, in that a loss of neuronal subtype markers for DVC and PVR as well as 

ectopic expression hypodermal reporters is observed (Poole et al., 2011). To 

determine whether loss of let-19 phenocopies hlh-14 mutants, we assessed let-

19(t3200) mutants looking at reporters for hypodermis (dpy-7) and DVC (ceh-63) 

independently in staged 4D-lineaged embryos at non-permissive temperatures 

(25°C). 4D-lineaging analysis for hlh-14 expression revealed 60% (movie n=10) of 

t3200 and 40% (movie n=10) of t3273 animals exhibit loss of hlh-14 in both DVC and 

its sister (Fig 5.13). For ceh-63p::gfp expression in DVC, let-19 alleles t3200 and 

t3273 fail to express the reporter in 100% (n=2) and 33% (n=3) of embryos scored 

respectively. dpy-7 expression was scored for DVC in both let-19 alleles: 80% 

(movie n=5) of t3200 and 29% (movie n=7) of t3273 animals exhibit ectopic 

expression of dpy-7 in cells fated to become DVC (Fig 5.13).  Intrigued by the single 

reporter results, we next asked whether the initial correlative results could be 

observed concomitantly. 
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Proper assessment of all three fates required generating a strain with three reporters 

for DVC fate (ceh-63::gfp), neuronal fate (hlh-14::hlh-14::gfp), and conversion to 

hypodermis (dpy-7::gfp). This strain was then crossed into a let-19 (t3200) 

background and subsequent animals were scored via 4D imaging and lineaging. 

Lineage analysis of let-19 mutant movies revealed that indeed lack of hlh-14 causes 

a loss of both DVC fate and conversion to hypodermal fate simultaneously in let-19 

mutants and that this conversion is most often coupled with the precocious division 

of Caapa, the DVC neuroblast (Fig 5.13).  

 

5.2.8 In the C-lineage, let-19 acts either downstream or in parallel with the 
Wnt/b-catenin asymmetry pathway 
 
 

Asymmetric localisation of POP-1 is regulated by the Wnt/b-catenin 

asymmetry pathway, which provides anterior and posterior daughters with different 

identities (Mizumoto and Sawa, 2007). Previous work from the Schnabel lab showed 

that the Wnt/b-catenin asymmetry pathway is required at multiple divisions for 

establishing neural fate in the C-lineage (Kaletta et al., 1997). Given that let-19 

mutants exhibit similar C-lineage phenotype with lit-1 mutants (neural to hypodermis 

conversion), we asked if the let-19 mutant loss of hlh-14 and hlh-2 expression was 

due to defects in POP-1 localisation. To test whether asymmetric (A/P) localisation 

of POP-1 is altered in let-19 mutants, we crossed mutant animals with a translational 

POP-1 reporter strain. Interestingly, reporter analysis of POP-1 in let-19 mutants 

showed that there is no change in the asymmetric localisation of POP-1 in the 

lineages that generate DVC and PVR (Fig 5.14). From this result, we are able to 
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conclude that let-19 does not regulate POP-1 asymmetric localisation. Moreover, let-

19 regulates hlh-14 and hlh-2 expression  (C-lineage) either downstream or in 

parallel with the Wnt/b-catenin asymmetry pathway.  

 

5.2.9 Temporal activity of let-19 in the C-lineage  

 
For proper analysis of the temporal requirement for gene activity based on 

(TS) alleles, Suzuki (Tarasoff and Suzuki, 1970) proposed the term “temperature-

sensitive period” (TSP). The beginning of the TSP is defined as the earliest 

occurrence of the mutant phenotype during successive downshift from a restrictive 

to permissive temperature.  The end-point of TSP is defined by the earliest 

occurrence of complete rescue of the mutant phenotype during reciprocal upshifts 

from a permissive to restrictive temperature. Another tool for temporal TS activity 

analyses is the critical period, which takes into account both the intersection of 

plotted up/down shifts as well as their midpoints.    

 

With the benefit of a stable temperature-sensitive (TS) let-19(t3200) strain 

available, we attempted to discern the exact timing of LET-19 activity in the 

regulation of DVC neurogenesis. To this end, we conducted precise successive 

temperature downshifts and upshifts during various stages of development in the 

embryo. Shifted animals were scored the next day for ceh-63p::gfp expression in 

DVC. The results of which were then plotted for expression and time of 

development. 
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According to our results, which were plotted for loss of ceh-63p::gfp expression in 

DVC, the curves define the beginning of TSP at the birth of Ca (1.5hrs), since all 

shifts prior to this time point are wild type for DVC expression.  The end of TSP 

aligns with Caapa birth (4hrs), since it is the first time point for upshifts that results in 

a completely wild type phenotype (Fig 5.15). As for the critical period, the midpoints 

of up/downshifts curves are at the births of Caa and Caapa respectively and 

intersect just before the birth of Caap. Both methods of analysis indicate that the 

point of LET-19 activity lies just prior to the Caaa/Caap division.  We know that there 

is an unequal size cell division at this point, which is regulated by LET-19 (Thomas 

Mullan, unpublished). The defined time range coincides just before initial expression 

of hlh-2 and hlh-14.  

 

Combined, these results demonstrate that let-19 is required both at the right 

time and place in the C-lineage for regulating neurogenesis. Furthermore, the results 

are consistent with our hypothesis that LET-19 activity plays a critical role in the 

early regulation of hlh-14 and the asymmetric cell division of Caaa/Caap (Fig 5.15).  

 

 

 

	
	
 

 

 



Figure 5.15: Temperature shifts reveal the temporal activity for let-19 lies just prior to Caap 
division (adapted from Justina Yeung, unpublished).  
Vertical lines indicate temperature sensitive mutant’s critical time of activity. Execution stage is marked 

by mid-points for both up (square) and down (circle) shifts. The early division of Cappa, often observed 

in let-19(t3200) embryos, is labeled in red. Hollow dots indicate postulated results. hlh-14 (purple) and 

ceh-63 (green) expression are indicted below. The critical point of activity falls just before the division 

of Caapa. This defined time range coincides just before initial expression of hlh-14 and provides 

additional evidence of our hypothesis that let-19 activity plays a role in the regulation of hlh-14. 
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5.3 Conclusions 

 
Our current understanding of early neurogenesis is due in part to studies 

relating to proneural genes and their regulation of downstream targets; however little 

is known about how proneural genes themselves are regulated. To this end, we set 

out to find genes acting at initial stages of neuronal fate determination. By 

conducting a 4D-lineage screen, which searched for factors acting early within the 

C-lineage, we were able to isolate an allele of let-19/mdt-13, a member of the 

Mediator complex kinase module. Extensive studies to date on the Mediator 

complex focus mainly on its involvement in cell growth, viability, differentiation of 

various cell types and regulation of signalling pathway target genes. Recent work in 

C. elegans performed by the Horvitz lab has shown that the Mediator kinase module 

components, cdk-8 and dpy-22, act together with and in parallel to bHLH genes hlh-

2 and hlh-3 in the promotion of I4 neurogenesis. From our efforts, we have 

discovered a novel role for the Mediator complex, as a regulator of neuronal 

specification via its regulation of proneural gene expression. 

 

5.3.1 Mediator’s role in regulating the proneural gene hlh-14  

 
and-4(t3273) was isolated from a 4D-lineage screen for its precocious division 

of the DVC neuroblast (Caapa). Via mapping, complementation testing, and rescue 

experiments, we confirmed that and-4(t3273) is an allele of let-19/mdt-13, part of the 

Mediator complex, a conserved transcriptional regulator of asymmetric cell fate 

decisions (Yoda et al., 2005). Expression of ceh-63p::gfp, a neuronal subtype maker 
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for DVC, was found to be affected in two let-19 mutant alleles (t3200 and t3273). 

Unfortunately due to both the morphogenesis defects of let-19 mutants and the 

expression pattern of flp-10p::gfp, analysis of neuronal marker flp-10 wasn’t feasible 

with sufficient confidence for PVR identification.  

 

Previous work in the lab has shown that the proneural gene hlh-14/achaete-

scute, a conserved bHLH transcription factor, is expressed asymmetrically in the C-

lineage and is required for DVC and PVR neurogenesis. The C-lineage phenotype in 

hlh-14 mutants is characterised by its precocious division of the DVC neuroblast 

(Caapa), loss of expression for neuronal subtype markers, and ectopic expression of 

hypodermal markers. In essence, neuron fated cells derived from the C-lineage 

adopt hypodermal fates of their lineage cousins in hlh-14 mutants. Two key 

advantages in studying C. elegans development are the worm’s transparent embryo 

and genetic amenability for producing transgenic reporter lines, both of which allow 

for extensive gene analysis throughout development. We were able to utilize both by 

constructing a three reporter strain containing transgene labels of DVC fate (ceh-

63p::gfp), neuronal fate (hlh-14p::hlh-14::gfp), and conversion to hypodermis (dpy-

7p::rfp). Via 4D imaging and lineage analysis at a single cell resolution, we were 

able to confirm that let-19 mutant animals concomitantly fail to express hlh-14 and 

DVC neuronal subtype marker ceh-63p::gfp and that cells fated to become DVC 

ectopically express the hypodermal marker dpy-7p::rfp. Furthermore, let-19 mutants 

exhibit a precocious division of the DVC neuroblast. However, the early division 

phenotype does not always correlate with the loss of neurogenesis (Fig 5.2). One 
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explanation for this may be that only a subset of hypodermal fate genes are 

switched on in converted DVC cells.  

 

A key feature of bHLH transcription factors is their need to form homo- and 

heterodimers to activate transcription. HLH-2 has been shown to heterodimerise with 

many other bHLH transcription factors, including proneural transcription factor HLH-

14 (Grove et al., 2009b). With that in mind, along with isolating the asymmetric 

neurogenesis defective mutant and-6(drp6) (Chapter 4), an allele of hlh-

2/daughterless, we asked whether let-19/Mediator also regulates hlh-2 expression. 

Observations of an hlh-2 fosmid reporter in the embryo revealed the bHLH gene to 

be broadly expressed.  This was expected since it acts as the main dimerising 

partner for many bHLH TFs in C elegans. Similar to hlh-14 in the C-lineage, hlh-2 

exhibits an asymmetric expression pattern in lineages fated to produce neuronal cell 

types. Interestingly, let-19(t3200) animals fail to properly express hlh-2 in the DVC 

neuroblast Caapa. Collectively, these results confirm that let-19/Mediator acts early 

in the C-lineage to promote neurogenesis via upstream regulation of hlh-2 and hlh-

14 gene expression. This leads to the question: when and where might the Mediator 

kinase module be required to promote neurogenesis in the C-lineage. 

 

5.3.2 Mediator complex likely acts during the Caaa/Caap division 

 
Results from temperature shifts revealed that LET-19 activity is required just 

prior to the Caaa/Caap division. Interestingly, the birth of Caap results from an 

unequal (size) division and coincides with the initiation of hlh-2 gene expression, 
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both of which are regulated by let-19 (section 7.6;Thomas Mullan unpublished). 

Taken together, these results suggest that let-19 is required both at the right time 

and place for regulating both hlh-2 and hlh-14 in the C-lineage. Given the temporal 

range of activity, it is not likely that LET-19 directly regulates hlh-14 gene 

expression. Rather, loss of hlh-14 expression observed in let-19 mutants likely 

results from the loss of the intermediate regulator hlh-2. In the C-lineage, we know 

that the Wnt/b-catenin asymmetry pathway regulates early specification of progenitor 

cells through the asymmetric localisation of its downstream effector POP-1/TCF 

(Kaletta et al., 1997). Moreover, our results have demonstrated that the mediator 

acts either in parallel or downstream of the Wnt/b-catenin asymmetry pathway.  

 

Given that Caap is a posterior daughter, we find it reasonable to suggest that 

LET-19 and low POP-1 levels (activator) act in collaboration to activate hlh-2 gene 

expression, thus initiating neuronal programming in the C-lineage.  

Combined the results described in this chapter have demonstrated a novel role for 

the Mediator complex and in part provided a possible mechanism for positively 

regulating proneural genes in C. elegans neurogenesis. In the overall discussion 

(Chapter 7), I describe in more detail possible scenarios for when and how let-19 

may act to promote C-lineage neurogenesis. Additionally, I will propose various 

ways to test/confirm the different possibilities.  
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Chapter 6  
 

General Discussion  
 
 
 

In this Chapter, I will present a summary of results described in this thesis 

and provide potential models for how each factor isolated from our screens may act 

to regulate hlh-14 expression and C-lineage neurogenesis more broadly. I will 

describe future directions that should be taken and experiments that can be used to 

test/confirm our current models. Lastly, I will discuss the relevance of this work to 

our understanding of proneural gene regulation in C. elagans and metazoan 

neurogenesis.   

 

6.1 Introduction 

 
As discussed in Chapter 1, development of the nervous system, in vertebrate 

and invertebrates, requires multiple coordinated steps which are regulated by 

diverse groups of transcription factors and signalling molecules. These regulatory 

networks ensure proper functionality of the system by regulating the correct 

positions and proportions of each neuronal cell type. Signalling molecules (e.g. SHH, 

BMP, Dpp) contribute to the diversity and organisation of the nervous system by 

establishing progenitor domain regions (section 1.2.2). Signalling molecules instill 

progenitor cells with spatial cues by regulating distinct gene expression in response 

to their signal gradient. Responding progenitor cells interpret the spatial information 
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and translate (e.g. Gli activity in response to SHH) it into distinct patterning 

transcription factor gene expression (section 1.2.5; section 1.2.6). In fly and 

vertebrates, patterning homeodomain transcription factors refine the boundaries 

between progenitor domains, via cross-repression, as well as initiate transcriptional 

cascades that regulate neural progenitor specification (section 1.2.7; section 1.2.8). 

Vertebrate and invertebrate studies have provided convincing evidence that a group 

of genes called proneural genes, which encode conserved transcription factors of 

the basic helix-loop-helix (bHLH) class, are both necessary and sufficient for the 

initiation of neuronal lineages and progenitor differentiation (section 1.3). 

 

A fundamental question of developmental biology with regards to 

neurogenesis is: what are the molecular mechanisms that regulate proneural gene 

expression? A class of conserved HLH proteins has been shown to act as proneural 

gene antagonists by restricting proneural gene expression to distinct regions. 

Proneural antagonists can inhibit proneural gene function via active and passive 

repression (Cowell, 1994). Passive antagonists (e.g. EMC and ID proteins) inhibit 

proneural gene activity by forming disruptive dimers with bHLH proteins thus 

preventing their binding to DNA (section 1.4.1). Active repressors (e.g. 

Hairy/Enhancer of split and Hes proteins) function by means of directly binding to the 

promoters of proneural genes and repressing gene expression via the recruitment of 

the co-repressor Groucho (section 1.4.2). In addition to HLH antagonists, progenitor 

domain patterning transcription factors have also been shown to directly regulate 

proneural gene expression (section 1.4.6).  
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Previous studies have provided great insight into our understanding of how 

proneural genes are regulated. However, there remain several gaps especially with 

regards to positive direct regulators of proneural gene expression. Several studies, 

in both vertebrates and flies, have characterised various mechanisms for restricting 

proneural gene expression into distinct domains, but how proneural gene expression 

is initiated within these domains is not fully understood. The goal of my graduate 

studies has been to identify early acting factors that promote neurogenesis via 

positive regulation of the proneural gene hlh-14/achaete-scute in the C. elegans C-

lineage. It is known that the asymmetric expression of hlh-14 plays a pivotal role in 

establishing neuronal potential in the C-lineage (Poole et al., 2011). Yet, how the 

asymmetric expression of hlh-14 and proneural genes more broadly in the worm are 

regulated remains unknown. By means of a two-pronged approach, a forward 

genetic GFP-based and 4D-lineage screen, we have isolated a variety of 

asymmetric neurogenesis defective (and) mutants from both screens that affect hlh-

14 expression and disrupt neurogenesis in the C-lineage.  

 

6.2 hlh-2/daughterless regulates neural versus non-neural fate decisions in the 
C. elegans C-lineage 
 

We sought out to identify positive regulators of hlh-14 expression in the C-

lineage. To this end, we conducted a forward genetic GFP-based screen in search 

of early acting factors that regulate neuronal specification for interneurons DVC and 

PVR. Our thinking was factors regulating specification for both neurons would be 
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more likely to act in a common progenitor prior to hlh-14 expression. However, 

through the isolation of the hlh-2/daughterless allele drp6, we identified a factor that 

acts both early (in Caap) and late (Caappa) in its regulation of C-lineage 

neurogenesis.  

 

We have shown (Chapter 4) through mapping-by-sequencing, rescue and 

expression analysis that and-6(drp6) is an allele of hlh-2/daughterless and acts 

asymmetrically along with hlh-14 in the C-lineage. The hlh-2(drp6) allele, much like 

the hlh-2 allele n5053, affects the expression of hlh-14, and as a result causes loss 

of DVC neuronal fate and conversion to hypodermal fate evident by ectopic dpy-7 

(hypodermis) expression. The drp6 mutation results in an amino acid transition from 

Glutamic acid to Lysine at residue 357(E357K) in the second helix of the bHLH 

domain. This conserved residue is essential for forming salt-bridge contact between 

helix and is required for stable dimerisation (Section 4.2.1). Given the location and 

conservation of the drp6 mutation site, mutant phenotypes observed in hlh-2(drp6) 

are likely due to aberrant dimerisation. This is consistent with the varied drp6 effects 

on hlh-14 expression in different bean stage (256-cell stage) lineages. Even though 

hlh-2(drp6) mutants exhibit loss of hlh-14 expression in ABalppp/ABpraaa lineage 

branches and L/R pairs of PVQ/HSN/PHB neuron precursors, the effects are 

relatively mild in these lineages when compared to the C-lineage. Furthermore, the 

hlh-2 alleles n5053 and n5287 exhibit highly penetrant embryonic lethality not 

observed in drp6, suggesting that loss of HLH-2 function in hlh-2(drp6) mutants is 

more specific to C-lineage neurogenesis. We hypothesize that the drp6 mutation 
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alters the capacity of HLH-2 to form a functional dimer with an unknown fate 

determinant and that this partner might be specific to the C-lineage.  

  

Interestingly, the loss of neuronal subtype marker expression penetrance for 

DVC is significantly greater than PVR, at both 20ºC and 25ºC. This divergence in 

penetrance between C-lineage neurons is not consistent with HLH-2 promoting 

neurogenesis in a shared progenitor cell. Moreover, rescue experiments revealed 

that PVR requires zygotic transcription of hlh-2, whereas DVC is rescued by 

maternally contributed hlh-2. Combined, these results suggest that hlh-2 is acting in 

multiple branches of the C-lineage to regulate DVC and PVR neurogenesis. 

Additional evidence supporting this idea comes from our expression analysis of an 

integrated hlh-2 yfp-tagged (C-terminus) fosmid (Fig 4.7). In neural branches of the 

C-lineage, hlh-2 expression comes on first in Caap (DVC and PVR grandmother) 

and expression is maintained in Caapa (DVC neuroblast). Conversely, hlh-2 

expression turns off in Caapp (PVR mother) before turning on again in PVR. Taken 

all together, the differing expression phenotype penetrance, rescue experiments, 

and hlh-2 expression pattern results suggest that HLH-2 initially acts in Caap to 

promote neurogenesis (only for DVC) and then again later in PVR.  

 

6.3 How do hlh-2 and hlh-14 function to regulate neural fate decisions in the C-
lineage? 
 

We have shown that neurogenesis in the C-lineage requires the expression of 

both bHLH transcription factors hlh-2 and hlh-14 (Chapter 4; Poole et al., 2011), 



	 207	

however we still do not understand how both genes interact in this context. Similar to 

Da and E proteins, HLH-2 exhibits a strong preference for binding to E-box 

sequences (CANNTG) and acts in C. elegans as the main dimer partner for Class II 

bHLH TF, binding with at least 14 other bHLH proteins (Grove et al., 2009b; Massari 

and Murre, 2000). Previous studies have shown HLH-2 and HLH-14 to be capable 

dimer partners and are both required for promoting neurogenesis in the AB-lineage 

(Frank, 2003; Grove et al., 2009b).  

 

Taking previous studies and our own results into account provides several 

possibilities for the role of hlh-2 in promoting C-lineage neurogenesis. For example, 

with regards to hlh-14 expression, hlh-2 possibly regulates hlh-14 expression by 

forming either a homodimer or heterodimer with a yet unknown determinant ( Fig 

6.1; Grove et al., 2009; Sallee and Greenwald, 2015). The 4.1kb promoter region of 

hlh-14 contains six predicated E-box sites, one of which is a described Da-Da 

homodimer binding site (Tanaka-Matakatsu et al., 2014). There is also the potential 

for HLH-2 to regulate the maintenance of hlh-14 expression via autoregulation by a 

HLH-14 and HLH-2 heterodimer (Posakony et al., 1992; Schwab et al., 2000; Sun et 

al., 1998). This possibility is supported by the presence of a predicted HLH-2/HLH-

14 binding site (E-box) located 400bp upstream of the hlh-14 ATG start site (Grove 

et al., 2009b). Additionally, HLH-2 may have a later role (after regulating hlh-14 

expression) in the promotion of C-lineage neurogenesis as a dimer partner of HLH-

14 or acting in parallel to activate intermediate regulators of terminal selector genes 

unc-86 and ceh-14 (Fig 6.1). 



	 208	

 However, it also can’t be ruled out that hlh-2 is only required for the initiation and/or 

maintenance of hlh-14 and subsequent steps are regulated by HLH-14 with an 

unknown dimer partner.   

 

Several approaches can be taken to discern how hlh-2 and hlh-14 interact 

and function to promote C-lineage neurogenesis. Promoter analysis of hlh-14 in 

search of critical cis-regulatory elements is one effective approach that would 

discern whether HLH-2 acts directly to regulate hlh-14. Systematic removal of 

regions within a transgene construct containing the entire hlh-14 promoter (4.1kb) 

fused with gfp would allow for the narrowing down of specific regions required for 

hlh-14 expression in the C-lineage. This could then be followed by targeted site 

manipulation within predicted binding motifs (e.g. 6 predicted E-box sites) residing in 

the concise promoter sequence(s). Binding motifs identified to be essential for 

expression would have their sequences checked against predicted bHLH specific 

protein binding affinity (De Masi et al., 2011). This would either confirm HLH-2 direct 

binding or provide candidate transcription factor(s) whose mutants can be assessed 

based on their ability to recapitulate loss of hlh-14 and neuronal subtype marker 

expression. Furthermore, gel electrophoresis mobility shift assays (EMSA) using the 

concise hlh-14 promoter region can be compared between HLH-2 protein capable of 

forming stable dimers versus protein like HLH-2(drp6) that cannot (Hellman and 

Fried, 2007). This would allow us to determine whether HLH-2 acts as a homodimer 

to initiate hlh-14 gene expression.     

 



Figure 6.1: Possible proneural protein interactions in the regulation of neurogenesis in the 
C-lineage.
Diagrams of possible HLH-2 and HLH-14 dimer partners in the regulation of C-lineage subtype 

specification for DVC and PVR. Scenario1A: HLH-2 forms a homodimer to activate hlh-14 expression 

and acts again later by dimerising with HLH-14 to activate downstream genes required for 

specification. Scenario 1B: HLH-2 forms a homodimer to activate hlh-14 expression. Later, HLH-14 

and HLH-2 both form dimers with unknown determinants to activate downstream genes. Scenario 2A: 

HLH-2 forms a heterodimer with a yet unknown determinant to activate and/or maintain hlh-14 

expression and acts again later by dimerising with HLH-14 to activate downstream genes. 

Scenario 2B: HLH-2 forms a heterodimer with a yet unknown determinant to activate and/or maintain 

hlh-14 expression Later, HLH-14 and HLH-2 both form dimers with unknown determinants to activate 

downstream genes. * represents the possibility that a HLH-2 and HLH-14 dimer autoregulates hlh-14 

expression. 
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Co-immunoprecipitation experiments would also help discern whether HLH-2 

forms either a homodimer or heterodimer to regulate hlh-14 and later whether HLH-

14 and HLH-2 form dimers to regulate downstream intermediate neuronal 

specification factors in the C-lineage. Since both bHLH genes are expressed in 

many different cells during this embryonic stage (~260 min post fertilisation) and the 

possibility of a narrow window (time before HLH-2 might dimer with HLH-14) for 

when HLH-2 acts as a homodimer, temporal control and lineage specificity must be 

considered. We know from ablation experiments, in which all early founder 

blastomeres were ablated, that DVC neurogenesis in the C-lineage is intrinsically 

regulated (Thomas Mullan, unpublished). This means one can account for lineage 

specificity by conducting co-IP experiments using ablated embryos or by using a 

skn-1;mex-1 mutant, which results in all founder blastomeres converting to the C-

lineage (Baugh et al., 2005). Additionally, the use of a reporter strain containing both 

C-lineage and individual branch/cell specific markers could allow for the isolation (via 

cell-sorting) of distinct blastomeres, thus providing cell and temporal specificity. By 

using the concise hlh-14 promoter fused with gfp and a translational PAL-1 (a C-

lineage determinant factor) reporter, we can attain C-lineage and cell specificity by 

selecting for progenitors (e.g. Caapa) that expression both transgenes. 

 

Lastly, chromatin immunoprecipitation followed by sequencing (ChIP-seq) 

experiments would help determine what downstream genes HLH-2 and HLH-14 

directly regulate for C-lineage neuronal specification. We would be able to sequence 
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genomic regions bound to both HLH-2 and HLH-14 and identify promoter regions of 

yet unknown intermediate regulators of C-lineage neuronal specification. Combined, 

these efforts (co-IP and ChIP-seq) will enable us to fill in C-lineage neurogenesis 

pathway gaps downstream of proneural gene activity and upstream of terminal 

selector gene regulation.  

 

6.4 A novel role for the let-19/Mediator as a regulator of proneural gene 
expression in the C-lineage 
  

In parallel to the forward genetic screen, we conducted a pilot 4D-lineage 

screen for mutants that phenocopy the hlh-14 mutant precocious DVC neuroblast 

(Caapa) division phenotype. Through our identification of the let-19(t3273) allele, we 

have discovered a novel role for the Mediator complex in promoting C-lineage 

neurogenesis via positive regulation of proneural gene expression. let-19 mutants 

exhibit loss of expression for both bHLH transcription factors hlh-14 and hlh-2. 

Similar to hlh-14 mutants, let-19 mutants exhibit a conversion from neuronal to 

hypodermis (skin) fate in DVC and PVR, suggesting the Mediator complex plays an 

early and crucial role in the establishment of neuronal potential within this lineage. 

Via translational reporter analysis of POP-1/TCF, we have shown that let-19(t3200) 

has no effect on POP-1 asymmetric localisation, suggesting that the Mediator 

complex acts either downstream or in parallel of the Wnt/b-catenin asymmetry 

pathway.  
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Based on discrete time shifts, the temporal range of activity for let-

19/Mediator in regulating C-lineage neurogenesis lies within the division of Ca and 

the birth of Caapa (DVC neuroblast). It is most likely that the critical time point falls 

just prior to the birth of Caap, a cell that results from an asymmetric division (size). 

This division also represents a critical time point for the segregation of neuronal 

potential within the C-lineage (only Caap descendants generate neurons) and the 

initiation of bHLH transcription factors hlh-14 and hlh-2 gene expression. An 

infrequent but interesting phenotype observed when looking at hlh-2 and hlh-14 

expression in let-19 mutants was a shared transient burst of initial expression. The 

transient expression of hlh-2 could be a result of the hypomorphic nature of let-

19(t3200) mutants. Moreover, let-19 is unlikely to be directly regulating hlh-14, since 

temperature shift analysis of let-19 mutants places its activity in the C-lineage prior 

to the Caap division. We interpret this to mean that the transient burst of hlh-14 

expression is a secondary result of transient hlh-2 expression, thus providing 

supplemental evidence that hlh-2 regulates hlh-14 expression.   

 

Interestingly, HLH-2 has been shown to form a complex with the Mediator 

complex kinase module, acting together in a parallel pathway with the proneural 

gene hlh-3/Ascl1 to promote neurogenesis (Luo and Horvitz, 2017). In the MS-

lineage, the I4 neuron descends from a progenitor cells that produces I4 and a 

pharyngeal muscle cell (Sulston et al., 1983). Cyclin H CYH-1/CDK-7 promotes 

myogenic programing in the lineage via its inhibition of HLH-3/Ascl1 downstream 

neural target genes (Luo and Horvitz, 2017). HLH-2 forms a complex with the CDK-8 
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kinase module through direct binding with DPY-22 and inhibits cyclin H CYH-1/CDK-

7 activity. Inhibition of cyclin H CYH-1/CDK-7 is achieved via the phosphorylation of 

CYH-1 by CDK-8, thus allowing HLH-3 to activate I4 neural programing. In the MS-

lineage, HLH-2/CDK-8 kinase complex functions as an indirect regulator of I4 neural 

fate via its inhibition of muscle cell fate programing. Mutants for other CDK-8 kinase 

components such as dpy-22 and let-19 as well as let-19 RNAi all exhibit loss of I4 

specification and these phenotypes are enhanced in double mutants with hlh-2 and 

hlh-3. 

 

There are several similarities between the MS and C lineages with regards to 

the Mediator complex and proneural genes collaborating to initiate neurogenesis. In 

both lineages neurogenesis arises from branches that produce mostly non-neuronal 

(hypodermal and muscle) cell types (Sulston et al., 1983). Moreover, loss of function 

for many factors of both pathways results in neuronal to non-neuronal fate 

conversions. In the worm, this similarity may point to a specific role for the Mediator 

kinase module in regulating neural specification in lineages that produce mostly non-

neuronal cell fates. It is possible that the Mediator kinase module is also required for 

other neuronal versus non-neuronal fate decisions in lineages other than C and MS. 

Although both C and MS lineages share required factors for neuronal versus non-

neuronal fate decisions, when the Mediator is required for these decision 

interestingly differs between lineages. In the MS-lineage, the Mediator kinase 

module functions late in the lineage by binding directly to HLH-2/Daughterless and in 

parallel with HLH-3/Ascl1 to promote neural specification. Conversely, LET-19/ 
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Mediator is required relatively early in the C-lineage and its activity positively 

regulates both hlh-2/daughterless and hlh-14/achaete-scute gene expression.  

 

From its described roles in the literature (worm, fly and vertebrate), we know 

that the Mediator complex functions as a transcriptional co-regulator, requiring 

interacting factors or complexes to regulate various developmental processes 

including cell specification (Carrera et al., 2008; Ding et al., 2008; Luo and Horvitz, 

2017; Zhou, 2002). Additionally, the Mediator complex has been shown to act in 

parallel and downstream of the Wnt signalling pathway (Carrera et al., 2008; Kwon 

and Lee, 2001; Yoda et al., 2005). In the C-lineage, we know that the Wnt/b-catenin 

asymmetry pathway regulates early specification of C-lineage progenitor cells in a 

stepwise binary switch manner via its downstream effector POP-1/TCF (Kaletta et 

al., 1997). In lit-1 mutants, manipulation of POP-1 asymmetric localisation results in 

varying degrees of posterior to anterior C-lineage branch fate conversions. In 

regards to neurogenesis, phenotypes observed in lit-1 mutants include: ectopic 

Caap branch, translocation of the Caap branch and loss of the Caap branch. The 

varying phenotypes suggest that POP-1 is acting at multiple time points in the C-

lineage to regulate neurogenesis.   

 

With the combined results from our work and previous studies, a preliminary 

model can be generated to explain how let-19 and pop-1 regulate neurogenesis in 

the C-lineage. Caap descends from a progenitor cell (Caa) that undergoes an 

asymmetric (size) division ( Thomas Mullen, unpublished; Sulston et al., 1983). 
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Furthermore, let-19 has been shown to regulate both the uneven division size of Caa 

and the subsequent expression of hlh-2 in Caap. Since Caap is a posterior daughter, 

low localisation of POP-1 forms a complex with SYS-1, thus acting as an activator of 

transcription in this cell. It is then reasonable to speculate that in Caap, pop-1/sys-1 

plus let-19/Factor X activates the expression of hlh-2 (Fig 7.2). This theory is 

supported by the loss of let-19 function and/or POP-1 asymmetric localisation results 

in hypodermal fate conversions for Caap descendants, a phenotype also observed 

in hlh-2 mutants. Nevertheless, there remain several questions still to be addressed. 

How do these factors act together to regulate hlh-2 expression? Is it possible that 

there is an intermediate step (Factor Y; Fig 6.2) that directly regulates hlh-2 

expression?   
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Figure 6.2: A Model for let-19 role in C-lineage neurogenesis. 

Diagrams of possible scenarios for let-19 regulation of hlh-2 expression in the C-lineage. The 

circle labeled Z represents one or more possible intermediate regulatory steps. Activation of gene 

expression is indicated by arrows. Red X indicates no gene expression in the cell. (A) In one possible 

scenario, let-19 and factor X are expressed in Caa. Subsequent to the Caa division, low POP-1 

localisation in Caap forms a complex with SYS-1, which functions as an activator. The LET-19 and 

FACTOR-X complex is present in both Caaa and Caap, however the combination of POP-1/SYS-1 

and LET-19/X initiates hlh-2 expression only in Caap. (B) In the second scenario, LET-19/FACTOR-X 

activates factor-y expression in Caa. In Caap, FACTOR-Y and the POP-1/SYS-1 complex activates 

hlh-2 gene expression. In both scenarios, it is possible that un-bound POP-1 acts as a repressor of 

hlh-2 expression in Caaa. 
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6.5 How are pop-1 and let-19 regulating proneural gene expression in the C-
lineage? 
  

To address the role of pop-1 in Caap, temperature shift experiments using a 

temperature sensitive lit-1 mutant (Kaletta et al., 1997) would provide temporal 

specificity for 4D-lineage expression and division size analysis subsequent to the 

Caa division. These results would allow us to correlate POP-1 asymmetric 

localisation with hlh-2 gene expression and/or Caa unequal division size. This could 

then be followed by hlh-2 promoter analysis in search of POP-1 binding sites, which 

would be target manipulated to demonstrate their necessity for hlh-2 expression in 

Caap. Critical to discerning the exact role for let-19 is the identification of its 

regulatory co-factor (Factor X). The Mediator complex is expressed ubiquitously 

(Yoda et al., 2005). This means determining specificity for its role in the C-lineage 

would be experimentally difficult to achieve. Since it is unlikely that let-19 directly 

regulates hlh-2 gene expression, we hypothesize that the unknown determinate 

(Factor X) must act as a bridge between the Mediator and bHLH gene expression. 

LET-19/Factor X and pop-1/sys-1 likely initiates and/or maintains the asymmetric 

expression of hlh-2. This can be done by either direct regulation of hlh-2, which in 

turn up-regulates hlh-14 or by direct regulation of both proneural genes. In our view, 

identifying Factor X can be most efficiently accomplished by a combinatorial 

approach of additional EMS screening and hlh-2 promoter analysis (similar to hlh-14 

described above). Based on our results and understanding of several factors 

required for C-lineage neurogenesis, certain criteria can be applied to the search 

and identification of Factor X. Factor X must have an expression pattern that fits our 
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model, meaning its expression must begin prior to that of hlh-2 expression and must 

be present in Caap. Additionally, Factor X mutants will exhibit loss of expression for 

proneural genes (hlh-2 and hlh-14), as well as neuronal to hypodermal fate switches 

in DVC.  

 

We have yet to clone three and mutants (and-1(drp1), and-2(drp-2) and and-

5(drp5)) isolated from the forward genetic screen, so it is possible that we have 

already isolated mutants of the unknown cell determinant. Of the un-cloned mutants, 

and-5(drp5) seems to be the most promising candidate for Factor X. Interestingly, 

and-5(drp5) mutants display some of the phenotypes expected of Factor X mutants 

by exhibiting loss of both DVC and PVR subtype marker expression, as well as loss 

of hlh-14 expression in DVC. Further steps are still required to determine whether 

and-5 possibly acts with let-19 as Factor X. 4D-lineage analysis and size 

measurements must be conducted to determine mutant effect on size and hlh-2 

expression. Additionally, all phenotypes must be shown to concomitantly result in 

neuronal to hypodermal fate conversions (dpy7 expression).  

 

Unlike in fly and vertebrate systems, there is not yet a described role for long-

range signalling molecules and patterning transcription factors during C. elegans 

neurogenesis. This could be due in part to the worm’s invariant lineage and relatively 

small size not requiring such mechanisms for patterning of neural progenitors. 

Instead early specification of progenitors appears to be regulated in a stepwise 

manner by asymmetric localisation of POP-1/TCF at each cell division (Kaletta et al., 
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1997). We have shown here that, in the C-lineage, the Mediator complex acts either 

in parallel or downstream of POP-1. This means that the Mediator’s role in regulating 

neurogenesis (C-lineage) may function as a collaborator with the Wnt/b-catenin 

asymmetry pathway to specify neural progenitors in the worm. It would be interesting 

to find out the identity of Factor X (co-factor of let-19) to determine whether it 

encodes a homeodomain transcription factor. If so, one could argue for a conserved 

method by worms, flies and vertebrates for neural progenitor specification and 

proneural gene regulation.  

 

6.6 Is let-19 regulation of Caa unequal size division an input or output of cell 
fate? 

 

Due to its invariant lineage, one of the mechanisms that C elegans achieves 

developmental diversity is through asymmetric cell divisions of a mother that 

produces two daughters of distinct cell types. This often is the case when it comes to 

neurogenesis and can lead to daughters of differing sizes. The factors that regulate 

such divisions can fall into three classes: Cell fate determinants, proteins that 

asymmetrically segregate the determinants, and proteins that both segregate 

determinants and regulate mitotic spindle positioning. In C. elegans, the earliest 

example during embryonic development is the asymmetric division at the one cell 

stage, which produces asymmetric (in size and fate) daughters AB and P1. This 

asymmetric division is regulated by the conserved PAR-3/PAR-6/PKC-3 complex as 

well as PAR-1 and PAR-2. During post fertilization, the PAR-3/PAR-6/PKC-3 

complex localizes to the anterior whereas PAR-1 and PAR-2 localize to the 
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posterior. This localisation of proteins is critical in establishing polarity along the 

anterior/posterior axis resulting in posterior mitotic spindles positioning (Kemphues 

et al., 1988; Tabuse et al., 1998; Watts et al., 1996). Furthermore, similar proteins 

like PIG-1/MELK and HAM-1 have been shown in C. elegans to regulate asymmetric 

neuroblast divisions via spindle positioning and segregation of cell fate determinants. 

Mutants of both genes result in symmetrised and reversal of asymmetrically 

positioned spindles resulting in daughters with either identical neuronal fates or loss 

of neuronal fate (Cordes, 2006; Frank et al., 2005).  

 

In the wild type worm, the DVC neuroblast (Caapa) arises from three 

successive unequal divisions in size. This asymmetry in size ratio (Anterior: 

Posterior) shows a bias towards anterior daughters for divisions of Ca (1.34) and 

Caa (2.30); however, the reverse is observed for Caap (0.43). Thomas Mullen, a 

PhD student in the lab, noticed let-19 mutant animals exhibited a symmetrisation for 

divisions of Ca (1.10) and Caa (1.10), the latter of which is statistically significant. 

The Caa division represents a key fate determination point for descendants of this 

C-lineage branch, since daughters Caaa and Caap will subsequently divide into 

predominately hypodermal and neuronal branches respectively. Additionally, 

expression analysis of hlh-14/achaete-scute and hlh-2/daughterless translational 

reporters shows that Caap descendants asymmetrically express both genes and 

their expression is dependent on LET-19 activity. Temperature shift experiments 

predict the critical period of activity for let-19/Mediator in C-lineage neurogenesis lies 

just prior to the asymmetric division (size) of Caa. Moreover, division size 



	 221	

measurements taken from 4D-lineaged let-19 mutants revealed a tight correlation in 

size asymmetry, proneural gene expression, and neuronal fate within the C-lineage 

(Thomas Mullan, unpublished). These findings suggest that let-19/Mediator 

regulates the unequal Caaa/Caap division size, which results in the asymmetric 

expression of both bHLH genes (hlh-2 and hlh-14). The loss of asymmetric division 

size (Caaa/Caap) and its correlation with loss of neuronal fate phenotype in let-19 

mutants leads us to question: does the unequal size of daughters Caaa and Caap 

influence fate or is it a read out of fate?  

 

To address this question, Thomas Mullen performed hlh-14 and ceh-63 

expression experiments in mutants that manipulate spindle position (lin-5 and ham-

1) in attempt to correlate size symmetrisation with loss of neuronal potential 

(Thomas Mullan, unpublished). lin-5 acts downstream of the PAR proteins during 

mitosis and encodes a novel protein with a central coiled-coil domain shown to be 

required for spindle positioning and chromosome alignment. In lin-5 mutants, 

animals exhibit aberrant spindle positioning, which often are randomized resulting in 

improper chromosome alignment and segregation (Lorson et al., 2000; Srinivasan et 

al., 2003). Making use of a temperature sensitive lin-5 mutant, Thomas Mullen was 

able to show that shifted embryos at 25°C prior to the Caa division can result in 

symmetrisation of daughters; however symmetrisation has no direct effect on hlh-14 

expression. Similar results were observed in pig-1 mutants, suggesting that the 

unequal size of Caa daughters is most likely due to a readout of fate decisions rather 

than a means by which fate is established. let-19 may promote neuronal fate 
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determination via the regulation of proneural gene expression while simultaneously 

either directly or indirectly promoting unequal Caaa/Caap size.  

 

Division size measurements via 4D-lineage analysis of hlh-2 and hlh-14 

mutants indicates that neither gene has a role in regulating the Caa uneven size 

division (Thomas Mullen, unpublished). However, hlh-14 does appear to regulate the 

asymmetric division size of Caap. Interestingly, hlh-14 regulation of the Caap 

division size is independent of hlh-2, suggesting either hlh-14 is functioning as a 

homodimer or as a heterodimer with a partner other than HLH-2. Since there is no 

growth in C. elegans, the size of each cell during development must be linked with 

its fate determination. Additionally, neurons and hypodermal cells differ in size due 

to their function in the worm. Considering all results together, it is our hypothesis that 

let-19/Mediator functions as an essential neuronal fate regulator and as an output of 

fate regulates the asymmetric Caa division in C-lineage. This process ensures that, 

due to their independent roles in the worm, hypodermal cells become larger and 

neurons DVC and PVR smaller. Combined, the let-19 and hlh-14 results reveal a 

novel role for proneural genes and the Mediator complex for regulating appropriate 

size and fate concomitantly in the worm. It would be interesting to see if this 

mechanism of fate determinants also regulating cell size is shared between different 

cell types in the worm as well as if its a conserved principle in other systems.  

  

The work presented in this thesis has laid the initial groundwork for filling in C-

lineage neurogenesis pathway gaps upstream of proneural gene activity. How the 
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factors we have identified (let-19 and hlh-2) and their possible co-factors function to 

promote neurogenesis should be further explored. A better understanding of C-

lineage neurogenesis and the interplay with size regulation will provide insights into 

the molecular mechanisms required to establish neural fates in progenitor cells as 

well as provide novel mechanisms for regulating cell fates and size. 
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Appendix   

A mapping-by-sequencing approach used to identify other and 
mutants 
 

I. Introduction 

 
 In this chapter, I will present efforts made to identify the causal variants 

in and mutants described in Chapter 3. Mutants and-1(drp1), and-2(drp2) and and-

5(drp5) were isolated from the GFP-based forward genetic screen for their loss of 

neuronal subtype marker expression for both DVC (ceh-63p::gfp) and PVR (flp-

10p::gfp). However, due to complications in mapping, these mutants have not been 

cloned yet. This chapter will focus on the attempts at map-by-sequencing of the 

three mutants as well as provide some possible candidates.  

 

I.i Mapping-by sequencing via CloudMap  

 
Once mutants from a screen have been isolated and initially characterised, a 

search for the causative mutation begins. In the past, traditional mapping and 

cloning of mutations was a time-consuming task, often taking months to complete. 

However, recent decades have seen vast improvements by utilising Next Generation 

Sequencing (NGS) approaches (Doitsidou et al., 2016). In order to identify a 

causative mutation for any desired phenotype, one must narrow down a region 

within the genome via mapping. Mapping-by-sequencing, via the utilization of the 
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software tool CloudMap, is an efficient method for locating regions of interest 

containing the causal variant locus (Doitsidou et al., 2010; Minevich et al., 2012).  

 

I.ii CloudMap workflow 

 
 CloudMap is a Galaxy-based pipeline (Afgan et al., 2011) that allows users, 

through Phython script commands, to process raw sequencing data from sequenced 

mutant strains (Minevich et al., 2012). Using predetermined workflows in the 

software, users are able to both narrow down a mapping region and identify credible 

causal variants from a list of probable candidates. Once our raw sequencing data 

(FASTQ format file) was uploaded onto Galaxy, we initially processed the data using 

Sickle for read quality and trimming (Doitsidou et al., 2010). Next we aligned our 

sequencing sample reads to the reference genome (N2-Bristol) via the Burrows-

Wheeler Aligner (Li and Durbin, 2010). Then, the variant caller Freebayes (Doitsidou 

et al., 2010) and variant annotation software snpEff (Pablo Cingolani et al., 2012) 

predicts the effect of each variant and annotates the effect (e.g. amino acid change, 

early stop or upstream/downstream region) into a text file format. This also allows 

the user to later screen for variants based on variant location and gene function. 

Lastly, the process of variant subtraction is used to remove any variant deemed 

unlikely to be the causal variant. This could mean a variant is either present in the 

background of the pre-mutagenised strain or variants present in other mutants from 

the same or similar screens.  
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I.iii Identification of causal variants 

 
 Identification of the causal variant requires more than just generating a list of 

candidates, which could take weeks-months to screen through. The mapping-by-

sequencing strategy allows for a narrowing down of the candidate variant screening 

process to a mapping region, via crossing a mutagenized strain with a polymorphic 

mapping strain. To this end, we crossed and mutant animals into the polymorphic C. 

elegans isolate Hawaiian (HA) (Hodgkin and Doniach, 1997; Fig I.i). F2 progeny 

resulting from this cross were singled onto new plates and allowed to produce F3 

and F4 progeny. F3 and F4 progeny from each F2 plate were later screened and 

collected for the homozygous presence of the and mutant neuronal subtype marker 

loss of expression phenotype. Genomic DNA pooled from F2 recombinant animal 

plates (F3 and F4 animals) was isolated and purified for sequencing. Recombinant 

F2 sequencing datasets were analysed using the sequencing software tool 

CloudMap (Minevich et al., 2012). CloudMap allows for mapping of the causative 

variant by determining the allelic frequency ratio for HA versus Parental (Bristol) 

SNPs per sequencing read on each chromosome (Fig I.ii). Due to F1 meiotic 

recombination and and mutants being generated using N2 Bristol, genomic regions 

near the causative variant should show a decreased frequency of Hawaiian SNPs 

(HA-SNP/total reads = 0), while unlinked regions contain an even representation of 

Hawaiian versus Bristol SNPs (HA-SNP/total reads = 0.5; Fig I.ii). Visualisation of 

the mapping region is achieved using scatter plot graphs (at each HA SNP loci) with 

local regression lines plotted to identify trends (LOESS, Cleveland et al., 1992).    

 



Figure I.i: Mapping by sequencing strategy (adapted from Minevich et al., 2012).
The white diamonds indicate the mutation of interest selected in F2 recombinant progeny. Genomic 

regions near the mutation of interest show a decreased frequency of Hawaiian SNPs, whereas 

unlinked regions contain an even representation of Hawaiian versus Bristol SNPs. 
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Figure I.ii: Cloudmap strategy (adapted from Minevich et al., 2012).
(A) Representative images of Cloudmap Hawaiian (HA) SNP mapping scatter plot of HA allele 
frequency (HA SNPs/total reads) and corresponding bar graph of parental (Bristol N2) allele 
frequency normalised for HA SNP distribution per chromosome. A LOESS regression line (red) 
is also plotted through all the points on each chromosome to identify trends. Chromosomal 
regions that show linkage in the LOESS scatter plots will also exhibit an increased parental 
allele frequency peak in the bar graphs. (B) The equation applied to normalise parental allele 
frequency graphs.
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HA SNP position for each chromosome where linkage is present will form a trough in 

the graph toward N2 (Fig I.ii). The mapping data can also be generated into bar 

graphs measuring parental allele frequency, which are normalised for genetic 

incompatibility between Bristol and Hawaiian strains (Seidel et al., 2008) as well as 

Hawaiian SNP density on each chromosome (Fig I.ii)   

 

II. Results 

 

II.i Mapping-by-sequencing analysis of and-1(drp1) mutants 
 
 
 To identify the causative mutation in and-1(drp1) mutants, we took a 

mapping-by-sequencing approach (Doitsidou et al., 2010; Doitsidou et al., 2016). 

Genomic DNA pooled from F2 recombinant animal plates was isolated and purified 

for sequencing and analysed using CloudMap (Minevich et al., 2012). and-

1(drp1)/HA F2 recombinants were sent for sequencing three independent times and 

for each occurrence a sequencing sample number was given. Each sequencing 

sample was generated as described above and differ only in the hetero- and 

homozygosity of the transgene reporters ceh-63p::gfp and flp-10p::gfp. and-

1(drp1)/HA sequencing sample 1 was heterozygous for both transgene reporters. 

and-1(drp1)/HA sequencing sample 2 was heterozygous for flp-10p::gfp, whereas 

and-1(drp1)/HA sequencing sample 3 was homozygous for flp-10p::gfp. During the 

process of generating various reporter strains for mutant analysis, reporters within 

close proximity on the same chromosome repel one another. While this makes 
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generating strains homozygous for both reporters more difficult, it also provides 

insight as to the location of the transgenes. Due to transgene repellence, we were 

able to determine that the transgenes ceh-63p::gfp and flp-10p::gfp reside on 

chromosome II and V respectively. This data was beneficial when assessing linkage 

for WGS-SNP mapping of and mutants, since the selection of transgene reporters in 

F2 recombinants, creates linkage that can be mistaken for the causal variant. 

 

Unfortunately, the low penetrance (e.g. < 25% for DVC) for the loss of 

neuronal subtype marker expression phenotypes in and-1(drp1) made it difficult to 

ensure all F2 recombinant lines pooled for sequencing were homozygous for the 

drp1 mutations. As a result, the whole genome SNP mapping analysis for and-

1(drp1) mutants failed to provide a convincing linkage region shared between 

samples. Nevertheless, several and-1(drp1)/HA sequencing samples did contain 

chromosomal regions that showed a ratio bias toward N2-Bristol SNPs when plotted 

for HA/N2 SNPs. and-1(drp1)/HA sequencing sample 1 showed evidence of a N2-

SNP bias on chromosomes II (3.5-13.5Mb) and III (0-5.5Mb; Fig I.iii). and-

1(drp1)/HA sequencing sample 2 showed evidence of a N2-SNP bias on 

chromosome II (1.5-2.5Mb), chromosome III (0-4Mb) and intermittently throughout 

chromosome V (0-1Mb, 7-8Mb and 15.5-21Mb; Fig I.iv). As for and-1(drp1)/HA 

sequencing sample 3, linkage spanning the 4-17.5Mb region on chromosomes V 

was observed (Fig I.v). However, due to the flp-10p::gfp reporter residing on 

chromosome V and and-1(drp1)/HA sequencing samples #3 being homozygous for 



	 231	

the reporter, we find the observed linkage on chromosome V is likely due to the 

presence of the transgene reporter.  

 

Without a shared obvious region of linkage for and-1(drp1), we decided to 

take a broader screening approach to identifying the causative mutation. Another 

feature of CloudMap is that it allows for the comparision between sequencing 

samples. Because we could not be sure that each and-1(drp1)/HA sequencing 

sample was homozygous for the causal variant, we compiled a list of every 

homozygous and heterozygous variant (for each sequencing sample) via CloudMap. 

Next, each and-1(drp1)/HA sequencing sample variant list (homozygous and 

heterozygous) was cross-referenced to one another, in search of shared variants 

between all samples. This meant, for example, that a common variant present in all 

and-1(drp1)/HA sequencing samples could be heterozygous in samples 1 and 2, yet 

homozygous in sample 3. All that was required was that the variant be present in all 

three and-1(drp1)/HA sequencing samples. Once a list of common variants between 

all samples was complied, additional screening was conducted for chromosome N2-

SNP bias, variant type (i.e. missense mutation) and candidate gene function.  

 

We initially screened the common variants list selecting for chromosomes that 

exhibited a shared N2-SNP bias between sequencing samples. This effort excludes 

all variants on chromosomes I, IV, and X, since neither chromosome exhibited a 

shared N2-SNP bias between and-1(drp1)/HA sequencing samples. 

	
	



Chr I
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Chr IV

Chr V

Chr X

Figure I.iii: SNP mapping graphs for and-1(drp1)/HA sample 1.
Left column: Scatter plot of HA allelic frequencies per SNP locaction for each chromosome with 
LOESS (red line) to show the trend. X-axis = Chr position; Y-axis = ratio of HA/total reads. Right 
column: Corresponding bar graph normalised for HA SNP distribution for each chromosome. 
X-axis = Chr position; Y-axis = frequency of parental (Bristol N2) alleles. Mapping analysis of
and-1(drp1)/HA sequencing sample 1 revealed a greater frequency of N2-SNPs on chromosomes 
II (3.5-13.5Mb) and III (0-5.5Mb). 
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Figure I.iv: SNP mapping graphs for and-1(drp1)/HA sample 2.
Left column: Scatter plot of HA allelic frequencies per SNP location for each chromosome with 
LOESS (red line) to show the trend. X-axis = Chr position; Y-axis = ratio of HA/total reads. Right 
column: Corresponding bar graph normalised for HA SNP distribution for each chromosome. 
X-axis = Chr position; Y-axis = frequency of parental (Bristol N2) alleles. Mapping analysis of
and-1(drp1)/HA sequencing sample 2 revealed a greater frequency of N2-SNPs on chromosome II 
(1.5-2.5Mb), chromosome III (0-4Mb) and chromosome V (0-1Mb, 7-8Mb and 15.5-21Mb).  
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Figure I.v: SNP mapping graphs for and-1(drp1)/HA sample 3.
Left column: Scatter plot of HA allelic frequencies per SNP location for each chromosome with 
LOESS (red line) to show the trend. X-axis = Chr position; Y-axis = ratio of HA/total reads. Right 
column: Corresponding bar graph normalised for HA SNP distribution for each chromosome. 
X-axis = Chr position; Y-axis = frequency of parental (Bristol N2) alleles. Mapping analysis of
and-1(drp1)/HA sequencing sample 3 revealed a greater frequency of N2-SNPs on chromosome 
V (4-17.5Mb).   
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Making sure not to exclude any candidate variant on shared chromosomes, we 

decided to next screen through all heterozygous and homozygous variants on 

chromosomes II, III, and V. Within all and-1(drp-1)/HA samples, we were able to 

identify 443 shared variants on Chromosomes II, III, and V (Fig I.vi). Of the 443 

variants, 47/443 variants were within coding regions and 144/443 resided within 

upstream promoter regions. The remaining 252/443 variants were found in 

downstream, intron and intergenic regions, as well as splice sites, 3’ and 5’ UTRs. 

Variants affecting coding and promoter regions of transcription factors with 

described roles in fate determination and neurogenesis were give priority. The 

rationale being that, mutations in both regions of genes encoding transcription 

factors are more likely to affect protein activity that results in a loss of neuronal cell 

fate (Doitsidou et al., 2008).  

 

Based on the rankings of common variants, two were considered of most 

interest: one residing in the promoter region of dsh-2 and the other a missense 

mutation in ref-1 (Fig I.vi). dsh-2 encodes one of three C. elegans Dishevelled (Dsh) 

homologs. dsh-2 is expressed during early embryogenesis until the 1.5-fold stage in 

C. elegans development and has been shown to function in the Wnt signalling 

pathway to specify the endoderm as well as orient the division axis of the EMS 

blastomere (Bei et al., 2002). dsh-2 is also required for cell fate specification of 

several neurons as well as regulating asymmetric cell divisions in early somatic 

gonad (Chang et al., 2005; Hawkins et al., 2005). ref-1 encodes a protein with two 

bHLH domains and is distantly related to the hairy/Enhancer of split subfamily of 



	 236	

bHLH transcription factors (Neves and Priess, 2005). The mutation in ref-1 causes a 

Proline to Leucine amino acid change at position 329, which resides within a low 

complexity domain and is C-terminal to the second bHLH domain. ref-1 is required 

for V6 lateral seam cell specification and patterning of Pn.P hypodermal cell fusions 

(Alper and Kenyon, 2001). Furthermore, ref-1 is a target of MAB-3 repression, 

allowing for the expression of the proneural bHLH transcription factor lin- 32 (Ross et 

al., 2005). The common list of variants also contained two early stop variants (Fig 

I.vi) in R01H2.4 and tyr-2. However, both genes were deemed not likely candidates 

since neither had expression patterns that matched our cells of interest nor had a 

described function during neurogenesis/fate determination. R01H2.4 is an 

uncharacterised gene, whereas tyr-2 encodes a member of the tyrosinase family 

and ortholog of human TRP2 (Tyrosine-Related Protein 2).  

 

In C. elegans, TYR-2 has been shown to be up-regulated and secreted in 

ASJ sensory neurons to antagonize CEP-1 dependent germline apoptosis (Sendoel 

et al., 2010). Taken together, we find that ref-1 and dsh-2 are credible gene 

candidates for and-1. WGS SNP mapping of and-1(drp1) has revealed both genes 

contain variants that fall within a shared N2-SNP bias mapping region on 

chromosome II. Moreover, dsh-2 and ref-1 have described roles in asymmetric cell 

divisions regulating fate determination and/or neurogenesis respectively.  
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Figure I.vi: Common variants between all three and-1(drp1)/HA WGS samples.

(A) Pie graph for each sample with percentages of each variant type. (B) Diagram showing overlap of 
common variants between all samples. A total of 443 homozygous and heterozygous common variants 
were found between all three samples. (C) List of best common variant candidates. Red: signifies an early
stop mutation. Yellow: signifies genes of great interest. 
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II.ii Mapping-by-sequencing analysis of and-2(drp2) mutants  
 
 
 Similar to and-1(drp1), we took a mapping-by-sequencing approach 

(Doitsidou et al., 2010; Doitsidou et al., 2016) to identify the causative mutation in 

and-2(drp2) mutants. Genomic DNA pooled from F2 recombinant animal plates was 

isolated and purified for sequencing and analysed using CloudMap (Minevich et al., 

2012). and-2(drp2) was sent for sequencing two independent times. First as F2 HA 

recombinants (and-2(drp2)/HA), which were generated as described above (section 

I.i), and secondly as the original uncrossed and-2(drp2) strains. The original and-

2(drp2) WGS sample dataset is a complied list of variants and has no associated 

mapping data, due to it never being crossed with HA. and-2(drp2)/HA F2 

recombinant plates were screened and collected for the homozygous presence of 

the and-2(drp2) neuronal subtype marker loss of expression phenotype as well as 

heterozygosity for both transgene reporters ceh-63p::gfp and flp-10p::gfp.  

 

Whole genome SNP mapping analysis for and-2(drp2)/HA sample resulted in 

the absence of an obvious linkage region. Similar to and-1(drp1), we find this to be a 

result of not all F2 recombinant lines pooled for sequencing being homozygous for 

the drp2 mutation.  However, unlike chromosomes I, III, IV and X, which exhibited an 

even distribution of N2 to HA SNPs (HA-SNP/Total variant = 0.5) when plotted, 

chromosome V showed an N2 SNP bias (HA-SNP/Total variant = 0.25 or less) 

between the 2-17Mb region (Fig I.vii). Interestingly, the and-2 (drp2)/HA sample also 

showed a bias on Chromosome II (4-12Mb) towards Hawaiian SNPs (HA-SNP/Total 

variant > 0.75; Fig I.vii). This can best be explained by the method used to ensure 
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that recombinant F2 and-2(drp2)/HA sample was heterozygous for both reporters 

(ceh-63 and flp-10). ceh-63p::gfp is only expressed in DVC, therefore selecting for 

animals both homozygous for and-2(drp2) and heterozygous for ceh-63p::gfp 

resulted in overwhelming proportion of F2s that lacked the reporter. Our hypothesis 

is that because ceh-63p::gfp resides on Chromosome II, our method inadvertently 

selected against N2-Bristol in this region of the genome, since there is no way to 

distinguish mutants from animals without the reporter.  

  

To identify the causal mutation in and-2(drp2), we decided to use CloudMap 

for comparative analysis between and-2(drp2)/HA sequencing sample and and-

2(drp2) uncrossed WGS sample. Given that SNP mapping suggested and-

2(drp2)/HA sequencing sample was heterozygous for the causal variant, we 

compiled a list of every homozygous and heterozygous variant via CloudMap.  

Next, the and-2(drp2)/HA sequencing sample variant list (homozygous and 

heterozygous) was cross-referenced to the and-2(drp2) uncrossed WGS sample, in 

search of shared variants between the two samples. The list of common variants 

was then additionally screened for chromosome N2-SNP bias, variant type (i.e. 

missense mutation) and candidate gene function. With the SNP mapping data in 

mind, we focused our screening of common variants between samples on 

chromosome V and identified 494 variants (Fig I.viii). Of the 494 variants, 24 variants 

were within coding regions and 237 resided within upstream promoter regions. The 

remaining 233/494 variants were found in downstream, intron and intergenic 

regions, as well as splice sites and 5’ UTRs.  
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Variants affecting coding and promoter regions of transcription factors, like before 

with and-1(drp1), were given priority. Of the 24 common coding variants, a missense 

mutation in exon three of nhr-12 was the only variant located within a gene encoding 

a transcription factor (Fig I.viii).  

 

nhr-12 is a member of the nuclear hormone receptor family and has a 

predicted function as a DNA-binding transcription factor (Okkema and Krause, 

2005). NHR-12 has both C4-zinc finger and ligand binding domains. The missense 

mutation in exon 3 of nhr-12 causes an Argine to Lysine amino acid change at 

position 202, which is just outside of its C4-zinc finger domain. Although there is no 

described function yet in C. elegans, spatiotemporal transcriptomics in the 

developing embryo suggest that nhr-12 expression pattern corresponds with C-

lineage neurogenesis (Hashimshony et al., 2015). 
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Figure I.vii: SNP mapping graphs for and-2(drp2)/HA sample. 
Left column: Scatter plot of HA allelic frequencies per SNP location for each chromosome with 
LOESS (red line) to show the trend. X-axis = Chr position; Y-axis = ratio of HA/total reads. Right 
column: Corresponding bar graph normalised for HA SNP distribution for each chromosome. 
X-axis = Chr position; Y-axis = frequency of parental (Bristol N2) alleles. Mapping analysis of
and-2(drp2)/HA sequencing sample revealed a greater frequency of N2-SNPs between the 
2-17Mb region on chromosome V  (HA-SNP/Total variant = 0.25 or less).   

 
241



3’ UTR variant
5’ UTR variant
downstream variant
upstream variant

intron variant
intergenic variant

splice site variant
missense variant
stop gained variant

and-2(drp2) HA sample 1and-2(drp2) original

35.67%

42.13%

6.30%

10.00%

0.24%

37.61%

46.69%

5.29%

6.43%
5.41%

and-2 original and-2 HA sample 1

529 variants 1209 variants

    494

variants

0.38%

3.59%

Figure I.viii: Common variants between all and-2(drp2)/HA WGS samples.

(A) Pie graph for each sample with percentages of each variant type. (B) Diagram showing overlap of 
common variants between all samples. A total of 494 homozygous and heterozygous common variants 
were found between all both samples. (C) List of best common variant candidates.  Yellow: signifies 
genes of interest. 
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II.iii Mapping-by-sequencing analysis of and-5(drp5) mutants  
 
 
 Efforts to identify the causal variant in and-5(drp5) utilized the same methods 

as described for and-1(drp1) and and-2(drp2). F2 recombinants in the and-

5(drp5)/HA sequencing sample were selected for heterozygosity for both transgene 

reporters ceh-63p::gfp and flp-10p::gfp. The and-5(drp5)/HA sequencing sample 

showed linkage spanning 3-14Mb region of chromosome III (HA-SNP/Total variant = 

0; Fig I.ix). A list of variants compiled via CloudMap within this region of linkage was 

cross-referenced to the original uncrossed and-5(drp5) WGS genomic DNA (i.e. 

and-5(drp5) strain not crossed into the mapping strain) in search of a common 

mutation. We identified 175 variants within the chromosome III mapping region 

shared between and-5(drp5)/HA sequencing sample and original uncrossed and-

5(drp5) WGS sample (Fig I.x). Common variants were ranked based on variant type 

and candidate gene function. Variants affecting coding and promoter regions of 

transcription factors, described to have roles in fate determination and neurogenesis, 

were give priority.  

 

Within the mapping region, we identified early stop mutations in three genes: 

ztf-30, cdh-1, and tkr-1 (Fig I.x). cdh-1 encodes a cadherin similar to the Drosophila 

cadherin Dachsous (Ds). In C. elegans, cdh-1 has no known developmental or 

behaviour role as of yet; however RNAi screening showed loss of cdh-1 results in 

motility, growth and larval viability defects (Hill et al., 2001). tkr-1 encodes a G 

protein-coupled receptor similar to the mammalian neurokinin-3 (NK3) receptor and 

has a role in regulating lipid metabolism (Barrett et al., 1996).   
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Figure I.ix: SNP mapping graphs for and-5(drp5)/HA sample 5.
Left column: Scatter plot of HA allelic frequencies per SNP location for each chromosome with 
LOESS (red line) to show the trend. X-axis = Chr position; Y-axis = ratio of HA/total reads. Right 
column: Corresponding bar graph normalised for HA SNP distribution for each chromosome. 
X-axis = Chr position; Y-axis = frequency of parental (Bristol N2) alleles. Mapping analysis of
and-5(drp5)/HA sequencing sample showed linkage spanning 3-14Mb region of chromosome III 
(HA-SNP/Total variant =0.    
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Figure I.x Common variants between and-5(drp5) WGS samples.  

(A) Pie graph for each sample with percentages of each variant type. (B) Diagram showing overlap of 
common variants between all samples. A total of 175 homozygous and heterozygous common variants 
were found between all both samples. (C) List of best common variant candidates. Red: signifies an 
early stop mutation. 
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Both are not considered to be likely candidates since both genes currently do not 

have a described role related to neuronal fate determination. ztf-30 is encodes a 

member of the zinc finger putative transcription factor family. The missense mutation 

in ztf-30 causes a glutamine to early stop switch that cuts off the second half of the 

protein just after the 3rd C2H2 (cysteine/histidine) binding domain. Zinc finger 

transcription factors are characterised by their C2H2 binding domains, which bind to 

a six base binding motif CAGGTG, similar to E box sites of helix-loop-helix TFs 

(Fedotova et al., 2017). Homologues have been found in human, mouse, and 

Drosophila and are typically thought to act as repressors (Fedotova et al., 2017). In 

Drosophila, the C2H2 zinc finger Snail family of proteins has been shown to be 

involved in regulating the localisation of Prospero, a determinant critical for cell-fate 

decisions during asymmetric cell divisions in neuroblast, via indirect activation of 

intermediates inscrutable and string (Ashraf and Ip, 2001; Ashraf et al., 1999). 

Unfortunately in C. elegans, not much is known functionally for ztf-30.  

 

Of the three candidate genes described above containing an early stop 

mutation, ztf-30 is the most attractive gene candidate for the causal mutation in and-

5(drp5) mutants. and-5(drp5) mutants do not exhibit temperature sensitive 

phenotypes, suggesting the causal variant’s effect on protein function is not variable, 

which is more aligned with the behaviour of early stop mutations. Furthermore, C-

lineage neurogenesis requires the asymmetric expression of proneural genes hlh-2 

and hlh-14 (Chapter 4). C2H2 zinc finger proteins (Snail) in Drosophila are described 

to function in the regulation of asymmetric neuronal potential in neuroblast.        
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Since ztf-30 is a C2H2 zinc finger protein, we find it possible its role may be similar 

and may act as a segregator of neuronal potential in the C-lineage.   

 

III. Conclusion 

 
 Due to their loss of neuronal subtype, pan-neuronal, and/or proneural gene 

expression phenotypes, we considered and-1(drp1), and-2(drp2) and and-5(drp5) 

mutants to be credible candidate regulators of neuronal fate determination in the C-

lineage. We executed whole genome sequencing and mapping-by-sequencing 

approaches to identify the causal mutations for each of these and mutants. A variant 

candidate gene list was compiled for each and mutant and candidate variants were 

ranked by chromosome region with a N2-SNP bias, variant type and candidate gene 

function. 

 

III.i Credible causal variant candidates for and mutants 

 
In the case of and-1(drp1), two variants stood out, a missense mutation in ref-

1 and a promoter mutation in dsh-2. ref-1 encodes a bHLH transcrfiption factor 

distantly related to hairy/Enhancer of split (Neves and Priess, 2005). In ref-1 

mutants, ectopic neuroblast formation is observed in different lineages, suggesting a 

similar role with Hes proteins as an antagonist of neurogenesis (Alper and Kenyon, 

2001; Chen et al., 1997; Giagtzoglou, 2003; Neves and Priess, 2005; Ross et al., 

2005; Skeath and Carroll, 1991).  However, ref-1 mutants have also been described 

to exhibit defects in subtype specification of the serotonergic neuron pair NSML/R, 
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suggesting the role for ref-1 in regulating neurogenesis is lineage dependent 

(Lanjuin et al., 2006). Furthermore, ref-1 is an interesting candidate as it has an 

expression pattern that matches both temporally and spatially with C-lineage 

neurogenesis (Murray et al., 2012).  

   

dsh-2 encodes one of three C. elegans Dishevelled (Dsh) homologs. dsh-2 

acts downstream of the Frizzled (Fz) family of seven transmembrane receptors in 

the Wnt signalling pathway and is required for asymmetric neuroblast divisions as 

well as asymmetric cell divisions in the early somatic gonad (Chang et al., 2005; 

Hawkins et al., 2005). In the early somatic gonad, dsh-2 is described to act upstream 

of pop-1/TCF (Chang et al., 2005). Interestingly, DVC and PVR are both 

descendants of an asymmetric cell division (Caa) for size and fate that results in 

anterior lineage descendants adopting hypodermal cell fates, whereas posterior 

lineage descendants adopt neuronal cell fates (discussed in Chapter 5). 

Furthermore, neuronal cell fate decisions in the C-lineage are negatively affected 

during manipulation of the Wnt asymmetric signalling pathway, which regulates the 

asymmetric localisation of POP-1/TCF (Kaletta et al., 1997). It is possible that dsh-2 

has a similar role in C-lineage neurogenesis by specifying the posterior Caap sub-

branch via POP-1 localisation. Due to the ref-1 and dsh-2 described functions in C. 

elegans development and mutations for both genes residing within the and-

1(drp1)/HA mapping region, we find ref-1 and dsh-2 to be credible candidates for 

and-1. This is further supported by mutations in both genes also being present in the 
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original and-1(drp1) WGS sample. Combined, we find this warrants additional 

analysis of their possible roles in C-lineage neurogenesis. 

 

Whole genome SNP mapping of and-5(drp5) mutants revealed an early stop 

mutation in the gene ztf-30. ztf-30 encodes a member of the zinc finger putative 

transcription factor family. Although there is little described for the gene in C. 

elegans development, zinc finger transcription factors (C2H2-type) are typically 

thought to act as repressors. Furthermore, the Drosophila Snail family of zinc finger 

proteins have been shown to be indirect regulators of Prospero localisation in 

asymmetric cell divisions that produce neuroblast (Ashraf et al., 2001). A possible 

role for ztf-30 during C-lineage neurogenesis could be facilitating the asymmetric 

segregation of neuronal potential within the C-lineage via a similar indirect role 

described for Snail proteins in Drosophila neuroblasts divisions. An alternative role 

could be that ztf-30 promotes C-lineage neurogenesis by suppressing a neuronal 

antagonist that promote hypodermal fate in the C-lineage. Since DVC and PVR are 

born from a C-lineage branch that produces predominantly hypodermal cell fate, the 

question of how neuronal potential is maintained in branches fated to generate both 

neurons may require a factor that has repressive qualities and acts in an asymmetric 

manner. Furthermore, and-5(drp5) is the only and mutants not to have temperature 

sensitivity associated with its neuronal marker expression defects. This suggests the 

causal variant’s effect on protein function is not variable, which is more aligned with 

the behaviour of an early stop mutation. Taken together, we find the preliminary 
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evidence sufficient to further examine the ztf-30 role in C. lineage asymmetric 

neurogenesis.  

  

Sequencing-by-mapping revealed a missense mutation in the gene nhr-12 to 

be a credible causal variant candidate for and-2(drp2). nhr-12 is a member of the 

nuclear hormone receptor family and has a predicted function as a DNA-binding 

transcription factor. NHR-12 has both C4-zinc finger and ligand binding domains. 

The missense mutation in exon 3 of nhr-12 causes an Argine to Lysine amino acid 

change just outside of its C4-zinc finger domain. Although there is no described 

function yet in C. elegans, spatiotemporal transcriptomics in the developing embryo 

suggest that nhr-12 expression pattern corresponds with C-lineage neurogenesis 

(Hashimshony et al., 2015). However, this analysis was not performed with single 

cell resolution and would require 4D lineage expression analysis to confirm. 

Moreover, the C. elegans Tailless/TLX-type transcription factor, nhr-67 has been 

shown to act at multiple stages of neurogenesis including neuroblast specification 

and subtype specification (Sarin et al., 2009).  

 

III.ii Additional steps required for identifying and mutants  

 
 Further work is required to demonstrate that candidate variants for each 

mutant are indeed responsible for their loss of neuronal subtype marker expression 

phenotypes. Experiments that could demonstrate this include: complementation 

testing, candidate gene expression analysis, DVC and PVR subtype expression 
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analysis in other mutant alleles of candidate genes as well as rescue experiments 

using wild type genomic DNA for each candidate gene.  

 

Complementation testing would provide supporting evidence of whether both 

mutants are alleles of the same gene. Gene expression analysis would inform us 

whether the candidate gene is temporally and spatial expressed in cells necessary 

for neurogenesis in the C-lineage. If all previously described experiments are able to 

validate the candidate gene, assessment of other mutant alleles would then be 

tested to see if they phenocopy the and mutants’ subtype and proneural expression 

defects. Lastly, rescue experiments with the wild type genomic locus would also be 

used to confirm the identity of each candidate variant. Once identified, we can 

further characterise the genes much like was done for hlh-2 and let-19. Additionally, 

epistasis analysis, with other genes know to have a role in C-lineage neurogenesis, 

will provide a better understanding of how and when these gene interact.  
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